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Resum

Els farmacs veterinaris son utilitzats per tractar i prevenir malalties en els animals de
produccio, ja que és imprescindible disposar d’unes condicions salubres per als animals
i aixi assegurar un subministrament de carn de qualitat amb garanties de seguretat. Ara
bé, I'Gs, que en alguns casos s’ha convertit en abus d’aquestes substancies, ha portat a
una creixent preocupacié per part de la societat deguda a la possible preséncia d’aquests
compostos en els productes d’origen animal destinats al consum huma i els possibles
efectes adversos que aquests puguin provocar en la salut dels consumidors. Per aquest
motiu i responent a la demanda de la poblacid, tan la Unié Europea (per als paisos que
hi pertanyen) com les autoritats responsables dels diferents paisos, han establert
legislacid on es fixen els limits maxims de residu (MRLs) permesos en els diferents teixits
animals. Aix0 obliga a disposar de metodes analitics sensibles i selectius que permetin
determinar aquests compostos amb garanties de seguretat. En aquest context, la
cromatografia de liquids acoblada a I'espectrometria de masses ha esdevingut la técnica
per excel-léencia per a I'analisi de farmacs veterinaris ateses la seva sensibilitat que
permet la deteccio de baixes concentracions de residus de matrius alimentaries i la seva

capacitat de caracteritzar compostos quimics i identificar substancies desconegudes.

La present tesi s’ha centrat en el desenvolupament de metodologia analitica per a la
determinacié de farmacs veterinaris antiparasitaris, concretament els pertanyents a les
families dels anticoccidials i les benzimidazoles en aliments i aiglies. Amb |'objectiu de
posar a punt metodes altament sensibles, selectius i rapids, els metodes desenvolupats
s’han basat majoritariament en la cromatografia de liquids acoblada a I’espectrometria
de masses en tandem (MS/MS) emprant columnes cromatografiques de particules de
rebliment de nova tecnologia (particules sub-2 um i de nucli solid) per tal de millorar
I’eficacia i la resolucid; aixi mateix, els tractaments de mostra aplicats s’han basat
principalment en estrategies d’extraccio en fase solida i QUEChERS per tal de minimitzar
la manipulacié de la mostra i el temps emprat en aquesta etapa de I'analisi. La fase
estacionaria generalment emprada per a la separacid cromatografica d’aquests
compostos ha estat I'octadecilsila si bé I'analisi d’amprolium, un anticoccidial cationic,
ha requerit d’'una fase estacionaria de tipus HILIC per a la seva separacio.
Alternativament es presenta un metode basat en I'electroforesi capil-lar de zona i pre-
concentracio in-line de la mostra mitjancant el métode FASI per a la determinacio

d’aquest mateix compost en ous. Finalment, per primer cop s’ha avaluat I'aplicabilitat



Resum

d’una tecnica d’analisi directa, el Direct analysis in real time (DART), acoblada a
I'espectrometria de masses d’alta resolucié (Orbitrap) per a la determinacié de
coccidiostats en pinsos i benzimidazoles en llet posant de manifest que aquesta és una
tecnica adequada per a la determinacid d’aquests compostos, especialment les
benzimidazoles, amb 'avantatge de proporcionar resultats quantitatius en questio de

segons.

Paral-lelament a I’establiment i validacié de les condicions optimes per a cadascun dels
metodes d’analisi desenvolupats, aquesta tesi planteja un estudi exhaustiu del
comportament dels compostos estudiats en espectrometria de masses, tan des del punt
de vista de la ionitzacié, emprant diferents fonts APlI compatibles amb I'acoblament a la
cromatografia de liquids, com pel que fa referéncia a la fragmentacié dels mateixos
emprant diversos tipus d’analitzadors de masses. Aix0 ha permeés evidenciar que
I’electrosprai és la font d’ionitzacié més adequada per a l'analisi de coccidiostats,
observant-se la formacié d’adductes amb sodi de forma predominant en la ionitzacio
dels polieters ionofors. Ara bé, I'analisi del toltrazuril i els seus metabolits ha requerit la
utilitzacido de I’APCI ja que I'id generat en la font d’electrosprai no és suficientment
estable com per poder ser sotmeés a una etapa d’espectrometria de masses en tandem.
Aquesta mateixa font, I’APCI, es proposa per a I’analisi de benzimidazoles per ser la Gnica
capac d’ionitzar tota la familia de compostos estudiats. Els efectes matriu han estat
avaluats en tot moment i fins i tot se n’ha tret profit de I'’efecte d’enhancement observat
durant I'analisi d’amprolium, millorant aixi la sensibilitat del métode. L’establiment de
les rutes de fragmentacié ha permés determinar les transicions més sensibles i selectives
per tal de poder ser utilitzades com a ions diagnostic dels metodes d’analisi LC-MS/MS.
Aixi mateix, la utilitzacio de I'espectrometria de masses d’alta resolucid i relativa alta
resolucié mitjancant la utilitzacié d’analitzadors de tipus Orbitrap i de triple quadrupol
de quadrupols hiperbolics respectivament, ha estat també avaluada per a la millora de
la selectivitat i sensibilitat dels métodes desenvolupats i la identificacié d’estructures

moleculars desconegudes.
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Objectius i estructura

El control de la preseéncia de residus de farmacs veterinaris en aliments d’origen animal
i en el medi ambient ha esdevingut de cabdal importancia en les darreres décades atesos
els efectes adversos que aquests poden provocar en els éssers humans i en els
organismes que hi puguin estar exposats. D’entre els farmacs veterinaris, els
antiparasitaris s’empren de forma generalitzada i en grans quantitats com a tractament
preventiu per evitar malalties parasitaries, les quals, en tenir una gran incidéncia, causen
importants perdues economiques a la industria ramadera. Actualment la presencia de
residus d’antiparasitaris en productes d’origen animal esta estrictament legislada i I'Us
d’alguns dels compostos no esta autoritzat. Per aquests motius, cal disposar de
metodologia analitica eficient, rapida i senzilla capa¢ de determinar aquests compostos
a molt baixes concentracions. En aquesta tesi s’estudien dues families de farmacs
veterinaris d’ampli Us, els coccidiostats i les benzimidazoles, per a les quals I’establiment
de metodologia analitica presenta dificultats degut a les diferents propietats fisico-

quimiques dels compostos que les componen.

En aquest context |'objectiu general de la tesi ha estat el desenvolupament de nous
metodes analitics basats en tecniques de separacié i en espectrometria de masses
suficientment sensibles i selectius per a la determinacié dels farmacs veterinaris
seleccionats. Per altra banda, amb I'objectiu de desenvolupar metodes rapids que
permetin analitzar simultaniament un nombre elevat de compostos, es pensa fer
especial incidencia en procediments que requereixin un minim de manipulacio de la

mostra i un temps d’analisi relativament curt.
Aquests objectius generals es poden desglossar en els seglients objectius concrets:

- Emprar columnes amb rebliments de petit diametre de particula (sub-2um) i de
nucli solid per tal de desenvolupar métodes rapids de cromatografia de liquids
d’ultra-alta eficacia (UHPLC) adequats per I'analisi dels farmacs antiparasitaris

objecte d’estudi d’aquesta tesi.

- Avaluar l'aplicabilitat de I’electroforesi capil-lar per a I'analisi dels farmacs

veterinaris ionics de les families estudiades.

- Estudiar el comportament dels coccidiostats i les benzimidazoles en

espectrometria de masses. S’avaluaran diferents fonts d’ionitzacié a pressié



Objectius i estructura

atmosferica (ESI, APCI, APPI i tecniques d’ionitzacié ambient) aixi com diferents
analitzadors tant de baixa resolucié (trampa d’ions i quadrupols) com d’alta

resolucio (Orbitrap).

- Establir les rutes de fragmentacio dels compostos estudiats en aquesta tesi,
identificar els ions producte i proposar les transicions més sensibles i selectives
per a la seva posterior identificacié i quantificacid en mostres de productes

alimentaris.

- Estudiar I'aplicabilitat de les tecniques ambient de recent implantacid per a
I’analisi directa de mostres sense emprar cap separacié cromatografica per tal

de determinar els farmacs antiparasitaris estudiats en aquesta tesi.

Aquesta memoria de tesi s’ha estructurat en els seglients apartats:

- Una introduccid on es comenta la importancia de desenvolupar meétodes
analitics per al control de la presencia de residus de farmacs antiparasitaris en
aliments que inclou informacio sobre la naturalesa de les families de compostos
estudiades, els coccidiostats i les benzimidazoles, aixi com la legislacié vigent que
fa referencia a aquests compostos i la metodologia analitica emprada

habitualment per a la seva I'analisi.

- El segon capitol recull el treball experimental realitzat el qual s’inclouen els sis
articles cientifics publicats en el transcurs de la present tesi precedits per una
breu introduccié a les técniques analitiques, tecnologia i instrumentacid
utilitzades en el desenvolupament dels métodes analitics que es presenten a
cadascuna de les publicacions. Les publicacions han estat agrupades
essencialment per les families de compostos analitzades, aixi el primer bloc
agrupa les publicacions referents a I'analisi de coccidiostats, les tres primeres
basades en la cromatografia de liquids acoblada a I'espectrometria de masses i
una quarta on es presenta un metode basat en I'electroforesi capil-lar per a
I'analisi d’amprolium. A continuacié s’inclou un métode de determinacié de
benzimidazoles en llet novament mitjancant cromatografia de liquids acoblada a

I'espectrometria de masses i finalment s’adjunta la publicacid del treball
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desenvolupat en col-laboracié amb I'Institut de Tecnologia Quimica de Praga en
el qual es presenten dos métodes d’analisi de coccidiostats i benzimidazoles en
pinsos i llet respectivament mitjangant una tecnica d’ionitzacié ambient com és
el Direct Analysis in Real Time (DART) acoblat a I'espectrometria de masses d’alta
resolucid, tecnica adequada per a I'analisi directa d’aquests compostos sense

separacio cromatografica previa.

El tercer capitol esta dedicat a la discussid dels resultats obtinguts. Aquest capitol
es subdivideix en quatre apartats tematics segons |'etapa del procediment
analitic que es comenta. Aixi, en el primer subapartat es discuteixen els resultats
obtinguts en el tractament de mostra aplicat en cada cas, els dos segilients es
focalitzen en la separacio dels analits d’estudi i el seu comportament des del
punt de vista de I'espectrometria de masses on per tant, es comenten aspectes
relacionats amb la seva ionitzacié i fragmentacié en les diferents fonts
d’ionitzacié i analitzadors de masses emprats. En darrer lloc s’avaluen els
parametres de qualitat de cadascun dels métodes desenvolupats i es posen en

context els resultat obtinguts en I'analisi de mostres d’aliments.

Finalment s’inclouen les conclusions obtingudes en el treball realitzat en aquesta

tesi, aixi com la bibliografia corresponent.
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Capitol 1

Avui dia, i amb I'objectiu d’incrementar la productivitat ramadera i aixi poder abastir
una poblacid mundial en constant creixement, s’utilitzen sistemes de ramaderia
intensiva els quals mantenen normalment els animals en condicions de superpoblacié a
temperatura i humitat elevades. Ara bé, aquestes condicions afavoreixen |'aparicio de
processos infecciosos i parasitaris que poden comprometre tan la qualitat com la
salubritat del producte. Per tal d’evitar les perdues econdmiques que a una explotacio
ramadera li pot suposar la irrupcié d’'un procés d’aquest tipus, es requereix la utilitzacié
de farmacs amb finalitats profilactiques i/o terapéutiques. De fet, els farmacs veterinaris
comercials s’han distribuit i aplicat amb garanties de seguretat en la produccié animal
des de fa més de 50 anys (Jones i cols., 2003; Castanon, 2007) ates que el seu Us reporta
importants beneficis com son la capacitat de millorar la salut dels animals a més d’una
disminucié dels costos de produccié ja que es redueix I'impacte de les malalties que
podrien disminuir la tassa de creixement (Visek i cols., 1978). Tanmateix, cal esmentar
que certs productes veterinaris, alguns d’ells amb efecte hormonal, han estat
administrats de manera fraudulenta a animals destinats al consum huma amb la finalitat
de promoure de forma accelerada el creixement de I'animal, reduir I'estres i evitar la
mort durant el transport dels animals a I’escorxador i/o millorar la qualitat del producte

final (Courtheyn i cols., 2002).

De forma general i amb I'excepcid de I'Us il-legal fins ara esmentat, es pot dir que avui
dia tot tractament consisteix basicament en I'administracié d’'un medicament a un
animal en una dosi concreta i durant un temps determinat amb la finalitat de restablir
la seva salut o prevenir malalties. En medicina animal, com passa en medicina humana,
existeix un nombre molt elevat de farmacs, la classificacio dels quals es pot realitzar en
funcié de diversos criteris. Una de les formes més habituals i senzilles de classificar els
farmacs es basa en la patologia o malaltia a tractar/prevenir. A la taula 1.1 es recullen
les principals categories o grups terapeutics més comunament emprats en veterinaria.
En primer lloc cal esmentar els antibiotics o agents antimicrobians, compostos d’origen
natural o sintétic emprats contra les infeccions de tipus bacteria. Sén els medicaments
més emprats i per aquest motiu, sén probablement els compostos estudiats més sovint
tan des del punt de vista terapeutic com el de la posterior preséncia de residus ja sigui

en productes destinats al consum o bé en el medi ambient.
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Taula 1.1. Classificacié dels medicaments veterinaris en funcié del seu Us

Tipus de medicament Usos
Antibiotics o antimicrobians Infeccions bacterianes
Antiinflamatoris/antipirétics/analgésics Processos inflamatoris, febre, dolor

Prevencid o tractament de parasitosis
Antiparasitaris
externes i internes

Hormones Control de la reproduccié

Profilaxis de malalties infecto-
Vacunes
contagioses

Els farmacs antiinflamatoris (esteroidals o no esteroidals), analgésics i antipirétics
restableixen els trastorns de la circulacié de la sang que amb freqliiencia van
acompanyats d’'un augment de la temperatura, envermelliment, inflor, dolor i febre. Els
antiparasitaris son emprats en la prevencio i tractament de les parasitosis tan externes
com internes mentre que les hormones i vacunes responen a usos més restringits com
poden ser aspectes relacionats amb la reproduccié dels animals, com per exemple la

sincronitzacio de zels, i la prevencié de malalties infeccioses respectivament.

L’estudi dut a terme en aquesta tesi s’ha centrat en els medicaments antiparasitaris ates
gue es tracta d’un dels grups de farmacs més emprats en medicina veterinaria del sector
de la produccié ramadera. S'utilitzen amb finalitats terapeutiques, pero si se n’ha de
destacar un Us, aquest és el profilactic ja que s’administren de forma rutinaria als
animals de produccié per tal de prevenir les malalties causades per parasits les quals
son molt comunes entre el bestiar. A més, cal tenir en compte que alguns d’aquests
farmacs han estat utilitzats també en el passat com a promotors del creixement, Us que
en els nostres dies ha quedat prohibit, per tant s’ha de garantir que aquest Us fraudulent

ja no es produeix.
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1.1 Els farmacs antiparasitaris

Les malalties parasitaries sén aquelles en quée s’estableix una relacié bioldgica entre un
organisme parasit que viu i prolifera gracies a un altre denominat hoste i tenen una gran
incidéncia a nivell global i en especial, en els paisos de climes temperats i calids. Son de
rapida propagacio i dificil control i per aquest motiu, poden produir pérdues
economiques molt significatives en la industria ramadera (McKellar i cols., 2004). Les
malalties més importants o amb pitjor pronostic séon les qué afecten al tracte
gastrointestinal de 'animal ja que sovint acaben causant-li la mort. Es per tant més
freqlient emprar els farmacs antiparasitaris com a tractament preventiu que no pas com

a tractament terapeutic.

Entre les malalties parasitaries més habituals cal esmentar la coccidiosi i les malalties

parasitaries provocades per helmints és a dir I’'helmintiasi.

La coccidiosi és una malaltia intestinal provocada per protozous del genere Eimeria o
Isospora. Pot afectar tots els animals de produccié i es transmet per contacte directe
amb la femta o per ingestid de teixits infectats (Matabudul i cols., 2001). El principal
simptoma és la diarrea i pot arribar a provocar fortes hemorragies i fins i tot la mort. Els
farmacs emprats en la prevencié i tractament d’aquesta malaltia sén els coneguts com

a coccidiostats i se’n diferencien dos families en funcié del seu origen natural o sintetic;
- els polieters ionofors i
- els coccidiostats quimics.

Els primers sén compostos d’origen natural produits per diverses espeécies de
Streptomices sp. Ates que s‘obtenen de forma natural, sovint se’ls anomena antibiotics,
tot i que no sén agents antibacterians. A la figura 1.1 es mostren les estructures

moleculars dels coccidiostats estudiats a la present tesi.
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Figura 1.1. Coccidiostats poliéters ionofors

Quimicament els polieters iondfors sén compostos formats per un esquelet d’éters
ciclics que contenen un acid carboxilic en un dels extrems de la molécula i un grup
hidroxil a I'extrem oposat. Aquesta estructura molecular permet formar un
pseudomacrocicle (Figura 1.2) mitjancant I'establiment de ponts d’hidrogen entre el
grup carboxilic desprotonat i el grup hidroxil terminal de la molécula. Els atoms d’oxigen
dels grups eter queden aixi encarats cap al centre del macrocicle de manera que
I'interior de la molécula, de caracter polar, permet complexar ions monovalents (Na+ i
K+) i divalents (Ca?* i Mg?*) (depenent del compost) a I'interior de I'estructura mentre

que la part exterior és essencialment hidrofobica.

Figura 1.2. Estructura pseudo-macrociclica dels poliéters ionofors
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El mecanisme d’accid d’aquests farmacs es basa principalment en aquesta caracteristica,
ja que proporciona la capacitat de travessar la membrana cel-lular i aixi alterar I'equilibri
ionic de la cél-lula porozoaria causant-li com a conseqiencia la mort (Matabudul i cols.,

2002).

Pel que fa referéncia als coccidiostats quimics, aquests agrupen una familia molt diversa
de compostos tots ells obtinguts per sintesi quimica, el mecanisme d’accié dels quals no
es coneix amb detall. A la figura 1.3 es mostren les estructures dels coccidiostats quimics

estudiats en la present tesi.
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Figura 1.3. Coccidiostats quimics estudiats

La nicarbazina és el nom genéric que rep el complex equimolar de 4,4’-dinitrocarbanilida
i 2-hidroxi-4,6-dimetilpirimidina. Ates que el residu de dinitrocarbanilida és molt més
persistent que el de hidroxidimetilpirimidina, la molécula que acostuma a ser emprada
com a marcador del farmac nicarbazina és la dinitrocarbanilida. El diclazuril és un
anticoccidial d’ampli espectre del grup dels benzo-acetonitrils, la robenidina pertany al
grup de les guanidines, el toltrazuril és un derivat triazinonic, i I'amprolium és un analeg

de la tiamina.

Les helmintiasis, I'altre tipus de malalties parasitaries habituals, son provocades per
helmints de diversos tipus (nematodes i trematodes principalment). Sén malalties
parasitaries en les quals una part del cos de I’hoste esta infestada de cucs intestinals. Si
els parasits afecten els organs interns on troben els nutrients necessaris per sobreviure
i reproduir-se s'anomenen endoparasits en contraposicié amb aquells que parasiten

I’exterior del cos (ectoparasits). Per tant, poden afectar els organs interns o simplement
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competir pels nutrients a la sang o a l'intesti de I’"hoste debilitant I'animal malalt. Els
farmacs empleats per al control d’aguestes malalties son els coneguts com a
antihelmintics i concretament pel tractament de les endoparasitosis en destaquen

guatre families de compostos:
- Salicilanilides
- Derivats de les piperazines
- Avermectinesi
- Benzimidazoles i derivats

Els dos primers grups estan formats per un petit nombre de compostos. Les
avermectines en canvi, en contenen un major nombre de principis actius i sén

macromolecules emprades tan en el tractament de les endo com de les ectoparasitosis.

Finalment, les benzimidazoles, grup de compostos estudiats també en aquesta tesi, sén
compostos formats per un anell benzimidazol funcionalitzat. El seu mecanisme d’accio
es basa en l'acoblament a la tubulina, una proteina estructural dels microtubuls
cel-lulars, responsables de la secrecié d’enzims digestius, fent que aquests no puguin
actuar i provocant que per tant, s’alteri el procés digestiu desencadenat la mort del
parasit per manca de nutrients (Lacey, 1990). En el transcurs de la seva accio, aquestes
molecules pateixen transformacions metaboliques donant lloc a nombrosos compostos
derivats que poden ser excretats juntament amb els compostos parentals no
metabolitzats ja sigui per via urinaria, fecal o a través de la llet en el cas dels ruminants
(Gottschall i cols., 1990). La figura 1.4 mostra les benzimidazoles estudiades en la

present tesi aixi com alguns del metabolits més importants d’algunes d’elles.
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Figura 1.4. Benzimidazoles i alguns dels seus metabolits estudiats en la present tesi

Addicionalment, cal destacar I'Us que se’'n fa d’alguns d’aquests compostos en
agricultura per al control de nematodes parasits de diversos cultius aixi com per al

control de I'aparicié de fongs en fruits recol-lectats.

1.2 Consum de medicaments antiparasitaris

Es dificil trobar informacié detallada sobre I'Gs global de les diferents substancies
medicamentoses antiparasitaries administrades als animals de produccid ja sigui amb
finalitats autoritzades mitjancant recepta veterinaria per a tractament terapeutic o
profilactic o bé amb intencions fraudulentes (promotor del creixement). Probablement
aixo es consequeéncia de la gran dispersid del sistema de distribucié dels medicaments
veterinaris i a I'existéncia d’un mercat negre relacionat amb [’Us fraudulent. Malgrat
aix0, Veterindustria, I'associacié empresarial espanyola de la indUstria de sanitat i

7
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nutricié animal, proporciona dades globals sobre el volum de negoci dels productes
farmacologics veterinaris a I'estat espanyol. Aixi, 'any 2014 el sector farmacologic
veterinari va moure 339,78 milions d’euros (un 42,69% del total de la industria farmaco-
veterinaria). Per la seva banda el sector d’additius i premescles, sector que consumeix
la major part dels coccidiostats, en va moure un total de 145,65 milions d’euros, que
representa un 18,3% del total del sector. Aquestes dades pero, si bé donen una idea del
volum de negoci, no detallen les tones de farmacs consumides. Les dades a nivell
europeu del 2007-2008 apunten que dels 40,7 milions de tones de pinso destinats a
engreixar pollastres, galls d’'indi i conills, prop de 18,7 milions es van preparar
addicionant-hi coccidiostats. Encara que la majoria de paisos no proporcionen dades
referents al consum anual d’aquests productes, en els ultims anys han aparegut estudis
que estimen el volum de farmacs consumits amb el proposit d’avaluar I'exposicio
indirecta dels éssers humans a aquests productes (Kools i cols., 2008). La taula 1.2 recull
les dades referents al consum de medicaments antiparasitaris en alguns paisos de la
Unid Europea aixi com el volum de produccié ramadera. Tot i aixi, es creu que les
estimacions proporcionen xifres inferiors a les reals, ates que fins a I'lany 2005 els
antiparasitaris encara no estaven subjectes a recepta veterinaria a molts dels paisos de
la Unié Europea. Malauradament a la literatura no existeixen dades actualitzades que

puguin corroborar aquestes suposicions.

Taula 1.2. Dades sobre el consum de farmacs antiparasitaris durant I'lany 2004 i la
produccié ramadera (Kools i cols., 2008). (* Xifres estimades)

Consum Ratio
Pais Produccioé (x1000 T)
d’antiparasitaris (T) Consum/Produccio

Dinamarca 2149 0,24 1,12 - 107
Finlandia 377 1,8 4,77 - 10
Franga 5869 28,5 4,86 - 10°
Alemanya 6612 43,3 6,55 -10°
Suecia 536 3,86 7,20-10°
Holanda 2321 11,3 4,87 -10°
Regne Unit 3329 10,84 3,26 -10°
Espanya* 5308 26 4,90 -10°
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1.3 Implicacions dels farmacs antiparasitaris en la salut publica. Toxicitat.

L’4s massiu i el probable abus de farmacs antiparasitaris en animals destinats al consum
huma planteja certs dubtes tant pel qué fa a la propia salut dels animals com respecte a
la salut humana. Es licit pensar que una sobreexposicié dels animals a un determinat
farmac pot desembocar en la ineficacia del medicament en qiiestid. Concretament s’han
reportat casos de resistencia a les benzimidazoles (Lacey i cols., 1994), antihelmintics
d’us molt estes, en ruminants. Per tal d’evitar aquesta resisténcia, s’acostumen a
administrar els medicaments emprant els anomenats cicles farmacologics (Stamatakos
i cols., 2009) en els quals es van alternant diferents tipus de medicaments que permeten
atacar els parasits i al mateix temps evitar que aquests esdevinguin resistents (Felipe i
cols., 2006). Tanmateix, si els farmacs administrats no son eliminats de I'organisme
abans que I'animal sigui sacrificat, es possible que es trobin residus medicamentosos en
els productes destinats al consum huma (carn, ous, llet) (Reig i cols., 2008; Girardi i cols.,
2008). Els efectes directes de la presencia de farmacs en els productes de consum poden
ser entre d’altres, reaccions adverses de tipus al-lérgic en individus hipersensibles,
efectes sinergics en persones que reben per prescripci6 meédica tractaments
farmacologics (Philips i cols., 2003) i potser el més conegut, la resisténcia bacteriana als
agents antimicrobians que pot comportar a mitja termini la ineficacia dels
antimicrobians emprats en |'actualitat (Marshall i cols, 2011).

Com a mesura preventiva per tal de minimitzar la preséncia de residus en els productes
d’origen animal, s’"han establert periodes d’espera. Es tracta dels periodes de temps que
requereix cada especie animal per eliminar el farmac del seu organisme des del moment
en queé se li ha administrat la Gltima dosi. Per tant, tots els animals abans del sacrifici,
han de estar un periode de temps sense rebre cap medicacié a I'espera justament de
I'eliminacié de la mateixa. Tot i aixi, aquests periodes de d’espera no garanteixen
I’eliminacié completa del principi actiu, sind que Unicament asseguren que la preséncia
del compost en els diferents teixits animals es mantingui per sota d’'unes concentracions
llindars de seguretat. Aquestes concentracions es coneixen com a MRLs (acronim anglés
de nivell de residu maxim) i son establerts per les autoritats competents de cada pais a

excepciod dels paisos integrants de la Unid Europea on és justament aquest organisme
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qui estableix els nivells objectiu per a tots els paisos membres. D’aquest tema se’n
parlara de forma més extensa a I'apartat 1.4 que fa referencia a la legislacié vigent sobre
productes veterinaris antiparasitaris.

S’assumeix per tant, que els productes d’origen animal poden contenir en major o
menor mesura, residus de farmacs veterinaris en general i antiparasitaris en particular.
La problematica rau doncs en els efectes que aquestes baixes concentracions de principi

actiu poden produir en els éssers humans.

En relacio als estudis toxicologics existents sobre els coccidiostats i les benzimidazoles
en humans, s’ha de diferenciar entre les diferents families quimiques que els composen
atés que quimicament sén compostos molt diferents. Com ja s’ha comentat amb
anterioritat, d’entre els coccidiostats, els polieéters iondfors sdn productes naturals
lipofilics amb un mecanisme d’accié quelant que afecta al transport cel-lular d’ions a
través de les membranes i per tant, poden afectar també al transport cel-lular en
organismes sans. Els efectes toxics dels coccidiostats quimics, ates que sén un grup molt
heterogeni de productes quimics sintétics poden ser molt diversos. Entre els seus
efectes en humans, es parla de desordres neurotoxics, toxicitat maternal i fetotoxicitat,
descens de les proteines sériques i degeneracid focal dels musculs esquelétics (Dorne i
cols., 2013). Pel que fa a les benzimidazoles, s’ha de tenir en compte que algunes d’elles
també son utilitzades com a medicament d’Us huma i per tant, les consideracions en
relacié a la seva toxicitat sén les que consten en els prospectes dels medicaments
humans. Aixi, s’"ha de destacar que en general les benzimidazoles son teratogeniques i
embriotoxiques i per tant, les embarassades n’han d’evitar I'Us tant directe com

indirecte (Teruel i cols., 2003; Teruel i cols., 2009).

Fins ara s’ha parlat de I'exposicié a residus antiparasitaris a través de la ingesta de
productes d’origen animal, perd en els Ultims anys també s’ha comencat a estudiar la
contribucié que hi poden tenir aliments d’origen vegetal o fins i tot 'aigua (Sarmah i
cols., 2006). Els animals que reben tractament farmacologic eliminen els principis actius
per excrecid ja sigui la forma quimica inalterada del principi actiu o bé els seus
metabolits. Si els excrements sén utilitzats per a la fabricacié d’adobs, aquests poden
anar a parar a camps de conreu on encara no esta clar si els productes que s’hi conrein

podran absorbir part d’aquests compostos. El cas de I'aigua és similar, ja que a part de
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la preséncia dels compostos en les aigiies residuals, si les pluges sdn capaces de lixiviar
aquests compostos dels sols, els farmacs poden arribar tan a les aiglies superficials com
a les subterranies. A més, és sabut que les plantes de tractament d’aiglies residuals no
son capaces d’eliminar totalment aquests compostos (Castiglioni i cols., 2006) que son
abocats a les aiglies superficials que amb freqliéncia s’empren com a aigua d’entrada a
les plantes potabilitzadores la qual cosa podria arribar a comportar un consum huma
involuntari. En qualsevol cas, esdevenen evidentment una problematica ambiental a
tenir en compte i és per aix0 que alguns autors estan intentant determinar també
I'impacte ecologic d’aquestes substancies (Boxall i cols., 2003; Boxall i cols., 2003;

Capleton i cols., 2006; Kim i cols., 2008).

1.4 Legislacié

1.4.1. Medicina veterinaria i seguretat alimentaria

En termes generals, el mén farmacéutic esta fortament regulat. La legislacié que
estableix el curs que un medicament ha de transitar des que un laboratori en fa la seva
produccié i/o desenvolupament fins que aquest arriba al consumidor, és forca exigent a
la majoria de paisos i no fa gaires distincions entre medicaments destinats al consum
huma i veterinari. De fet, les agéncies i/o ministeris tan nacionals com internacionals
que vetllen per la salut i seguretat dels consumidors (European medicines agency (EMA),
Agencia espafiola del medicamento y productos sanitarios (AEMPS), Ministeri de sanitat,

etc.) van adregades tan a la poblacié en general com a veterinaris/cuidadors.

En el cas de la salut animal, especialment la d’aquells animals destinats al consum huma,
els afers reguladors s’estenen encara més si cap. A nivell estatal la llei que regula els
medicaments veterinaris és el reial decret 109/1995. Aquest reial decret regula la
fabricacid, elaboracid, control de qualitat, circulacidé, distribucid, comercialitzacio,
informacié i publicitat, importacid, exportacid6, emmagatzematge, prescripcio,
dispensacid, avaluacid, autoritzacid i registre dels medicaments d’Us veterinari i de les
substancies, excipients i materials utilitzats per a la seva fabricacid, preparacio i envasat.

Aquesta normativa defineix també els temps d’espera, temps que necessariament ha de

11
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transcorrer entre la Ultima aplicacié del medicament i I'aprofitament dels aliments
obtinguts de I'lanimal tractat (carn, ous, llet,...). D’aquesta manera s’aconsegueix que els
residus de medicaments es trobin en una concentracié inferior al limit maxim legalment

admes (MRL) per a cada medicament i aliment.

La Regulacié CE 2377/90 ja establia un procediment comunitari per a fixar els MRLs.
Segons aquest reglament, i per aquesta finalitat, els medicaments d’Us veterinari es

divideixen en quatre grups (Annexes | al IV).

Annex I: El constitueixen substancies aprovades com a medicaments d’Us

veterinari per a les quals es pot establir un MRL.

- Annex lI: Constituit en la seva majoria compostos inorganics i d’altres d’organics
per als quals no es considera necessari establir un MRL per ser considerades

substancies segures.

- Annex lll: Substancies farmacologicament actives amb MRLs provisionals ates
gue es creu necessari realitzar estudis addicionals per a determinar la seva

seguretat.

- AnnexIV: El constitueixen substancies prohibides com hormones promotores del
creixement, nitrofurans i cloramfenicol, substancies per a les quals no es pot fixar

un MRL i per tant hi ha tolerancia zero.

Aquesta regulacio va ser substituida pel Reglament 470/2009 que defineix un nou
procediment per a I'establiment dels MRLs i pel 37/2010 que classifica les diferents
substancies en dues taules. La Taula 1 la constitueixen aquells compostos que al
Reglament 2377/1990 es trobaven als annexes |, Il i lll, mentre que aquells compostos
que a lI'antic reglament es trobaven a I'annex IV, ara passen a formar directament la

Taula 2.

A la taula 1.3 es mostren els nivells maxims de residu per als coccidiostats i
benzimidazoles, el residu marcador aixi com I'especie animal i teixit diana en qué aquest

ha de ser determinat.
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Taula 1.3. MRLs establerts per als coccidiostats i benzimidazoles inclosos en aquest estudi
(Reglament 37/2010 segons Taula 1)

Substancia Residu Marcador Espécie animal MRLs Teixit diana
farmacologicament activa ug/kg
lonofors
Monensina Monensina A Bovi 2 Muscul
10 Greix
30 Fetge
2 Ronyd
2 Llet
Lasalocid Lasalocid A Aviram 20 Muscul
100 Greix
100 Fetge
50 Ronyo
150 Ous
Benzimidazoles
Albendazole Suma d’albendazole, | Tots els ruminants | 100 Muscul
albendazole sulfoxid, 100 Greix
albendazole sulfona i 1000 Fetge
albendazole 500 Ronyo
2-aminosulfona 100 Llet
Fenbendazole Suma de residus | Tots els ruminants | 50 Muscul
extractables que poden 50 Greix
ser oxidats a 500 Fetge
oxfendazole sulfona 50 Ronyé
10 Llet
Flubendazole Flubendazole Aviram 400 Ous
Mebendazole Suma de mebendazolei | Ovi, caprii equi 60 Muscul
metabolits 60 Greix
400 Fetge
60 Ronyo
Oxfendazole Suma de residus | Tots els ruminants | 50 Muscul
extractables que poden 50 Greix
ser oxidats a 500 Fetge
oxfendazole sulfona 50 Ronyd
10 Llet
Oxibendazole Oxibendazole Porci 100 Muscul
500 Pell i greix
200 Fetge
100 Ronyo
Tiabendazole Suma de tiabendazole i | Capri 100 Muscul
5-hidroxitiabendazola 100 Greix
100 Fetge
100 Ronyo
100 Llet
Triclabendazole Suma de residus | Tots els ruminants | 225 Muscul
extractables que poden 100 Greix
ser oxidats a ceto- 250 Fetge
triclabendazole 150 Ronyd

A més, la Directiva 96/23/EEC obliga als estats membres a definir els seus programes de

control de residus farmacologics en productes d’origen animal com a mesura de
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seguretat alimentaria per als consumidors. Aquesta directiva defineix el mostreig a
realitzar en cada cas, ja sigui per a un producte carnic (teixits) o un derivat (llet, mel,

etc.) aixi com les sancions a aplicar en cas d’incompliment de la mateixa.

Estretament lligada a aquesta Directiva, la Decisié de la Comissid 657/2002/EC estableix
els parametres de qualitat minims que han de complir els métodes d’analisi emprats en
la determinacid de residus farmacéutics en productes d’origen animal destinats al
consum huma. Per a aquells métodes d’analisi emprats en la determinacié de compostos
prohibits (Taula 2 del Reglament 37/2010) cal destacar el parametre anomenat nivell de
funcionament minim a exigir (minimum required performance limit, MRPL) definit com
a la minima quantitat d’analit que pot ser detectada i confirmada pel métode analitic en
us.

Els farmacs veterinaris estudiats en aquesta tesi, les benzimidazoles i els coccidiostats
es troben inclosos a la taula 1 del Reglament 37/2010 i per tant, en els seus métodes
d’analisi cal aplicar els requeriments que fan referéncia a la confirmacié (3 punts
d’identificacid) i quantificacio (precisid i exactitud d’acord amb la fraccié de massa de

I’analit a la mostra) dels mateixos.

1.4.2. Additius per a pinsos

Entre els medicaments veterinaris els coccidiostats es poden considerar un cas
particular. Aquests compostos sén administrats de manera rutinaria mitjancant els
pinsos, sobretot en la produccid avicola, i per aguest motiu, també son considerats
additius per a pinsos, la qual cosa comporta que se’ls apliqui complementariament la

legislacié corresponent als additius per a pinsos.

Un additiu per a pinso és un ingredient o combinacio d’ingredients que s’afegeix a la
mescla base de l'aliment o a part d’aquest per satisfer una necessitat especifica.
Normalment s’afegeix en microquantitats i el producte final requereix d’'un mesclat i
manipulacié molt curosos (AAFCO, 2000). El Reglament Europeu 1831/2003/EC sobre
els additius en l'alimentaciéo animal estableix les directrius sobre I'autoritzacid, Us i

comercialitzacié dels additius per a pinsos. D’altra banda, i en funcid del seu efecte sobre
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el pinso o animal consumidor del pinso, I'annex 1 de I'esmentat Reglament classifica

aquests productes en cinc subgrups anomenats:

- Tecnologics, qualsevol substancia afegida als pinsos amb finalitats

tecnologiques;

- Organoléeptics, qualsevol substancia que afegida als pinsos, millora o modifica les
propietats organoleptiques d’aquests o les caracteristiques visuals dels aliments

d’origen animal;
- Nutricionals;

- Zootecnics, qualsevol additiu utilitzat per influir positivament en la productivitat

dels animals sans o en el medi ambient;
- Coccidiostats i histomonostats

En relacié als coccidiostats autoritzats com a additius per a pinsos, la Directiva del
Consell 70/524/EEC de l'any 2004 ja en contemplava els 11 actuals, 6 ionofors
(monensina, salinomicina, lasalocid, maduramicina, narasina i semduramicina) i 5
quimics (robenidina, decoquinat, halofuginona, nicarbazina i diclazuril) les
autoritzacions dels quals, a dia d’avui, s’han anat renovant a mesura que els periodes de

validesa establerts inicialment han anat exhaurint-se.

Al marge de la legislacié esmentada fins ara, els productors de pinsos estan subjectes a
legislacio especifica sobre higiene dels pinsos, la seva fabricacid aixi com respecte a la
importacié (Reglament Europeu 183/2005/CE). Aquest reglament estableix les bones
practiques de fabricacié de pinsos, pero tot i aixi, contempla la realitat d’aquesta
industria, en la qual en les mateixes instal-lacions on s’hi fabriquen els pinsos no
medicamentosos normalment també s’hi fabriquen els pinsos medicamentosos. Aixo
comporta que, malgrat la neteja de les linies després de la fabricacié de pinsos
medicamentosos, els pinsos no medicamentosos puguin contenir traces de coccidiostats
degut a la transferencia de particules de pinso residuals que poden quedar adherides a
les conduccions, el qué s’anomena contaminacié creuada. Per aquest motiu, la Unid
Europea reconeix aquesta contaminacié creuada com a fet inevitable mitjancant la
Directiva 2009/8/CE la qual estableix els nivells maxims de residus de coccidiostats en

pinsos no medicamentosos deguda a contaminacié creuada inevitable (taula 1.4).
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Taula 1.4. Concentracié maxima permesa de coccidiostats en pinsos no medicamentosos
deguda a contaminacié creuada segons Directiva 2009/8/CE (Valors més restrictius, per a
espeécies sensibles)

Compost Concentraciéo maxima permesa en pinso
(mg/kg)
Lasalocid 1,25
Narasina 0,7
Salinomicina 0,7
Monensina 1,25
Semduramicina 0,25
Maduramicina 0,05
Robenidina 0,7
Decoquinat 0,4
Halofuginona 0,03
Nicarbazina 0,5
Diclazuril 0,01

Per tant, s’assumeix que hi haura animals que podran ser alimentats amb pinsos
contaminats amb coccidiostats quan ja no haurien d’estar rebent tractament profilactic,
és a dir, durant el periode d’espera. Aixd comporta que productes carnics o d’origen
animal (ous o llet) podrien contenir baixos nivells d’aquests compostos. Es per aquest
motiu que el Reglament 124/2009 i la seva posterior modificacié segons el Reglament
610/2012 estableixen uns nous MRLs especifics per a coccidiostats en productes
destinats al consum huma derivats de I'alimentacié d’animals amb pinsos que hagin

patit contaminacié creuada (Taula 1.5).
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Taula 1.5. MRLs establerts per a coccidiostats en productes destinats al consum huma derivats
de I'alimentacié amb pinsos que hagin patit contaminacié creuada (Reglament 124/2009)

Substancia Producte alimentari MRL (ug/kg)
Lasalocid Aliments d’origen animal procedents d’animals d’espécies
diferents a les aus de corral i els bovins:
- Llet 1
- Fetge 50
- Ronyons 20
- Altres aliments 5
Narasina Aliments d’origen animal procedents d’animals d’especies
diferents als pollastres d’engreix:
- Ous 2
- Llet 1
- Fetge 50
- Altres aliments 5
Salinomicina Aliments d’origen animal procedents d’animals d’espécies
diferents als pollastres d’engreix i els conills d’engreix:
- Ous 3
- Fetge 5
- Altres aliments 2
) Aliments d’origen animal procedents d’animals d’espécies
Monensina diferents als pollastres d’engreix, gall d’indis i els bovins
(incloses les vaques lleteres):
- Fetge 8
- Altres aliments 2
Semduramicina Aliments d’origen animal procedents d’animals d’espécies 2
Maduramicina Aliments d’origen animal procedents d’animals d’espécies
diferents als pollastres d’engreix i els gall d’indis:
- Ous 12
- Altres aliments 2
Aliments d’origen animal procedents d’animals d’espécies
Robenidina diferents als pollastres d’engreix, els gall d’indis i els conills
d’engreix i de reproduccio:
- Qus, 25
- Fetge, ronyod, pell i greix 50
- Altres aliments 5
Aliments d’origen animal procedents d’animals d’espécies
Halofuginona diferents als pollastres d’engreix, gall d’indis i els bovins amb
excepcio de les vaques lleteres:
- Ous 6
- Fetgeironyons 30
- Llet 1
- Altres aliments 3
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Taula 1.5. MRLs establerts per a coccidiostats en productes destinats al consum huma derivats
de l'alimentacié amb pinsos que hagin patit contaminacié creuada (Reglament 124/2009)
(Continuacia)

Substancia Producte alimentari MRL (pug/kg)

Nicarbazina (residu Aliments d’origen animal procedents d’animals d’espécies
4,4 -dinitrocarbanilida) | diferents als pollastres d’engreix:

- Ous 300
- Llet 5

- Fetge 300
- Ronyons 100
- Altres aliments 50

Aliments d’origen animal procedents d’animals d’espécies
diferents als pollastres d’engreix, gall d’indis d’engreix,
pintades, conills d’engreix i reproduccid, ruminants i porci:

Diclazuril

- Ous 2
- Fetgeironyons 40
- Altres aliments 5

1.5 Metodologia analitica

La metodologia analitica emprada en I'analisi de farmacs antiparasitaris ha estat, ja des
de les primeres propostes, basada preferentment en la cromatografia de liquids i
aquesta és encara avui, la técnica mes comuna. Ara bé, els avengos tant en les
metodologies de tractament de mostra com en la propia cromatografia i en els sistemes
de deteccié han permes disposar de métodes d’analisi cada cop més rapids, fiables i

sensibles.

Tot i aixi, i amb excepcié d’alguns metodes multiresidu, I'objectiu dels quals es la
determinacié d’'un nombre elevat de compostos de caracteristiques diferents (més de
50), els métodes proposats a la literatura per a I’'analisi de medicaments antiparasitaris
estan majoritariament dirigits a families especifiques. A continuacié es comenten les
publicacions més recents sobre els métodes proposats per a |'analisi dels compostos
estudiats en aquesta tesi, coccidiostats i benzimidazoles, en mostres de tipus alimentari

i mediambiental (aigles, fangs i sols).
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1.5.1 Metodologia analitica per a la determinacié coccidiostats

Com ja s’ha comentat, els coccidiostats sén una familia de compostos amb una
estructura quimica molt variada entre els quals es poden trobar compostos molt polars,
com per exemple I'amprolium (amina quaternaria), fins a compostos amb un clar
caracter lipofilic, com els polieters ionofors. Aquest fet fa que sigui dificil analitzar-los
tots emprant un Unic métode. Per tant, a I’"hora de desenvolupar un metode d’analisi,
cal tenir en compte tant els compostos a analitzar com la tecnica analitica a emprarii el
tipus de mostra. La técnica analitica a utilitzar determina principalment els limits de
deteccié que el métode sera capacg d’assolir. D’altra banda, la mostra a analitzar
requerira d’un procés d’extraccié i/o purificaci6 més o menys exigent en funcid de
diversos factors com son, el tipus de matriu (contingut d’aigua i greix), la naturalesa
guimica dels analits i la tecnica d’analisi a emprar posteriorment. La taula 1.6 recull els
metodes publicats a partir de I'any 2000, ates el baix impacte que els metodes
desenvolupats amb anterioritat tenen en els métodes desenvolupats en I'actualitat per
a la determinacié de coccidiostats tot detallant el tractament de mostra emprat aixi com
els valors de recuperacio obtinguts, la tecnica analitica utilitzada i els limits de deteccio

assolits.

Extraccio i purificacio

El tractament de la mostra a analitzar consisteix basicament en I’extraccio dels analits
d’interés de la matriu i la posterior purificacio de I'extracte. En I’analisi de coccidiostats
en matrius alimentaries, un cop la mostra ha estat homogeneitzada, el procediment més
estes és 'extraccié amb dissolvents organics. A la practica s’utilitzen diferents solvents
en funcié de la natura de la mostra (Taula 1.6). Aixi, per a I'analisi de pinsos, premescles
medicamentoses i vegetals normalment s’utilitza metanol (MeOH) o mescles d’aquest
solvent amb acetona, tetrahidrofura (THF) i aigua. En canvi, per a I'extraccié de teixits
animals aixi com ous o llet, I'acetonitril (ACN) acostuma a ser el dissolvent preferit, atés
que té la capacitat precipitar les proteines i per tant, d’eliminar la seva possible

interferencia. Alguns autors proposen utilitzar com a solvent alternatiu a I’acetonitril,
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I'acetat d’etil (EtAc), un solvent amb major capacitat d’extraccio, o bé diferents mescles
com per exemple una d’acetona i tetrahidrofura per a I'extraccio de toltrazuril i el seu
metabolit toltrazuril sulfona en mostres de muscul i ous (Hormazabal i cols., 2003). En
els casos en que el solvent d’extraccid és |'acetonitril, molts dels métodes descrits a la
literatura, afegeixen sulfat de sodi anhidre a la mostra abans de I’'addicié del solvent
amb la finalitat d’absorbir la humitat de la matriu i prevenir que aquesta aigua passi a

I’extracte i pugui dificultar o alentir la posterior evaporacio.

En I'analisi de mostres de tipus alimentari, la posterior etapa de purificacio i/o
preconcentracio, es fa necessaria atesa la co-extraccié de components de la matriu, i la
majoria dels métodes fan Us de la particio liquid-liquid o darrerament de I'extraccio en
fase solida. En el cas de I'analisi de mostres amb un elevat contingut en greix, I'hexa
(Kanda i cols., 2003) o bé el diclormeta (Hormazabal i cols., 2003) s’empren per a
desgreixar l'extracte. Alguns autors utilitzen permeacié per gels (GPC) com a
procediment addicional per eliminar interferéncies (Ai i col., 2011; Chico i cols. (Chico i
cols., 2013) tot i que I'extraccidé en fase solida (SPE) emprant rebliments de silice, C18 i
en els ultims anys els polimerics de fase invertida OASIS HLB (Waters) sén els que s’han

emprat amb major fregiiencia.

Alternativament i com a métodes més nous, tot i que amb menor freqliencia d’aplicacié,
s’han proposat procediments de cromatografia d'immunoafinitat, dispersié en fase

solida (matrix solid phase dispersion, MSPD) i extraccions amb fluids supercritics.

Aguest esquema de tractament de mostra classic (extraccié-purificacié) és en general
lent i pot ser mes o menys dificultds segons la matriu i les etapes necessaries, encara
gue acostuma a ser imprescindible en utilitzar determinats sistemes de deteccid. Aixi,
els sistemes de deteccid poc selectius, com ara el detector ultraviolat (UV), requereixen
d’extractes forca nets per tal de minimitzar les interferéncies i aixi millorar els
parametres de qualitat dels métodes d’analisi. Per contra, si el métode de deteccid és
selectiu com per exemple I'espectrometria de masses, el nivell d’exigencia de la neteja
dels extractes a injectar no és tan elevat i encara ho és menys si es treballa en
espectrometria de masses en tandem. Ates que aquest mode de treball és el més emprat
actualment (Taula 1.6), en els darrers anys s’estan imposant tractaments de mostra més

rapids tot i que sén menys efectius des del punt de vista de la puresa de I'extracte. En

20



Capitol 1

aquesta linia, Matabudul i cols. (Matabudul i cols., 2002) van desenvolupar un
tractament de mostra per a ous i fetge que posteriorment ha estat aplicat per molts
altres autors. El procediment consisteix a barrejar les mostres amb Na;SOa4 per eliminar
aigua, i posteriorment extreure amb acetonitril i purificar emprant extraccié en fase
solida amb silice. Les recuperacions es van situar entorn el 90% per als compostos
estudiants en les dues matrius. Encara s’han proposat procediments més senzills, per
exemple Mortier i cols. (Mortier i cols., 2003) descriuen la determinacié de 5
coccidiostats en ous emprant un procediment que consisteix en una extraccio amb
acetonitril, evaporacié del solvent a sequedat i posterior reconstitucié en una mescla a
parts iguals d’acetonitril i aigua amb filtracio de I'extracte previa a la injeccidé. En aquesta
mateixa linia Shao i cols., (Shao i cols., 2009) proposen I'extraccié de 14 coccidiostats
d’ous i carn amb acetonitril, concentracié dels extractes i injeccié en el cromatograf de
liquids i reporten recuperacions superiors al 78% per a tots els analits estudiats. Els
ultims anys diversos autors, proposen utilitzar el métode conegut com a QUEChERS
(Quick, Easy, Cheap, Effective, Rugged and Safe és a dir, rapid, facil, economic, efectiu,
robust i segur). Aquest metode primerament es va aplicar a I'analisi de pesticides en
fruites pero a poc a poc s’ha anat estenent a altres arees com ara analisi de residus de
medicaments en aliments. Es basa en I'extraccié amb acetonitril i I'addicié de sals per a
induir una separacio de fases entre el solvent organic i 'laquds, seguida d’'una etapa
d’extraccié en fase solida dispersiva, mitjancant I'addicié de sorbents (silice, C18, carbd
actiu, etc.) per a I'eliminacié de part de la matriu i de sulfat de magnesi per a eliminar
possibles traces d’aigua. Posteriorment, I'extracte acostuma a ser evaporat fins a un
volum conegut o bé a sequedat, la qual cosa permet reconstituir I’extracte en un solvent
compatible amb la cromatografia i aconseguir aixi una millora dels limits de
quantificacié. Seguint aquesta estratégia Clarke i cols., (Clarke i cols., 2013) van
desenvolupar un metode d’analisi per a coccidiostats en llet de vaca obtenint

recuperacions superiors al 80% per a tots els compostos estudiats.

En el cas de I’analisi de mostres de caire ambiental, s’ha utilitzat I’extraccié amb solvents
o solucions tamponades per a I'analisi de fangs, sediments i sols. Kim i cols. (Kim i cols.,
2006) utilitzen una solucié tampd d’hidroxid sodic 1 M a pH 10,0 per a I'extraccio de

monensina, salinomicina i narasina de sediments de riu. El procediment que segueixen
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requereix tan sols I'agitacido de la mostra amb la solucid d’extraccié. Aquest mateix
procediment el segueixen també Sun i cols. (Sun i cols., 2013) amb una solucié
d’extraccié constituida per una mescla de tampd de Mcllvaine (EDTA, Na;HPOa, acid
citric):metanol:hexa que permet extreure els compostos de sols i gallinassa. Per la seva
banda, Herrero i cols. (Herrero i cols., 2013) proposen un métode d’extraccié basat en
I'extraccid amb solvents pressuritzats emprant Unicament acetona com a solvent
d’extraccié dels polieters iondfors de fangs de depuradora. Per a I'analisi d’aiglies, ja
siguin superficials o d’entrada/sortida de plantes depuradores, s’utilitza extraccid en
fase solida (P. Herrero i cols. (2012); A. Iglesias i cols. (2012)). Aquesta es duu a terme
fent passar un gran volum de mostra (250-1000 mL) per cartutxos reblerts amb sorbents
polimeérics de fase invertida o bé mixtos bescanvi ionic/fase invertida. Aquests son
capacos de retenir eficagment els analits en estudi els quals sén posteriorment eluits
amb petits volums de solvent, de manera que s’aconsegueix una concentracio dels
analits a I'extracte i a més una primera etapa de purificacié de la mostra atesa la no
retencié d’aquells components de la mostra que no sén afins amb |'adsorbent escollit.
L’any 2010 I’Agéncia Europea de Seguretat Alimentaria (EFSA) preocupada per I'Gs de
coccidiostats en les granges va proposar avaluar la probabilitat que aquests compostos
arribessin a la cadena alimentaria degut a l'absorcié per part dels vegetals dels
medicaments presents en els sols i adobs. En resposta a aquesta proposta Broekaert et
al. (Broekaert et al. 2011) van desenvolupar un metode d’analisi de coccidiostats en
vegetals i van comparar el métode QUEChERS amb una extracciéo amb metanol seguida
d’una purificaci6 amb columnes de C18, concloent que els millors resultats els
proporcionava la segona metodologia ja que permetia assolir millors limits de

guantificacio.

Separacio i deteccio

La determinacié de coccidiostats ja sigui en mostres ambientals o alimentaries es duu a
terme generalment mitjancant cromatografia de liquids. Atesa la naturalesa apolar de
la majoria de compostos de la familia dels coccidiostats, especialment els polieters
ionofors, els rebliments de les columnes utilitzades acostumen a ser de base silice amb

fases estacionaries de C18, tal com es pot apreciar a la taula 1.6. Si bé hi ha autors que
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han optat per fases estacionaries amb cadenes de menor longitud (C8) (Dubreil i cols.,
2009) que ofereixen una menor retencid, o d’'una certa polaritat com les fenil (Heller i
cols., 2004; Li i cols., 2006), fenil-hexil (Olejnik i cols., 2009) o amida (Herrero i cols.,
2012). Les longituds de columna son molt variables i en general, les columnes més
llargues s’utilitzen en els métodes proposats per a la determinacié d’'un nombre de
compostos elevat. Pel que fa a la utilitzacié de sistemes de cromatografia de liquids
d’elevada eficacia, a partir de I'any 2011 es comencen a trobar alguns treballs que
utilitzen aproximacions similars a les proposades en aquesta tesi. Es a dir es comencen
a emprar columnes de tecnologia UPLC amb diametres de particula d’1,7 um (Broekaert
i cols., 2011; Clarke i cols., 2013) i columnes de tecnologia FusedCore (Herrero i cols.,

2012; Herrero i cols., 2013).

En relacidé a les fases mobils utilitzades, aquestes sén majoritariament mescles
d’acetonitril:aigua, metanol:aigua, o barreges de metanol, acetonitril, tetrahidrofura i
aigua, sovint tamponades amb acetat o formiat amonic o acidificades amb un 0,1%
d’acid formic ja sigui a la fase aquosa o en ambdues, aquosa i organica. Una excepcio a
aquests tipus de fases mobils, sén les emprades en els métodes de determinacio
d’amprolium ja que en aquest cas, practicament tots els meétodes descrits a la
bibliografia utilitzen fases mobils que contenen formadors de parells idonics com
I’heptanosulfonat de sodi (Furusawa i cols., 2002) o més frequentment I'acid
heptafluorobutiric (Song i cols., 2007; Squadrone i cols., 2008), un acid compatible amb
I'espectrometria de masses tot i que contamina els equips si s’utilitza de forma
prolongada. Normalment s’utilitza gradient d’elucié especialment en els metodes
enfocats a I'analisi d’'un nombre elevat de compostos mentre que els métodes isocratics

s’acostumen a emprar si es pretén determinar un Unic o pocs analits.

Pel queé fa referéncia a la deteccid, cal esmentar que abans de I'any 2000 practicament
tots els metodes d’analisi de coccidiostats empraven deteccid UV tant per als
coccidiostats quimics com per als polieters iondfors. Un exhaustiu recull d’aquest tipus
de metodologies es pot trobar en I'article de revisid publicat I'any 2014 per Clarkei cols.,
on a més, s’inclouen els metodes basats en técniques d'immunoafinitat com I’ELISA.
Encara a principis del nou mil-lenni, alguns autors es decantaven per aquest tipus de

deteccid o per la fluorescéncia (Tarbin i cols., 2002). Cal esmentar que en el cas de la
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determinacié de coccidiostats quimics, la detecci6 UV directa no presenta cap
inconvenient al marge de la poca selectivitat i dels limits de deteccié que permet assolir,
ara bé, per als polieters ionofors, la deteccié UV implica, per tal d’obtenir uns limits de
deteccid acceptables, una derivatitzacio pre o post columna atesa la manca de grups
cromofors d’aquestes molecules. Un exemple és el metode desenvolupat per Blazsek i
cols. (2005) per a la deteccid de salinomicina en premescles medicamentoses emprant
derivatitzacié post-columna amb vanil-lina i treballant a una longitud d’ona de deteccio
de 520 nm. Els poliéters ionofors reaccionen amb la vanil-lina produint complexes
acolorits en un medi d’acid sulfdric-metanol, aquesta és una reaccid inespecifica que
transcorre seguint un mecanisme de substitucid electrofila aromatica entre la vanil-lina
i els atoms d’oxigen dels polieters ionofors resultant en la formacié de compostos
triarilmeta responsables del color. No obstant aix0, i com es pot observar a la taula 1.6,
la gran majoria de métodes descrits a la literatura utilitzen I'espectrometria de masses
com a tecnica de deteccid ja que és més selectiva i amb freqliencia més sensible que
gualsevol dels altres sistemes de deteccié emprats habitualment en cromatografia de

liquids.

Per tant, la tendéncia en la determinacio de residus de coccidiostats en aliments es veu
clarament abocada a la utilitzacié de I'espectrometria de masses i preferentment en
mode tandem. Entre els avantatges més importants que presenta aquesta técnica cal
esmentar, com ja s’ha exposat anteriorment, la seva selectivitat que permet emprar
metodes de purificacido de mostra menys exhaustius, I’elevada sensibilitat que sobre tot
s’obté si es treballa en tandem (en concret amb MRM (multiple reaction monitoring)
amb un triple quadrupol), a més de la possibilitat de confirmar la identitat dels
compostos analitzats. L’espectrometria de masses només requereix que els compostos
a analitzar siguin ionitzables. D’entre les técniques d’ionitzacid a pressid atmosférica
emprades en |'acoblament de la cromatografia de liquids a I'espectrometria de masses,
la que més s’ha utilitzat per a I'analisi dels coccidiostats (Taula 1.6) ha estat
I’electrospray (ESI en polaritat positiva per als poliéters iondfors i en polaritat tant
positiva com negativa pels coccidiostats. Els poliéters ionofors generen ions intensos en
ESI del tipus [M+H]*, [M+Na]* i [M+NH4]*, que es fragmenten facilment en tandem

donant lloc a diversos ions producte la majoria d’ells fruit de multiples perdues de
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molecules d’aigua atés |'elevat nombre de grups hidroxil presents a la seva estructura.
En canvi els coccidiostats quimics tenen poca tendéncia a formar adductes amb Na* i
NH4* i per tant, els ions produits son els [M+H]* en mode positiu i el [M-H]" en mode
negatiu amb I'excepcid de I'amprolium que en ésser una amina quaternaria dona lloc a
I'i6 [M]*. En general, els coccidiostats es ionitzen facilment en ESI excepte el toltrazuril i
els seus metabolits que presenten certs inconvenients. Tan sols es ionitzen en mode
negatiu i a més, els ions desprotonats generats sén dificils de fragmentar. De fet, el
toltrazuril només genera un i6 producte, mentre que la toltrazuril sulfona i el toltrazuril
sulfoxid no es fragmenten, la qual cosa dificulta la seva analisi ja que no es poden satisfer
els criteris de confirmacio de la UE que requereixen d’un nombre minim de 3 punts

d’identificacid.

Pel que fa referéncia als analitzadors, la gran majoria dels metodes publicats a la
literatura utilitzen equips de triple quadrupol (QgQ) ja que en general, son capagos
d’assolir limits de deteccié/quantificacid per sota dels 5 ug/kg, i per tant permeten
complir amb garanties els limits maxims (MRLs) establerts a la legislacié per alguns dels
coccidiostats. A més, aquests analitzadors proporcionen la informacié necessaria, per a
la confirmacié que la Decisié de la Comissid 657/2002/EC obliga per a residus en
aliments. Aquests ultims anys també s’han emprat instruments hibrids de més altes
prestacions com els Q-Trap (lglesias i cols., 2012, Nebot i cols. 2012) que proporcionen
nivells de quantificacié per sota del pug/kg. Tot i aixi en I"analisi de coccidiostats també
s’han obtingut bons resultats amb instruments més senzills com per exemple, els de
trampa ionica (Heller i cols., 2004, Cha i cols., 2005, Li i cols., 2006, Kim i cols., 2006,
Squadrone i cols., 2008) que en poder treballar en MS" permeten obtenir informacid
estructural dels compostos a analitzar tot i que els limits de quantificacio obtinguts sén
una mica més elevats. Alguns autors utilitzen analitzadors de quadrupol simple (Q) que
ofereixen prestacions més limitades pel fet de no poder proporcionar confirmacio pero
amb sensibilitats forca acceptables, de I'ordre dels baixos ppb. Per obtenir més d’'unié i
aixi disposar dels punts d’identificacié necessaris per confirmar la preséncia dels
compostos alguns autors han emprat estrategies basades en l'aplicaciéd d’elevats
voltatges a la font d’ionitzacié per tal de provocar la fragmentacié de les molécules que

hi arriben. Per exemple, Sun i cols. (2013) van desenvolupar un métode per a I'analisi de
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monensina, salinomicina i narasina en sols, gallinassa i aiglies de filtracid. Aquests
polieters ionofors generen Unicament un i6, la molécula sodiada ([M+Na]*), pero la
monitoritzacié en el quadrupol dels ions sense fragmentar i dels fragmentats generats a

la font els va permetre aconseguir el seguiment de més d’un i6 per analit.
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Taula 1.6. Metodologia analitica per a la determinacié de coccidiostats en mostres alimentaries i ambientals

Analits Matriu Extraccio- Recuperaci6 Columna analitica Fase mobil Deteccié  Sensibilitat Referéncia
Purificacio
AMP Mdscul i EtOH/aigua 96 Mightysil RP-4 GP EtOH: heptonosulfonat de UV 0,22-0,25 pg/g Furusawa i
fetge (Ultrasons)- (endcapped) sodi 5 mM (35:65) cols. (2002)
centrifugacié (150 x 4.6 mm, 5um)
DNC, LAS, Ousifetge LSE (ACN 86-92 Luna Fenil-hexil ACN: aigua: MeOH:  ESI(+/-) LOQ: 2,5 pug/ke Matabudul i
MON, NAR, SAL Na»S0a)-SPE (150 x 2,1 mm, 3 pum) THF:TFA (67:13:10:10:0,1)  MS/MS cols. (2002)
(Silice) (QqQ)
LAS Carn LSE (ACN 74-96 PLRP-S Tetraborat de sodi 0,01 M FLD - Tarbin i cols.
processada Na25040-SPE (150 x 4,6 mm, 5 um) pH10: ACN (45:55) (2002)
(silice +NH2)
DIC, DNC Greix, fetgei LSE (ACN) i n- >87 XTerra RP-18 ACN-0,5% acetat d’amoni UV LOQ: 4-10 pg/kg Kanda i cols.
muscul hexa-LLP 0,01 M hidrogensulfat de (2003)
tetrabutilamoni (43:57)
TOL, TOLSO: Muscul i ous  Acetona/THF- 91-98 Chromolith Performance  ACN: acid acétic 0.1% ESI (+) 2-5 ug/kg Hormazabal i
(i altres) DCM/Evaporacié RP-18e (100 x 4.6 mm) (Gradient) (TOL, TOLS, MS (Q) cols. (2003)
fase aquosa: acid
heptanosulfonic
Greix:  hexa
filtracio
DIC, DMZ, DNZ, Ous LSE (ACN)- 42-113 Waters Symmetry C18 ACN 0,1% acid formic: ESI(+/-) CCa: 0,75-6,0 ug/kg  Mortier i
HFG, ROB evaporacio- (150 x 2.1 mm, 5 pum) 0,1% acid formic MS/MS cols. (2003)
reconstitucié (Gradient) (QgQ)
LAS, MON, Ous LSE 60-85 YMC Fenil ACN: acid formic 0,1 % ESI(+) 1 ug/kg Heller i cols.
NAR, SAL (ACN+Na2S0a)- (50 x 4 mm, 3 um) (Gradient) MS/MS (2004)
SPE (Silice) (IT)
HFG, DIC, DNC, Ousimuscul LSE 40-60 Purosphere C18 ACN 0,1% acid formic: acid  ESI (+/-) CCa: 0,07-0,6 pg/kg Dubois i cols.
ROB, LAS, MAD, (ACN+Na2S0a)- (125 x 3 mm, 5um) formic 0,1 % (Gradient) MS/MS (2004)
MON, NAR, SAL SPE (Silice) (QqQ)
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Taula 1.6. Metodologia analitica per a la determinacié de coccidiostats en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio- Recuperaci6 Columna analitica Fase mobil Deteccié  Sensibilitat Referéncia
Purificacié
NAR, MON, Ous Extraccio amb 90,3-112,7 Waters Symmetry C18 Aigua:ACN (95:5) 0,1% acid  ESI(+) CCo: 1 pg/kg Mortier i
LAS, SAL ACN- (150 x 2.1 mm, 5 pum) formic: ACN 0,1 %acid MS/MS cols. (2005)f
centrifugacio- formic (Gradient) (QgQ)
evaporacio i
redissolucio
ROB Ous ACN/hexa 79-105 Novapack C18 ACN: tampé fosfats pH 6,8 UV CCa: 10 pg/kg Dowling i
(250 x 4,6 mm) ajustat amb TEA (65:35) cols. (2005)
DNC Fetge ACN/Hexa/ 73.0-125.5 Hypersil BDS C18 Aigua: ACN (55:45) uv CCa: 228 ug/kg Capurro i
evaporacio/ (250 x 4,6 mm) cols. (2005)
reconstitucio
ACN-aigua/SPE
Ci1s/ evaporacio/
reconstitucio
TOL, HFG Ous EtAc/evaporacié/ - Waters Symmetry MeOH: 0,2% acid acetic ESI(+) 30 pg/kg Mulder i
reconstitucié (150x 4,6, 5 um) MS/MS cols. (2005)
hexa/extraccié (QgQ)
NasPOs  0,02M/
SPE(OasisHLB)/
evaporacio-
reconstitucio
TOLSO: (i Gambes 5% acid  10% YMC fenil 5% ACN/0,1% acid APCI(-) 50 pg/kg Li i cols.
altres®) tricloroacetic/SPE (50 x 4 mm, 3 um) formic:85%  ACN/0,05% MS" (2006)
(Oasis acid formic (Gradient) (IT)
HLB)/Evaporacio i
reconstitucio
LAS, MON, Ousimuscul LSE (ACN)+SPE  62-100 Luna C18 ACN: acetat d’amoni ESI(+) CCa: 0,8-2,5 ug/kg Rokka i cols.
NAR, SAL (Silice) (150 x 3 mm, 5 um) 2mm/2% acid acétic (95:5) MS/MS (2006)
i (QgQ)
TOL, DIC Ronyéifetge MSPD >71 C18 Tampd Acid fosforic 0,05 UV LOQ: <15 pg/kg Qi i cols.
(250 x 4,6 mm, 5 um) M/TEA:ACN (40:60) (2007)
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Taula 1.6. Metodologia analitica per a la determinacié de coccidiostats en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio- Recuperacié Columna analitica Fase mobil Deteccié Sensibilitat Referéncia
Purificacio
LAS, MAD, Fetge i LSE 65-94 Luna C18 ACN: acetat d’amoni ESI(+) CCa: 0,7-2,4 pg/kg Jestoi i cols.
MON, NARSAL  muscul (ACN+Na2S0a)- (150 x 3 mm, 5 um) 2mm/2% acid acétic (95:5) MS/MS (2007)
SPE (Silice) (QgQ)
SAL, NAR Mscul Cromatografia 83-106 Supelcosil LC-18 MeOH:acid acetic: H20 UV (deriv. 2,5 pg/kg Ra i cols.
d’immunoafinitat (250 x 4,6 mm, 5 um) (940:30:30 (v/v)) Vainillina) (2008)
HFG, DEC, DIC, Fetge LSE (ACN)-SPE  81-120 Luna Fenil-hexil ACN:MeOH: tampé 0,01 M ESI(+/-) CCa: 3,18-245 ug/kg  Olejniki cols.
DNC, CLAZ, LAS, (Alimina +HLB) (150 x 2 mm, 3 um) formiat amonic pH 4 MS/MS (2009)
MAD, MON, (Gradient) (QgQ)
NAR, ROB, SAL,
SEM
AMP, DEC, DIA, Ousimuscul LSE (ACN)- 78-125 Acquity UPLC BEH C18 0,1% acid formic: MeOH ESI(+/-) LOQ: 0,1-0,2 ug/kg Shao i cols.
DIC, DMZ, DNC, concentracio (100 x 2,1 mm, 1,7 um) (Gradient) MS/MS (2009)
ETH, HFG, LAS, (QqQ)
MAD, MNZ,
MON, NAR,
RNZ, ROB, SAL
HFG, ROB, DIC, Ous LSE (ACN)- 85-108 Zorbax Eclipse XDB-C8 ACN 0,1% acid formic: acid  ESI(+/-) CCa: 0,27-165 pg/kg  Dubreil-
DNC, MON, evaporacio- (150 x 3 mm, 5 um) formic 0,1 % (Gradient) MS/MS Cheneau i
NAR, LAS, SAL, reconstitucié (QgQ) cols. (2009)
MAD, SEM
ROB Ousimuscul  LSE (ACN)-SPE  >73 - ACN: 0,05 M tampoé UV 15 pg/kg Liu i cols.
(HLB) dihidrogenfosfat d’amoni (2010)
(6:4, pH 6,5)
LAS, MAD, Ous LSE (ACN)- 78-168 ACE C18 Aigua:MeOH:ACN (0,1 % ESI(+) LOQ: 1,1-3,4 ug/kg Ferraz Spisso
MON, NAR, evaporacio- (50x 2,1 mm, 3 um) acid formic a cada fase) MS/MS i cols. (2010)
SAL, SEM reconstitucio (gradient) (QgQ)
LAS, MON, Llet LSE (ACN) 60-118 Waters XTerra MS C18 Aigua: ACN:MeOH (0,1% ESI(+) LOQ: 1 pug/kg Thompson i
NAR, SAL (50 x2,1 mm, 3,5 um) acid formic a cada fases) MS/MS cols. (2011)

(QqQ)
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Taula 1.6. Metodologia analitica per a la determinacié de coccidiostats en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio- Recuperacié Columna analitica Fase mobil Deteccié Sensibilitat Referéncia
Purificacio
DIC, TOL, Ousimuscul LSE (EtAc)-GPC 89-93 Intertsil ODS-3 ACN: 0,1% acid acetic ESI(-) LOQ: 1,2-1,8 ug/kg Ai i cols.
TOLSO, TOLSO2 (150x 2,1 mm, 4,6 um)  (55:45) MS/MS (2011)
(QgQ)
MON, SAL, LAS, Vegetals LSE (MeOH)-SPE 93-120 Acquity UPLC BEH C18 MeOH 0,1% acid formic: ESI(+/-) LOQ: 5,02-16,0 ug/kg  Broekaert i
NAR, DNC, DIC C18 (100 x2,1 mm, 1,7 um) 0,1 % acid formic (gradient) MS/MS cols. (2011)
(QgQ)
LAS, MAD, Ous ACN-Hexa-SPE Synergy Fusion 0,1% acid formic:ACN (0,1  ESI(+/-) CCa: 2,2-174 ug/kg Galarini i
MON, NAR, (Silice) (150x 2,0 mm, 4 um) % acid formic i 0,02M MS/MS cols. (2011)
SAL, SEM, DEC, acetat de sodi) (Gradient) (QgQ)
DIC, HFG, DNC,
ROB
DEC, DIC, DNC, Llet LSE (ACN)-SPE- 77-118 Agilent Eclipse XDB-C8 Aigua:ACN (0,1 % acid ESI(+) CCa: 1,25-21 Nasz i cols.
HFG, LAS, MAD, evaporacio- (150 x 3 mm, 3,5 um) formic a cada fase) MS/MS (2012)
MON, NAR, reconstitucio (Gradient) (QgQ)
ROB, SAL, SEM
ROB, DEC, Llet Extraccio amb  69-109 Synergy Polar-RP Aigua:ACN (0,1 % acid ESI(+) LOQ: 0,5-2,5 ug/kg Nebot i cols.
MON, SAL, LAS, ACN/SPE Strata-X (50 x 2,0 mm, 2,5 um) formic a cada fase) MS/MS (2012)
MAD, NAR (Gradient) (QTrap)
CLO, DIC, ETH, Ous EtAc+GPC No indicat Luna C18 (2) HST ACN:aigua (0,1 % acid ESI(+/-) LOQ: 0,16-163 pg/kg  Chico i cols.
LAS, MAD, (50 x 2,1 mm, 2,5 um) formic a cada fase) MS/MS (2013)
MON, NAR, SAL (Gradient) (QqQ)
CLO,ETH,NEQ,D Llet, muscul Llet: QUEChERS 80-125 Aquity BEH C8 ACN 0,1% acid formic: acid  ESI(+/-) CCa: 1,1-122 pg/kg Clarke i cols.
EC, DIC, HFG, d’anec i LSE (ACN)- (50x 2,1 mm, 1,7 um) formic 0,1 % (Gradient) MS/MS (2013)
LAS,MAD,MON altres evaporacio- (QgQ)
NAR,NIC, ROB, espécies (no reconstitucio
SAL, SEM, TOL, aviram)
TOLSO
LAS, MAD, Llet QUEChERS (sense 93-113 ACE C18 Aigua:ACN:MeOH (0,1 % ESI(+) LOD: 0,03-0,4 pg/kg  Ulberg
MON, NAR, purificacio dSPE) (50 x 2,1 mm, 3um) acid formic a cada fase) MS/MS Pereira i
SAL, SEM (Gradient) (QgQ) cols. (2016)
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Taula 1.6. Metodologia analitica per a la determinacié de coccidiostats en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio- Recuperaci6 Columna analitica Fase mobil Deteccié6  Sensibilitat Referéncia
Purificacié
AMP, ETH, LAS, Pinsos MeOH/Acetona/T  87-99 Purosphere STAR RP-18e 88%MeOH: 12% acid ESI(+) 1,5-5 ug/g Hormazabal i
MON, NAR, SAL HF/aigua (55x4 mm, 3 um) (LAS, formic0.1% MS cols. (2000)
(ultrasons) MON, NAR, SAL). 65% acetat d’amoni 10 (Q)
- centrifugacio Supelcosil LC-ABZ+Plus mM: 35%acetonitril
(250x4.6mm,5um) (ETH). 50% acetonitril: 50%
Supelcosil LC-CN acetat d’amoni 10 mM
(150x4.6mm,5um) (AMP)
LAS, MON, Pinsos MeOH/Acetona/T 97-106 PLRP-S 100A Acetat d’amoni 10 mM:  ESI(+) 0,2-0,6 pug/g Hormazabal i
NAR, SAL HF-centrifugacio- (150 x 4,6 mm, 5 um) MeOH:ACN:THF MS cols. (2005)
Hexa- evaporacio- (Gradient) (Q)
reconstitucio
AMP Pinsos MeOH:aigua/ 89,1-103,1 Pursuit XRs (C18) HFBA 5 mM:MeOH ESI(+) 1 mg/kg Squadrone i
Filtracié i dilucio (150 x 2 mm, 3 um) (Gradient) MS/MS cols. (2008)
amb fase mobil (IT)
AMP, CLO, DEC, Pinsos 1% NHs en 89-124 Agilent Poroshell 120 EC- Formiat d’amoni0,01M  ESI (+/-) LOD: 0,002-0,14 mg/kg  Pietruki cols.
DIC, DNC, ETH, MeOH/Ultrasons/ C18 pH 4.0: MeOH: MS/MS (2015)
HLF, LAS, MAD, 2% acid acetic en (100 x 2,1 mm, 2,7 um) Acetonitril (Gradient) (QgQ)
MeDIC, MON, MeOH/Agitacioé i
NAR, ROB, SAL, centrifugacié
SEM, TOL
SAL Premescles EtOH (ultrasons)- - Intertsil ODS-3 MeOH: tampé acetat uv 32,5 ug/mL Blazsek i
medicament  Filtracid (150 x4.6 mm, 5um) 0.2 M pH 5.8 (100:10) cols. (2003)
oses i medis
de cultiu
SAL Premescles Acetona/filtracio - Chromolith RP-18e MeOH:0,1 % acid UV - Blazsek i
medicament (100 x 4,6 mm) formic (85:15) (derivatit cols. (2005)
oses i medis zacio)
de cultiu
MON, SAL, NAR Aigiies SPE (Oasis HLB) 83,6-101,7 XTerra MS C18 0,1% acid ESI (+)- 0,03-0,05 pg/L Cha i cols.
superficials (50 x 2,1 mm, 2,5 um) formic:MeOH: ACN MS/MS (2005)

(IT)
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Taula 1.6. Metodologia analitica per a la determinacié de coccidiostats en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio- Recuperaci6 Columna analitica Fase mobil Deteccié6  Sensibilitat Referéncia
Purificacié
MON, SAL, NAR Aiglies SPE (Oasis HLB) 51,7-123,6 XTerra MS C18 (50 x 2,1 0,1% ESI (+) 0,001 pg/L (aigties) Kim i cols.
superficials i  *Sediments: mm, 2,5 um) acid formic:MeOH MS/MS 1 pg/kg (sediments) (2006)
sediments extracci6 NaOH (IT)
1M pH 10,0
AMP, MON (i Aigles SPE (Oasis HLB) 94,9-113,0 Thermo Hypersil Gold (50 x  ACN:Aigua (20 mM  ESI(+) 1-8 ng/L Song i cols.
altres**) superficials 2,1 mm, 5 um) HFBA a cada fase) MS/MS (2007)
(gradient (QqQ)
LAS, MAD, Aiglies de SPE (Oasis MAX) 86-100 Ascentis Express RP-Amide 0,1 % ESI(+) LOQ: 1-20 ng/L Herrero i
MON, NAR, SAL depuradora (100 x 2,1 mm, 2,7 um) acid formic:MeOH:ACN ~ MS/MS cols. (2012)
d’entrada i (50:50) (Gradient) (QgqQ)
sortida i
superficials
DEC, DIC, LAS, Aigles SPE (Strata-X) 94-101 Synergy Polar-RP (50 x 2,0 Aigua:ACN (0,1 % acid ESI(+) LOQ: 12,5 ng/L Iglesias i
MAD, MON, superficials mm, 2,5 um) formic a cada fase) MS/MS cols. (2012)
NAR, NIC, ROB, (Gradient) (QTrap)
SAL
LAS, MAD, Fangs PLE (Acetona) 80-98 Ascentis Express RP-Amide 0,1 % ESI(+) LOQ: 1-5 pg/kg Herrero i al.
MON, NAR, SAL depuradora (100 x 2,1 mm, 2,7 um) acid formic:MeOH:ACN  MS/MS (2013)
(50:50) (Gradient) (QgQ)
MON, SAL, NAR Sols, Aiglies: SPE Oasis 79-99 Ascentis RP-Amida (150 x  Acid formic 0,1%: ACN:  ESI (+) LOD: 15,5-38,8 ng/L Sun i cols.
gallinassa i HLB 2,1 mm, 3 um) MeOH (Gradient) MS 7,6-25,1 ug/kg (2013)
aigles de Sols: Tampd de (Q)
filtracio Mcllvaine: 10 mM

EDTA, Na:HPOgs i
acid citric (pH 7),
MeOH:Hexa
(x2)/evaporacid i
reconstitucio
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1.5.2 Metodologia analitica per a la determinacié benzimidazoles

Com ja s’ha indicat a I'apartat 1.1 d’aquesta tesi les benzimidazoles presenten una estructura
guimica basada en un anell de benze fusionat amb un anell imidazole i contenen diversos grups
funcionals. Alhora, els processos metabolics dels organismes vius transformen aquests
compostos hidroxilant-los, sulfonant-los o aminant-los, per mitja de reaccions generalment de
tipus redox de manera que el conjunt dels possibles compostos benzimidazolics i dels seus
metabolits esdevé un grup que presenta notables diferencies en les seves propietats fisico-
quimiques. En consequeéncia, el desenvolupament de métodes per a la determinacioé de residus
de benzoimidazoles pot esdevenir un procés complex tan pel que fa referéncia a I'extraccio dels
compostos de la matriu com a la seva separacié que generalment es duu a terme mitjangant

cromatografia de liquids.

Extraccio i purificacio

Les benzimidazoles s’han analitzat en diverses matrius, normalment alimentaries. A la taula 1.7
es recullen els treballs publicats a partir de I’any 1995 ja que els metodes desenvolupats per a
I’analisi i control d’aquests compostos a partir d’aquesta data tenen una clara relacié amb els
gue es desenvolupen actualment. Les publicacions incloses en aquesta taula s’han agrupat pel
tipus de matriu estudiada. La llet és la matriu estudiada amb més freqiiencia, si bé existeixen
meétodes dedicats a I'analisi de diversos tipus de teixits (muscul, fetge, etc.) aixi com de pinsos.
Altrament, algunes benzimidazoles, essencialment la tiabendazole, han estat emprades en
agricultura on s’afegeixen a fruites i verdures després de la recol-leccié per prevenir |'aparicio
de fongs. Per aquest motiu, a la literatura es troben també algunes referéncies de métodes en
els qué s’analitzen benzimidazoles juntament amb altres pesticides en matrius com fruites i
verdures, que a priori tenen poca relaci6 amb I'ds habitual d’'un farmac veterinari. Tot i la
varietat de matrius a analitzar la major part dels metodes publicats a la literatura per a I'analisi
de benzimidazoles s’inicien amb una extraccié liquid-liquid convencional emprant acetonitril o
acetat d’etil com a solvent. En ocasions, I’extraccio es realitza en medi acid o basic en funcio dels
analits a extreure. Les polaritats i pKa poden diferir notablement entre el compost parental i el
metabolit, la qual cosa pot obligar a treballar en un determinat interval de pH per afavorir el pas
dels analits al solvent d’extraccid. Danaher i cols. (Danaher i cols., 2007) publicaren un article de
revisié de la metodologia analitica per a la determinacié de benzimidazoles en teixits biologics
on s’inclou un recull dels pKa, obtinguts tant experimentalment com mitjancant programes de
simulacié (Pallas Software v 3.0) que és una bona font per establir I'interval de pH en el qual les

diferents molecules es troben en forma neutre i per tant, es podran extreure facilment amb
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solvents organics. En aquest article es posa de manifest que alguns compostos com per exemple

la 5-hidroxitiabendazole es troben sempre en forma ionica.

En el cas de I'analisi de mostres amb un contingut elevat de greix (llet, fetge, etc.) molts autors
opten per una etapa d’eliminacié del greix després de I'extraccid, normalment duent a terme
una nova extraccié amb un solvent no polar com I'hexa. La purificacié de I'extracte resultant
normalment es realitza per extraccio en fase solida utilitzant en la majoria de casos, resines de
bescanvi cationic, fort (SCX) o mitja (MCX), tot i que no sdn les Uniques opcions. Per exemple,
Cannavanii cols. (Cannavan i cols., 1998) proposen emprar cartutxos de cianopropil mentre que
altres autors utilitzen rebliments de fase invertida polimerics (OASIS HLB) i amb cadenes

alquiliques de diferents longituds (C2, C8 i C18).

Tot i que la majoria dels metodes es basen en una extraccid liquid-liquid seguida de
purificacié/preconcentracido mitjangant SPE, també es troben métodes alternatius basats en
altres tecniques. Aixi, a partir de la segona meitat de la década 2000-2010 van comencar a
utilitzar-se els QUEChERS per a I'extraccio. Aquest metode ha estat emprat en I'analisi de llet
(Kinsella i cols., 2009; Keegan i cols., 2009), proporcionant recuperacions superiors al 66%, ous
(Dominguez-Alvarez i cols., 2013) amb recuperacions superiors al 74% i aliments infantils
(Gilbert-Lépez i cols. (2007) amb una recuperacié per a la tiabendazole del 94,9%. Altres
meétodes que es troben a la literatura sén la microextraccio en fase solida (SPME) emprada en
I'analisi de llet i aigua per Zhang i cols. (2015) i Cacho i cols (2008) respectivament, la
microextraccid liquid-liquid dispersiva assistida per ultrasons amb surfactants com agent
d’emulsié (Boontognto i cols., 2014) que s’ha utilitzat per a I'analisi de llet, aixi com la pre-
concentracié on-line emprant cartutxos LiChroCart, reblerts de material de silice que s’ha
proposat per a I'analisi de llet encara que cal diluir i ajustar el pH de la mostra (Garcia-Gémez i

cols. 2012).

Separacio

Per a la separacid i analisi de les benzimidazoles normalment s’utilitza cromatografia de liquids
i practicament la totalitat dels metodes descrits a la literatura empren columnes de fase
invertida de C18. Només Gilbert-Lopez i cols. (Gilbert-Lopez i cols., 2007) van emprar una
columna de C8 encara que cal esmentar que aquests autors proposen un metode per a la
determinacié de tiabendazole i 11 pesticides més. Respecte a les fases mobils utilitzades, la
majoria dels metodes empren acetonitril com a fase organica i fases aquoses acidificades
principalment amb acid formic o bé que contenen tampons formic/formiat o acétic/acetat.

Quan la deteccid posterior a la separacio es duu a terme per UV, es poden trobar fases mobils
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amb tampons no volatils, com els fosfats o fins i tot amb formadors de parells ionics com
I’octanosulfonat de sodi (De Ruyck i cols., 2000). Sovint quan la deteccid es realitza per mitja de
I'espectrometria de masses, s’acidifica tant la fase aquosa com I'organica addicionant un 0,1%

d’acid formic a cada fase.

D’altra banda, i tenint en compte la capacitat d’ionitzacié de les benzimidazoles a determinats
pHs, existeix una quantitat gens menyspreable de métodes basats en I'electroforesi capil-lar.
Aguesta técnica de separacid ha estat aplicada preferentment en la determinacié de
tiabendazole en fruites, perd Dominguez-Alvarez i cols. (Dominguez-Alvarez i cols., 20013) la
varen emprar també en l'analisi d’ous on van determinar fins a 9 benzimidazoles entre
compostos parentals i metabolits. Derivada de I'electroforesi capil-lar, I'electrocromatografia
capil-lar, un hibrid entre I'HPLC i la CE també ha estat emprada en la determinacié de
tiabendazole. En aquesta técnica la fase mobil es transporta gracies al flux electroosmotic a
través de la fase estacionaria que rebleix el capil-lar de silice. Concretament, el treball descrit
per Cacho i cols. (Cacho i cols., 2008) va emprar un capil-lar amb una fase estacionaria de
polimers d’empremta molecular (MIP) dissenyats per al reconeixement de THB i una fase mobil

o electrolit de transport d’acetonitril amb un 4% d’acid citric.

Per a la determinacié de benzimidazoles també s’han utilitzat altres técniques d’analisi. Aixi, a
la literatura es troben metodes per a la determinacid de benzimidazoles que utilitzen
cromatografia de gasos, tal com es recull a I’article de revisié de Danaher i cols. (Danaher i cols.,
2007). Si bé la naturalesa basica d’aquests compostos i la seva baixa volatilitat fan que siguin
meétodes complexes. No obstant, la tiabendazole i la triclabendazole sén suficientment volatils
com per poder ser determinades per GC sense necessitat de derivatitzacid. Es troben aplicacions
d’aquesta metodologia per a la determinacié d’aquests compostos que s’utilitzen com a
fungicides en fruita. Val a dir pero, que actualment aquesta metodologia no s’aplica, dbviament

perquée presenta molts inconvenients en comparacié amb la cromatografia de liquids.

Les técniques que tot i ser de les més antigues, encara prevalen en |’actualitat sén les basades
en kits d’'immunoassaig i ELISA. Principalment perqué el camp d’aplicacié no acostuma a ser el
de la determinaciéo de residus en aliments o medi ambient, sind el seguiment de la
farmacocinética dels medicaments en estudi i els nivells de deplecié dels mateixos, rad per la
qual els nivells de concentracio que acostumen a determinar-se son forca elevats en comparacio
amb els métodes basats en la cromatografia de liquids, per exemple de 50 a 500 pg/kg en fetge

(Brandon i cols., 1998), pero perfectament compatibles amb aquests tipus de técnica.
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Com a técnica més innovadora, es pot destacar la publicacié de Keegan i cols. (Keegan ic cols.,
2009) en qué van emprar un biosensor de ressonancia de plasmons per a la determinacié d’onze
benzimidazoles entre compostos parentals i metabolits en llet assolint un limit de deteccio de
2,7 ug/kg. Els resultats obtinguts mitjancant aquesta nova técnica varen ser contrastats amb un
meétode d’UPLC-MS/MS confirmant-se la idoneitat de la técnica per a un rapid cribratge
d’aquests compostos en llet. La proporcié de falsos negatius va ser establerta per sota del 5% i
en qualsevol cas, els autors proposaren el propi métode d’UPLC-MS/MS per a la confirmacio de

mostres sospitoses de ser positives.

Deteccio

La deteccié emprada en I'analisi de benzimidazoles en cromatografia de liquids acostuma a ser
basicament de tres tipus, UV, fluorescéncia o bé acoblament a I'espectrometria de masses. Les
benzimidazoles posseeixen un grup cromofor molt potent i per tant poden ser facilment
determinades mitjancant deteccid UV. Per aquesta rad aquest sistema de deteccié fou dels
primers en ésser utilitzats i existeixen nombrosos treballs a la literatura que empren aquesta
deteccio per a I'analisi de mostres biologiques, ambientals i alimentaries. Ara bé, atés que alguns
compostos (ABZ, CAM, FLU, TCB; TBZ i els seus metabolits) presenten estructures amb anells
condensat que sén naturalment fluorescents, la deteccid per fluorescencia, que és més sensible
i selectiva que la deteccié UV és i ha estat una bona opcid per aquests compostos. Per exemple,
Lépez i cols. (Lépez i cols., 2007) utilitzant una longitud d’ona d’excitacié de 300 nm una
d’emissié de 350 nm van obtenir uns limits de deteccié per a la tiabendazole i flubendazole en
mostres d’aigua de I'ordre dels ppt. Tot i aixi, I'aplicabilitat d’aquesta técnica és limitada i per
aquest motiu ha estat tradicionalment, molt menys emprada que la detecci6 UV. En UV
s’acostuma a treballar a longituds d’ona de deteccié entorn els 290-300 nm i s’obtenen limits de

quantificacid de I'ordre dels baixos ppbs.

Darrerament, pero, I'acoblament de la cromatografia de liquids a I'espectrometria de masses
s'ha imposat atesa la seva capacitat de combinar I'analisi quantitativa amb la confirmacid de
I’analit. Les benzimidazoles s’ionitzen preferentment en mode positiu generant ions intensos del
tipus [M+H]* mentre que en aplicar polaritat negativa s’obtenen els ions [M-H]" que en general
presenten una intensitat menor. Tan sols la triclabendazole i els seus metabolits acostumen a
ser analitzats preferentment en polaritat negativa ja que la preséncia de diversos atoms de clor
en la seva estructura estabilitza la carrega negativa proporcionant en conseqiiéncia una senyal

notablement més intensa que en polaritat positiva (Kinsella i cols., 2009; Jedziniak i cols., 2009).
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Pel que fa referéncia a les fonts d’ionitzacio, la gran majoria dels metodes de MS que es troben
descrits a la literatura utilitzen I’electrosprai i només Cannavan i cols. (Cannavan i cols., 1998)
van utilitzat una font d’ionitzacié quimica a pressid atmosférica (APCl). En aquest cas, la
utilitzaciéo d’aquesta font d’ionitzacié enlloc de I'ESI va permetre als autors treballar amb
fragmentacio a la font i obtenir més d’un id producte per a la confirmacié dels analits emprant

un quadrupol simple (Q) i complint els requeriments de la legislacié pel que fa a la confirmacia.

De fet el métode més emprat avui dia per a I'analisi de les benzimidazoles és 'acoblament de la
cromatografia de liquids a I'espectrometria de masses emprant ESI com a font d’ionitzacié i un
triple quadrupol com analitzador. Aquesta técnica permet obtenir baixos limits de deteccié que
pot arribar als ng/kg (Wangs i cols., 2016) i garanteix el suficient nombre d’ions diagnostic per a
una adequada confirmacié. Aixo queda reflectit a la taula 1.7 on es pot comprovar que gairebé
la totalitat dels meétodes basats en I'espectrometria de masses, fan Us d’aquest tipus
d’instrumentacié. Val la pena destacar, per ser I'excepcié a aquesta tendéncia generalitzada, el
treball de Gilbert-Lopez i cols. (Gilbert-Lopez i cols., 2007) on es va emprar un analitzador de
temps de vol (TOF) per a la determinacio de tiabendazole i altres pesticides en aliments infantils
determinant les masses exactes d’ions precursors i productes per a la confirmacié dels

compostos analitzats.
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Taula 1.7. Metodologia analitica per a la determinacié de benzimidazoles en mostres alimentaries i ambientals

Analits Matriu Extraccio-Purificaci6  Recuperacié Columna analitica Fase mobil Deteccio Sensibilitat Referéncia
ABZ | altres Llet ACN-Hexa-DCM- - Supelco C18 ACN: 10 mM ESI(+) LOD: 5 pg/L Casetta
evaporacio/ (75 x 4,6 mm) NHaAc/HFor MS/MS cols., 1996
redissolucio- SPE (C2) pH=4,5 (Gradient) (QgQ)
FEN, TBZ, ABZ, Llet CHCI3/0,1 M NaOH- 68-85% Alltima C18 0,01 M UV (295 nm) LOQ; 1,4-6,9 pg/L De Ruyck
OXI concentracio (150 x 3,2 mm, 5 m) octanosulfonat de cols., 2000
sodi pH 3,5
H3PO4:ACN:Aigua
(Gradient)
TBZ, OXF, OXl, Llet Mostra en medi basic 90-102 % Alltima C18 0,1% ESI(+) CCa:1,1-1,4 pg/L De Ruyck
ABZ, FEN, FEB, (NaOH)-EtAc- (150 x 3,2 mm, 5 um) acid formic:ACN MS/MS cols., 2002
TCB evaporacio- (Gradient) (QgQ)
reconstitucio
BZ CAM, OXI, Llet QUEChERS 66-111 % Phenomenex Prodigy 25 mM NH4sCOOH ESI (+/-) CCa: 11-112 pg/kg Kinsella
FLU, MEB, OXF, C18 pH 4: 12,5 mM MS/MS cols., 2009
TBZ, TCB i (150 x 3 mm, 5 um) NH4COOH en (QgQ)
metabolits ACN:MeOH
(50:50) (Gradient)
ABZ, MEB, OXF, Llet QUEChERS 81-116 % - - Biosensor SPR LOD: 2,7 ug/kg Keegan

OXl, FLU, TCB,
FEB i
metabolits

(Ressonancia de

plasmons
superficie)

de

cols., 2009
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Taula 1.7. Metodologia analitica per a la determinacié de benzimidazoles en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio-Purificaci6  Recuperacié Columna analitica Fase mobil Deteccio Sensibilitat Referéncia
LEV, TCB, CAM, Llet EtAc-hexa-EtOH 70-110 % XTerra MS C18 ACN: 0,025 M ESI(+/-) LOD: 0,1-1,0 ug/kg Jedziniak i
FEN, MEB, FLU, acidificat (150x 2,1 mm, 3,5um) NHsAc/HAcpH5,0 MS cols., 2009
OXl, OXF, TBZ, (Gradient) (Q)
ABZ
metabolits
ABZ, TBZ, FEN, Llet Soluci6 1 % BHT 78-110% XTerra C18 0,02 N NHsAc/ UV (292 nm) LOD: 3 pg/kg Chen i cols.,
MEB, CAM, OXI, ACN,NazSOs anhidre- (250 x 4,6 mm, 5 um) ACN 2010
FLU, FEN, TCB | evaporacio- (Gradient)
metabolits redissolucié-SPE

(MCX)
TBZ, ABZ, OXF, Llet Centrifugacio- 80-101 % Acquity BEH C18 ACN:aigua (0,1% ESI(+) LOD: 0,01-0,5 pg/L Xia i cols.,
OXIl, FEN, MEB, eliminacié del greix- (50x2,1 mm, 1,7 um)  acid formic a cada MS/MS 2010
FLU, FEB SPE (Oasis MCX) fase) (Gradient) (QgQ)
metabolits
ABZ, MEB, FEN, Llet Dilucié 50% MeOH i 70-120% Zorbax Eclipse XDB- ACN:Aigua ESI(+) CCa: 3,2-5,7 ug/kg Garcia-
OXF, OXI, FLU, tampd fosfat /citrat C18 (Gradient) MS/MS Gbémez i
FEB pH 7,2, i EDTA (150 x 4,6 mm, 3 um) (QgQ) cols., 2012
metabolits (0,37 g)-

preconcentracio

on-line  LiChroCART

254LiChrospher RP4
alkyl-diol-silica (ADS)
(25 um, 25x 4 mm)
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Taula 1.7. Metodologia analitica per a la determinacié de benzimidazoles en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio-Purificaci6  Recuperacié Columna analitica Fase mobil Deteccio Sensibilitat Referéncia
OXF, ABZ, MEB, Llet Ultrasound-assisted 79-118 % Intertsil C18 ACN: 0,1% acid UV (296 nm) LOD: 0,5-6,0 ug/L Boontognto i
FLU, FEN surfactant enhanced (150 x 4,6 mm, 5 um) formic (Gradient) cols., 2014
emulsification
microextraction
(UASEME)
ABZ, TBZ, MEB, Llet 1% acid acetic en 87-119% Acquiti BHE C18 0,1% acid  ESI (+) CCa: 0,01-112 pg/kg Mahou i
FLU, FEN, OXF, ACN-evaporacio- (100x 2,1 mm, formic/5 mM  MS/MS cols., 2014
OXl, FEB, reconstitucio-SPE 1,7 um) acetat d’amoni: (QgQ)
metabolits | (OASIS MCX) MeOH (Gradient)
altres
FEN, TBZ, MEB, Llet| mel TFA/aigua-SPME 72-121% Hypersil C18 ACN: 0,1% acid UV (DAD) LOD: 0,1-0,30 pg/L Zhang i cols.,
ABZ, OXF (fibres monolitiques) (250 x 4,6 mm, 5 um) formic (Gradient) 2015
TBZ, ABZ, OXI, Llet ACN-evaporacio- 60-102 % Acquity BEH C18 ACN:aigua (0,1%  ESI(+/-) LOQ: 5-50 ng/kg Wang i cols.,
MEB, FEN, FLU, reconstitucio-SPE (50 x 2,1 mm, 1,7 um) acid formica cada MS/MS 2016
OXF | (Oasis MCX) fase) (Gradient) (QgQ)
metabolits |

altres




1517

Taula 1.7. Metodologia analitica per a la determinacié de benzimidazoles en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio-Purificaci6  Recuperacié Columna analitica Fase mobil Deteccio Sensibilitat Referéncia
TBZ | metabolit Mdscul, Tampoé fosfat (pH 96-103 % Prodigy 5 ODS 3 (150 x  0,1% NHsAc: ACN APCI (+) - Cannavan i
fetge I ronyd  7.0)/EtAc- 4,5 mm, 2 um) (Gradient) MS cols., 1998
centrifugacié i (Q)
evaporacio-hexa/SPE
(CN)
TBZ, ABZ, FEB,, Mdscul, EtAc- SPE (estire- >50% Zorbax RX C18 (150 x ACN-0,01 M ESI(+) LOQ:5-30 pg/kg Balizs, 1999
FEN, TCB, OXI, fetgeious divinilbenze) 1,1 mm, 5 um) NHsAc 0,5% HAc MS/MS
CAM, FLU (60:40) (QgQ)
metabolits
FEB, FEN, OXF i Fetge ACN-acidificacio acid 37-105 % Chromsphere 5C8 (250 A: NH4CO3 0,1 M- UV (290 nm) - Rose, 1999
metabolits acetic-SPE (SCX) X3 mm) MeOH (80:20)
B: NH4COs3 0,1 M-
MeOH  (20:80)
(Gradient)
MEB Fetge EtAc-evaporacio- 86-99 % Alltima C18 (150 x 2,1 0,1% acid formic: ESI (+) CCa: 56,6-64,2 ug/L De Ruyck i
metabolits reconstitucio en mm, 5 um) ACN (Gradient) MS/MS cols., 2001
MeOH-hexa (QgQ)
TBZ, OXF, MEB, Fetge Extracci6 amb CO: 31-93% XTerra C18 (150 x 3,0 A: NH4H2PO4 pH UV (298 nm)  LOD: 50 pug/kg Danaher i
OXl, CAM, MEB, supercritic-SPE (SCX ) mm, 3,5 um) 6,8: MeOH:ACN cols., 2003
ABZ, FEN, TCB, (76:15:9) B:
FLU i NH4H2PO4 pH 6,8:
metabolits MeOH:ACN
(52:30:18) C:

NH4H2PO4 pH
6,8:MeOH (18:82)
(Gradient)




1474

Taula 1.7. Metodologia analitica per a la determinacié de benzimidazoles en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio-Purificaci6  Recuperacid Columna analitica Fase mobil Deteccio Sensibilitat Referéncia
ABZ, FLU, MBZ, Fetge Na:S04-K.CO3 4 M- 20-94 % XTerra C18 NH4H2PO4 UV (298 nm) CCa:242-1303 ug/kg  Dowling i
OXl, OXF, TBZ | EtAc-centrifugacio- (150 x 3,0 mm, 3,5 um) pH 6,5:MeOH, cols. 2005
metabolits evaporacié-EtOH:HCI ACN (Gradient)

0,2 M: Hexa-

centrifugacio-SPE

(C18)-elucid amb

EtAc-evaporacio-

redissolucio
ABZ, OXI, TBZ, Fetge ACN, NazSO4 anhidre-  80-101 % Zorbax SB-C18 A: ACN:MeOH(9:1) UV (285 nm) LOD: 5-15 pg/kg Caprioli i
OXF, TCB, FEN, SPE (SCX) (250x 4,6 mm, 3 um)  B:t NH4H:PO4 cols., 2010
FLU | metatolits pH 4,78 (Gradient)
ABZ, OXlI, FEN, Ous QUEChERS (PSA) 74-112 % - Aigua:isopropanol CE-ESI (+) CCa: 7-62 pg/kg Dominguez-
OXF, MEB | (70:30) 6 M MS Alvarez i
metabolits acid formic (Q) cols., 2013
TBZ, ABZ, OXI, Muscul, EtAc-SPE (Oasis MCX) 63-109 % Acquity BEH C18 ACN:aigua (0,1% acid  ESI(+) LOD: 1-30 ng/kg Xia i cols.,
MEB, FEN, FLU, fetge (50x2,1mm, 1,7 um)  formic a cada fase) MS/MS 2013
OXF I ronyons (Gradient) (QgQ)
metabolits
FLU, FEB Pinsos DMF 98-99 % Supelcosil LC-18 DB ACN: H3PO4 UV (300 nm) LOD: 3 mg/kg Dusi i cols.

(150 x 4,6 mm, 5 um) /NaH2PO4 pH 3; 2005

0,017M (Gradient)
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Taula 1.7. Metodologia analitica per a la determinacié de benzimidazoles en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio-Purificaci6  Recuperacié Columna analitica Fase mobil Deteccio Sensibilitat Referéncia
TBZ, OXIl, ABZ, Pinsos 0,1% acid formic en 84-104 % XBridge C18 (150 x 2,1 mm, 0,1% acid formic: ACN ESI (+) LOD: 2,1-63,0 Li i cols.,
MEB, FEN, FLU, ACN-dilucid amb 3,5 um) (Gradient) MS/MS ug/kg 2011
OXF, TCB 0,1% acid formic (QqQ)
FEN, FLU | altres Pinsos MeOH-evaporacio- - Acquity UPLC HSS T3 (C18) Aigua:ACN (0,05% acid ESI (+) - Robert i
reconstitucio (150x 2,1 mm, 1,7 um) formic a cada fase) MS/MS cols., 2015
(Gradient) (QgQ)
TBZi altres Raim MeOH:H20-SPE (C8) 73-75% - 4mM HsPOs /NaH:POs CZE-UV LOD: 50 pg/kg Rodriguez i
pH=3,5 (210 nm) cols., 2001
TBZ Llimones EtAc i NH3/Na:SOs 62 % - 33% 50 mM NaH,POs/ CE-UV LOD: 2,3 ug/mL  Kaltsonoudis
evaporacié-CHClz- H3PO4 pH 3 67% ACN i cols., 2003
evaporacié
TBZ | altres Llimones 0,5% TFA en ACN/ 97-98% Supelcosil LC-C18 (250 x 4,6 ACN:aigua:NHs (30%) UV (254) LOD: 270 ug/kg  Konstantinos
EtAc:éter de petroli- mm, 5 um) (39:60,5:0,5) i cols., 2004
addici6 NH3z 30%/
evaporacié-
reconstitucié en ACN i
SDS 3 mM/SPE (HLB)
TBZi altres Aliments QUEChERS i SPE 95% Zorbax Eclipse Cs XDB-C8 ACN:0,1% acid formic ESI(+) LOD: 0,4 pg/kg Gilber-Lépez
infantils (Oasis HLB) (per a (150 x 4,6 mm, 5 um) (Gradient) MS i cols., 2007

sucs de fruites)

(TOF)
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Taula 1.7. Metodologia analitica per a la determinacié de benzimidazoles en mostres alimentaries i ambientals (Continuacid)

Analits Matriu Extraccio-Purificacio Recuperaci6 Columna analitica Fase mobil Deteccio Sensibilitat Referéncia

TBZ Fruites i EtAc (Na:SOs4 anhidre)- 70-106,8 XTerra MS C18 Aigua:ACN (0,1 % acid formic  ESI(+) LOQ: 10 pg/kg Boititsi i

(multiresidu verdures evaporacio-dilucio (100x2,5mm, 3,5 um)  acada fase) (Gradient) MS/MS cols., 2007

pesticides) (QgQ)

THB, FLU Aigua SPME 115-119 Symmetry C18 MeOH:aigua (45:55) FLD (300 nm LOD: 0,03-0,04 Lépezicols.,
(150 x 3,9 mm, 8 um) excitacio/350 ug/L 2007

ememissid)

TBZ Citrics ACN-ultrasons 97-99 Capilar  d’electroforesi ACN 4 % acid citric MIP-CEC-UV LOD: 40 pg/kg Cachoicols.,

reblert de MIP (305 nm) 2008
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1.6 Preséncia de farmacs antiparasitaris en aliments i el medi ambient

Tot i la legislacio vigent en materia de seguretat alimentaria, avui dia encara es detecta
amb una certa freqiiencia la presencia d’alguns compostos antiparasitaris en mostres
destinades al consum huma. Segons diversos estudis, la rad principal per la qual es
troben mostres no conformes amb la legislacié és que s’hagin administrat farmacs a
animals per als quals no estan destinats o bé que s’hagi superat la dosi recomanada.
També pot ser que no es respectin els periodes de deplecié i que per tant, no es doni
temps per a I’eliminacié metabolica del farmac de I'organisme de I'animal. Finalment, la
presencia de farmacs als teixits animals també pot estar causada pel consum de pinsos

gue estiguin involuntariament contaminats amb aquestes substancies.

Durant la década dels 90 I'interés per determinar residus de coccidiostats en aliments
va augmentar degut a l'elevat nombre d’informes que van apareixer sobre aliments
contaminats amb nicarbazina i lasalocid. Durant aquells anys i la primera década del
2000, es van trobar nivells de lasalocid en ous entre 0,3 i 129 pg/kg. L’any 2005 un estudi
dut a terme per la UE va posar de manifest que el lasalocid era el coccidiostat que es
trobava amb més freqgiieéncia en ous. Per exemple, en un dels estudis va ser detectat en
el 23% de les mostres analitzades (300) (Mortier i cols., 2005). Un altre aspecte a
destacar d’aquest mateix estudi és que es va detectar la preséncia de més d’un
coccidiostat en més d’una tercera part de les mostres analitzades. En un altre estudi
Danaher i cols. (2008), van detectar la presencia de nicarbazina en el 26% de les mostres
analitzades. En aquest context, diverses investigacions portades a terme a les granges
de produccié avicola, van concloure que la causa més probable d’aquestes
contaminacions eren les males praxis en la manipulacié dels pinsos (O’Keeffe i cols.,
2007; Kennedy i cols., 1998). Un altre aspecte a destacar d’aquests estudis és que es va
observar que més d'un 20% dels pinsos no medicats analitzats presentaven
contaminacié creuada per monensina a uns nivells un 5% superiors a la dosi terapéutica
de I'esmentat principi actiu i aquest fet va posar en evidéencia la problematica de les
contaminacions creuades. Es va demostrar, a més, que lI'administracié de pinsos
contaminats a una concentracié superior a la dosi terapeutica pot provocar la preséencia

d’aquest farmac en ous per sobre dels limits legals establerts. Altres estudis duts a terme
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per determinar la font de la contaminacid per coccidiostats van posar de manifest que
en la majoria dels casos son les males practiques a les fabriques de pinsos i les
manipulacions portades a terme a les mateixes granges les responsables de la

contaminacio creuada.

L'informe anual de la UE sobre residus de coccidiostats de I'any 2010 reporta un index
de mostres no conformes d’un 2,1% en mostres de carn de pollastre i d’'un 1,2% en ous
mentre que en aquest mateix informe de I'any 2011 aquest index mostra una reduccié
fins un 0,22% i 0,72% respectivament. Ara bé, aquesta millora es deu majoritariament a
una relaxacio dels MRLs per a la nicarbazina que va passar de 200 pg/kg per a qualsevol
teixit (abans del 2010) a 4000 pg/kg, 6000 pg/kg i 15000 pg/kg per a muscul, ronyd i
fetge respectivament (a partir de finals del 2010). Aixd implica que mostres que haurien
estat no conformes segons els MRLs anteriors al 2010, amb els nous MRLs van passar a
ser considerades mostres conformes. Fora de la UE, una publicacié de Shaoi cols. (2009)
reporta la preséncia de maduramicina a nivells entre 0,21-0,93 pg/kg en el 45% de les
mostres de pollastre analitzades (27) i en un 12% de les mostres d’ou a concentracions
entre 0,14-0,30 pg/kg. En un 42% de les mostres d’ous aquests autors també van

detectar salinomicina a nivells entre 0,26-2,15 ug/kg.

Respecte les benzimidazoles, a la bibliografia d’accés public no s’han publicat dades
sobre la preséncia d’aquests compostos en mostres d’origen animal destinades al
consum huma. La practica totalitat de les publicacions en les que s’estableixen méetodes
de determinacid de benzimidazoles en productes de consum huma empren matrius
blanques per a la validacio dels metodes desenvolupats i no reporten resultats positius
per a cap dels compostos analitzats. Els MRLs establerts sembla doncs que garanteixen
la seguretat dels productes consumits i atenent a la manca de dades disponibles, cal
considerar que en els laboratoris de seguretat alimentaria no és freqiient trobar mostres
no conformes. Ara bé, la utilitzacid de tiabendazole com a pesticida antifungic en fruites
i verdures, ha portat a trobar aquest compost en productes destinats a infants com per
exemple en els purés de fruites. Gilbert i cols. (2007) van trobar nivells d’aquest compost

en aquests productes a unes concentracions d’entre els 0,82 pg/kg i els 3,63 pg/kg.

Pel que fa referéncia a la preséncia d’aquests compostos en el medi ambient, existeixen

pocs estudis al respecte. Tot i aixi, Herrero i cols. (2012) van analitzar aiglies de
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depuradora en la cerca de poliéters ionofors i van trobar nivells de monensina i narasina
de 10-16 ng/L i 43-47 ng/L respectivament en les aigles residuals d’entrada a plantes
depuradoresien una de les mostres van detectar la preséncia de salinomicina a un nivell
de 32 ng/L. En els efluents de la depuradora, els nivells trobats de monensina i narasina
van ser de 22-34 ng/L i 6-15 ng/L respectivament, la qual cosa posa de manifest que el
procés de depuracio de I'aigua és efectiu pel que fa a I’eliminacié de narasina pero no
per a la monensina. També s’han detectat residus de monensina i narasina en fangs de
depuradora de plantes de tractament d’aiglies residuals a uns nivells de concentracié de
3,5 ug/kgi3,7 ug/kg respectivament (Herrero i cols., 2013). Aquests compostos aixi com
la salinomicina, també s’han trobat en aiglies superficials a nivells d’entre els 3 ng/L i 38
ng/L els dos primers i d’entre els 4 ng/Li els 7 ng/L la salinomicina (Cha i cols., 2005; Kim

i cols., 2006; Kim i cols., 2007).
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Analisi de farmacs antiparasitaris
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2.1 Introduccié

En aquest capitol s’inclouen les publicacions resultat del treball experimental realitzat
en aquesta tesi doctoral. Amb I|'objectiu de desenvolupar metodologies rapides i
eficients per a la determinacié de farmacs antiparasitaris en aliments i aiglies superficials
s’han posat a punt diversos métodes que pretenen ésser una alternativa a la
metodologia disponible a la literatura. En el desenvolupament dels métodes s’ha incidit
tant en el tractament de la mostra com en la separacié dels analits i en la seva

caracteritzacié i quantificacio.

En I'analisi de mostres complexes és necessari aillar els analits d’interes de la resta de
compostos de la mostra i aixo obliga a un exhaustiu tractament de la mostra que inclou
etapes d’extraccio, preconcentracio, fraccionament i purificacié dels extractes (clean-
up). En aquesta tesi s’ha intentat en la mesura del possible, minimitzar els volums de
dissolvents emprats en |’extraccié aixi com el grau de perillositat dels solvents
seleccionats. En tots els metodes optimitzats s’ha dut a terme una avaluacié del
procediment d’extraccié i purificacié dels extractes i en concret s’han emprat dues
tecniques: I'extraccio en fase solida i els QUEChERS, els fonaments dels quals s’han

exposat en I'apartat 1.4 d’aquesta memoria.

D’altra banda, la correcta identificacio i quantificacio dels analits d’interes, requereix la
seva separacio i en conseqiiencia, és practicament imprescindible la utilitzacio de les
tecniques de separacié. En concret, com s’ha comentat a I'apartat 1.4 d’aquesta
memoria, per a la determinacié de farmacs veterinaris la cromatografia de liquids és la
tecnica de separacid més emprada. En els ultims anys, i amb I'objectiu d’augmentar
I’eficacia de la separacié cromatografica i de desenvolupar metodes rapids, s’utilitzen
columnes de diametre de particula sub-2um. Aquesta reduccié del diametre de la
particula comporta una important disminucié de la difusiod aparent, de la resisténcia a la
transferéncia de massa de I'analit a la fase mobil i a la fase mobil estagnant, aixi com de
la fraccio de fase mobil estagnant que fa disminuir I'alcada equivalent a un plat teoric i
augmentar I'eficacia, tot i que comporta un augment considerable de la pressid. Un tipus
de rebliments que també permet millorar I'eficacia amb I'avantatge que no genera

sobrepressions és el que conté particules de nucli solid. Aquest tipus de particules han
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irromput al mercat aquesta ultima década i es caracteritzen per tenir un nucli no poros
envoltat d’una capa porosa d’un gruix d’entre un 30% i un 40% del diametre total de la
particula. Aixo permet minimitzar la difusio de I'analit en els porus de les particules del
rebliment i reduir la resisténcia a la transferencia de massa a la fase mobil estagnant. A
més, la gran I’homogeneitat de les particules, superior a la de les sub-2um, es tradueix
en una menor variacio en la distribucio de mides de les particules i permet un bon
empaquetament i disminuir significativament la difusié aparent. Una altra innovacié de
la cromatografia de liquids d’aquests Ultims anys ha estat el desenvolupament de noves
fases estacionaries que han permes disposar de fases alternatives a les d’octadecilsila
(C18). En aquesta tesi s’Tha emprat la cromatografia de liquids d’interaccid hidrofilica
(HILIC) per a I'analisi d’amprolium (Article IIl). Aquest compost, com ja s’ha comentat a
I'apartat 1.4 d’aquesta tesi, s’ha analitzat tradicionalment per cromatografia en fase
normal o mitjancant cromatografia de fase invertida amb |'addicié de formadors de
parell idnic a la fase mobil atesa la seva naturalesa catidonica. Aquests metodes pero,
dificulten la posterior deteccié amb espectrometria de masses ja que empren solvents
no polars o additius no volatils. Per exemple, I'acid heptafluorobutiric, un dels formadors
de parell ionic proposats té I'inconvenient el ser un compost dificil d’eliminar dels
sistemes, deixa els equips d’espectrometria de masses contaminats durant llargs
periodes de temps i provoca efectes de supressio ionica quan es treballa en mode de
polaritat negativa. En HILIC (Alpert,1990) s’utilitzen fases estacionaries hidrofiliques que
faciliten la formacié d’una capa d’aigua en la superficie. El mecanisme de retencid en
aquest tipus de cromatografia en emprar una columna de silice pura és una complexa
combinacid de particio liquid-liquid que es produeix entre els compostos polars presents
en una fase mobil enriquida en solvent organic i la capa d’aigua adsorbida a la fase
estacionaria, de retencid per bescanvi ionic entre els grups silanols de la silice purai els
analits i d’interaccions de dipol-dipol entre determinats grups funcionals i la fase
estacionaria. El gran avantatge que presenta aquest tipus de fase estacionaria és que
permet analitzar compostos molt polars emprant fases mobils tipiques de cromatografia
en fase invertida que sén comunament més segures, menys contaminants i d’un s més

senzill.
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Pel que fa referéncia a I'espectrometria de masses, en aquesta tesi ha estat emprada
tan com a eina d’elucidacio estructural com per a la deteccié i quantificacié dels analits.
S’han avaluat diferents fonts d’ionitzacid a pressié atmosférica (API), electrosprai (ESI),
ionitzacié quimica a pressido atmosfeérica (APCI) i fotoionitzacid a pressié atmosferica
(APPI), tenint en compte les caracteristiques dels analits i els mecanismes d’ionitzacio
en cada cas. L’electrosprai és la font d’ionitzacio més emprada en I'acoblament de la
cromatografia de liquids amb I'espectrometria de masses ja que és compatible amb un
gran ventall de compostos de polaritat mitjana-alta. En ESI la ionitzacié dels compostos
es produeix en fase liquida mitjancant equilibris acid-base, es formen micro-gotes
carregades enriquides en ions positius o negatius segons la polaritat emprada, i els ions
passen a la fase gas via evaporacid ionica. Aquesta font d’ionitzacid produeix una
ionitzacio suau que evita que les moléecules es fragmentin i permet analitzar molecules
d’elevat pes molecular sempre que presentin en la seva estructura diversos grups
funcionals ionitzables. Ara bé, aquest tipus d’ionitzacid, és més susceptible de patir
efectes matriu, ja siguin de supressid o augment de la ionitzacié. En ionitzacié quimica a
pressié atmosferica (APCl) per contra, la ionitzacié es produeix en fase gas en aplicar un
potencial de descarrega a un electrode en forma d’agulla, de manera que els compostos
qgue coelueixen interfereixen menys en |'eficacia de la ionitzacid essent per tant, una
font menys sensible a la supressié de la ionitzacio que I'ESI. Ara bé, en aquesta tecnica,
es treballa a unes condicions més energetiques que en ESI la qual cosa facilita la
fragmentacio a la font. Pel que fa al camp d’aplicacid, el de I’APCI és més limitat que el
de I'ESI ja que només es ionitzen molécules de pes molecular relativament baix i
polaritats moderades i baixes. En APPI, una altra de les tecniques APl emprades en el
desenvolupament d’aquesta tesi (Article V), la ionitzacidé de les molécules té lloc en fase
gas per mitja dels fotons emesos (10,0 10,6 eV) per una lampada de cripté i é adequada
per a la ionitzacié de compostos aromatics. En aquest tipus d’ionitzacié I'eficacia
acostuma a ser baixa si no s’afegeixen dissolvents (dopants) facilment ionitzables i que
puguin transferir la carrega als compostos d’interes per mitja de reaccions de
transferéncia de carrega, transferéncia protonica o captura electronica. EI camp
d’aplicacié d’aquesta font APl és bastant més limitat que el de les fonts d’ionitzacio
anteriors i per aquest motiu, el nombre de publicacions que es troben a la literatura és

baix en comparacid6 amb les altres técniques i sovint, basades en l'estudi dels
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mecanismes d’ionitzacié que es produeixen més que no pas en aplicacions a I'analisi de

mostres reals.

En aquesta tesi també s’ha avaluat la potencialitat d’'una font d’ionitzacié de les
anomenades “ambient”, concretament el Direct analysis in real time (DART) (Article VI).
Avui dia les técniques “ambient” tenen un gran interées ja que permeten |'analisi directe
de mostres sense cap preparacio previa o bé amb una minima manipulacié. Aquestes
tecniques sén molt indicades per a I'analisi de substancies en superficies i permeten una
analisi dels compostos en segons ja que no requereixen de separacié cromatografica
prévia. Ara bé, per a una optima identificacié dels compostos requereixen utilitzar un
espectrometre de masses amb un analitzador de masses d’alta resolucié que compensi
la manca de separacid previa. Entre les técniques “ambient” les més emprades son la
Desorption electrospray ionization (DESI) i el DART, tot i que aquest ultim és mes popular
probablement degut a que és més facil d’utilitzar. El DESI es basa en una
extraccid/ionitzacié per electrosprai mentre que el DART utilitza un plasma d’atoms
d’heli metaestable generat mitjancant una descarrega eléctrica en una cambra de glow
discharge (efecte corona) que reaccionen amb els gasos atmosferics (N2, Oz, H20).
Aquest procés inicia un seguit de reaccions i6-molecula en fase gas que produeixen en
ultima instancia les reaccions de protonacié/desprotonacio o transferéncia de carrega

gue originaran els ions dels analits d’estudi.

Pel que fa als tipus d’analitzadors de masses emprats en el desenvolupament d’aquesta
tesi se n’han utilitzat essencialment tres, la trampa de ions (IT), el triple quadrupol (QgQ)
i I'Obitrap. El primer d’ells, I'lIT, és un analitzador amb capacitat per a produir la
fragmentacié dels ions seleccionats en el temps, estabilitzant els ions precursors a
I'interior de la trampa deions per posteriorment fragmentar-los i realitzar I'escombratge
d’ions producte. Els ions que entren a I'analitzador provinents de la font d’ionitzacié o
bé els produits per fragmentacido a l'interior de la trampa d’ions son estabilitzats
mitjangant un camp electromagnetic amb una trajectoria oscil-lant estable i expulsats
de manera seqiencial a mesura que es va variant I'amplitud del camp de
radiofreqiiéncia aplicat. El disseny d’aquest analitzador permet realitzar multiples
etapes de seleccié d’id precursor-fragmentacio sent, per tant, un analitzador molt util

per a la caracteritzacié i elucidacié estructural dels compostos ja que proporciona
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informacid de I'ordre genealogic dels ions producte. Els modes habituals de treball sén
el Full Scan i el Product ions scan, ambdds modes permeten adquirir tot I'espectre de
masses en el rang de m/z seleccionat. El QqQ consta de tres quadrupols consecutius on
el primer d’ells (Q1) actua com a filtre de masses permetent la seleccié d’'un determinat
i6. El segon quadrupol (q) és propiament la cambra de col:lisi6 on es produeix la
fragmentacio de I'id préviament seleccionat al Q1 i els ions generats sén finalment
separats en el tercer quadrupol (Q3). A diferéncia de la IT, la fragmentacio dels ions es
produeix en l'espai i per tant només permet arribar a la segona generacié d’ions
producte. Els triples quadrupols treballant en mode tandem (MS/MS) i concretament
monitoritzant les transicions seleccionades, és a dir en mode Selected Reaction
Monitoring (SRM) o Multiple Reaction Monitoring (MRM) permeten augmentar
considerablement la sensibilitat la qual cosa explica que siguin I'analitzador i mode de
treball més estesos per a I'analisi quantitativa. Tan la IT com el QgQ utilitzats en els
metodes desenvolupats en aquesta tesi sén equips de baixa resolucid. Ara bé,
I'analitzador QqQ empleat utilitza quadrupols de geometria hiperbolica que permeten
treballar en unes condicions de resolucié superior a la dels instruments de baixa
resolucié (0.7 m/z Full Width Half Maximum, FWHM). Aquest valor es pot reduir fins a
valors de m/z 0.1-0,04 FWHM mitjancant una correcta calibracié dels quadrupols Q1 i/o
Q3. Els modes de treball en que un dels quadrupols o ambdds treballen a resolucions
superiors a 0.7 m/z FWHM es denominen modes Highly Selective, i s’abreugen amb les
sigles habituals del mode de treball (SRM, SIM) precedides per una H, aixi es diu que es
treballa en Highly Selective selected reaction monitoring (H-SRM) o Highly selective

single ion monitoring (H-SIM).

Finalment, en aquesta tesi també s’ha emprat un analitzador de masses Orbitrap que és
I’analitzador més nou del mercat. Fou desenvolupat per Makarov durant la década dels
90 i el seu llangcament comercial es va produir I'any 2005 durant el congrés de
I’Associacié Americana d’Espectrometria de Masses (ASMS) on es va presentar el LTQ
Orbitrap de Thermo Fisher Scientific. El seu funcionament es basa en la tradicional
trampa d’ions millorada, formada per dos electrodes, un intern en forma de fus i 'altre
extern que tanca la cambra generada. Mitjancant I'aplicacié de camps eléctrics entre

I’electrode intern (fus) i el I'extern (cilindre) s’aconsegueix que els ions descriguin orbites
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al voltant de I'electrode intern. Aquest analitzador és capac¢ de proporcionar poders de
resolucié de fins a 140.000 FWHM a m/z 200, és per tant, un analitzador d’alta resolucié.
En el desenvolupament d’aquesta tesi, aquest analitzador ha estat emprat en dos equips
de configuracions diferents. El primer d’ells és un equip hibrid de trampa lineal
combinada amb un analitzador Orbitrap (LTQ Orbitrap XL) (Article I). Aquest instrument
(figura 2.1) permet realitzar experiments en MS" gracies a la trampa de ions lineal de
que disposa i determinar les masses exactes dels ions producte generats en les diferents

etapes de fragmentacio gracies a I’elevada resolucid de I'Orbitrap.

Cel'la de
Font ESI LTQ trampa de ions lineal Ctrap  collisié HCD

R e

@)

=]

Analitzador / d\
Orbitrap \/
|

Figura 2.1. Esquema de I'instrument LTQ Orbitrap XL (Imatge de Thermo Fischer Scientific)

L'altra configuracid emprada és una versido més senzilla dels equips de la série Orbitrap,
qgué només disposa d’un analitzador Orbitrap amb una cel:la de fragmentacio
anomenada HCD i un acumulador o focalitzador de ions denominat C-trap. L'esquema

d’aquest instrument es mostra a la figura 2.2.
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Cel-la de col-lisio HCD C-trap Octapol

Analitzador Orbitrap

Font API

Figura 2.2. Esquema de 'instrument Orbitrap (Imatge de Thermo Fischer Scientific)

Aquest equip no permet treballar en tandem (MS/MS) ja que no disposa de cap
analitzador col-locat davant de |'orbitrap tot i que permet treballar en la modalitat all
ion fragmentation en el qual s’aplica un potencial a la cel-la de col-lisié que fragmenta
de forma no selectiva tots els ions provinents de la font d’ionitzacio. Els ions producte
generats son focalitzats en la C-trap i enviats a I’analitzador Orbitrap. Aquest és un equip
gue malgrat les limitacions pel que fa a la versatilitat dels modes de treball, presenta
certes caracteristiques interessants, especialment la velocitat d’escombratge, la facilitat

d’us i el poc manteniment que requereix.

2.2 Treball experimental

En aquest apartat s’inclou el treball experimental realitzat en aquesta tesi el qual s’ha
basat en el desenvolupament de metodes per a la determinacid de farmacs
antiparasitaris, coccidiostats i benzimidazoles, especialment en mostres alimentaries.
L'ordre d’inclusié de les diferents publicacions en aquest apartat s’ha establert seguint
majoritariament l'ordre cronologic de publicacié. El primer bloc (articles | a IV) fa
referéncia als métodes desenvolupats per a la determinacié de compostos pertanyents

al grup dels coccidiostats seguit d’un article (Article V) en el qual es desenvolupa un
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metode per a la determinacié d’un elevat nombre de benzimidazoles. Finalment s’inclou
un ultim article (Article VI) on es planteja la determinacid d’ambdds families de

compostos (coccidiostats i benzimidazoles).

En el primer treball es desenvolupa un métode per a la determinacid de coccidiostats
mitjangant LC-MS/MS. Aquest treball s’ha publicat amb el titol Fast liquid
chromatography/multiple-stage mass spectrometry of coccidiostats a la revista Rapid
Communications in Mass Spectrometry 23 (2009) 1255-1263. Aquest treball, a més de
presentar un metode de cromatografia rapida per a I'analisi d’aquests compostos
emprant una columna de diametre de particula sub-2um, aprofundeix en I'estudi dels
patrons de fragmentacié dels polieters ionofors i alguns dels coccidiostats quimics
estudiats en el transcurs de la present tesi mitjancant I'espectrometria de masses en
tandem en multiples etapes en un analitzador de trampa de ions amb una font

d’ionitzacio d’electrosprai.

En el treball, Fast liquid chromatography/tandem mass spectrometry (highly selective
selected reaction monitoring) for the determination of toltrazuril and its metabolites in
food, publicat a la revista Analytical and Bioanalytical Chemistry 397 (2010) 2893-2901,
es desenvolupa un meétode per a la determinacio del coccidiostat toltrazuril i els seus
principals metabolits en productes carnis. En aquest treball es presenta un estudi
comparatiu de la ionitzacié d’aquests compostos en dues fonts d’ionitzacié com sén I'ESI
i 'APCI que determina de forma decisiva el posterior métode d’analisi. A més, es posa
de manifest I'avantatge d’augmentar la resolucié per millorar la selectivitat i sensibilitat
del meétode eliminant interferéncies. En concret I'augment de resolucié s’ha aconseguit
utilitzant un triple quadrupol que permet treballar en la modalitat “enhanced—

resolution” (Am/z 0,1 FWHM).

A continuacid, s’inclouen dos treballs en qué es proposen metodes per a la determinacid
d’amprolium, Analysis of amprolium by hydrophilic interaction liquid chromatography-
tandem mass spectrometry, publicat a la revista Journal of Liquid Chromatography A
1217 (2010) 5802-5807 i Field amplified sample injection-capillary zone electrophoresis
for the analysis of amprolium in eggs, publicat a la revista Electrophoresis 34 (2013) 870-
876. En el primer d’aquests articles es proposa un metode de determinacié d’amprolium

basat en cromatografia de liquids emprant una columna HILIC acoblada a
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I’espectrometria de masses en tandem combinada amb un tractament de mostra
extremadament senzill basat en una estrategia d’extract-and-shoot. En el segon treball
es proposa un metode d’analisi basat en electroforesi capil-lar de zona (CZE) combinada
amb una estratégia de pre-concentracié de la mostra on-line com és el Field Amplified
Sample Injection (FASI). Per a I’extraccié de les mostres en aquest cas, es proposa una
etapa de SPE de carbo grafititzat per tal de purificar els extractes. Ambdues publicacions
tracten addicionalment la problematica de la identificaci6 de compostos desconeguts

interferents en I'analisi de I'amprolium.

L'article Ultra-high performance liquid chromatography-atmospheric pressure chemical
ionization-tandem mass spectrometry for the analysis of benzimidazole compounds in
milk samples publicat a la revista Journal of Chromatography A 133 (2013) 119-131
proposa un metode d’UHPLC-MS/MS per a la determinacié de 19 benzimidazoles en llet.
Aquest treball presenta a més un estudi exhaustiu de la ionitzacié d’aquesta familia de
compostos en diferents fonts d’ionitzacio6 com I'ESI, I'APCI i I'APPI i de la seva

fragmentacio tan en un analitzador de trampa de ions com en un de triple quadrupol.

Finalment el treball Direct analysis in real time high-resolution mass spectrometry for
high-throughput analysis of antiparasitic veterinary drugs in feed and food ha estat
publicat a la revista Rapid Communications in Mass Spectrometry 27 (2013) 467-475. En
aquest treball s’ avalua el potencial d’'una novadora font d’ionitzacié emprada per a
I'analisi directe com és el DART per a I'analisi de coccidiostats i benzimidazoles en
combinacid amb I'espectrometria de masses d’alta resoluci6 emprant un equip
d’analitzador Orbitrap. Per a I'analisi de pinsos i llet es necessari dur a terme una etapa
d’extraccid i clean-up de les mostres i es proposa emprar el metode QUEChERS adaptat

en cada cas al tipus d’analits d’interes.
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2.2.1. ARTICLE CIENTIFICI

Fast liquid chromatography/multiple-stage mass spectrometry of coccidiostats.

A. Martinez-Villalba, E. Moyano, M.T. Galceran
Rapid Communications in Mass Spectrometry (2009) 23, 1255-1263
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RAPID COMMUNICATIONS IN MASS SPECTROMETRY
Rapid Commun. Mass Spectrom. 2009; 23: 1255-1263
Published online in Wiley InterScience (www.interscience.wiley.com) DOIL: 10.1002/rcm.3997

Fast liquid chromatography/multiple-stage mass
spectrometry of coccidiostats

Anna Martinez-Villalba, Encarnacion Moyano* and Maria T. Galceran
Department of Analytical Chemistry, Unversity of Barcelona, Av. Diagonal 647, E-08028 Barcelona, Spain

Received 14 January 2009; Revised 20 February 2009; Accepted 24 February 2009

Drugs that are used as medicines and also as growth promoters in veterinary care are considered as
emerging environmental contaminants and in recent years concern about their potential risk to
ecosystems and human health has risen. In this paper we used a method based on liquid chroma-
tography/electrospray tandem mass spectrometry to analyze eight coccidiostatic compounds: dicla-
zuril, dinitrocarbanilide (the main metabolite of nicarbazin), robenidine, lasalocid, monensin,
salinomycin, maduramicin and nasarin. Multiple-stage mass spectrometry (MS") based on the
precursor ions [M+Na]* (polyether ionophores), [M+H]* (robenidine) and [M-H]~ (diclazuril
and dinitrocarbanilide) was used to study the fragmentation of these compounds. MS" data and
genealogical relationships were used to propose a tentative assignment of the different fragment
ions. Loss of water, decarboxylations, ketone f-cleavages and rearrangement of cyclic ethers and
amide groups were some of the fragmentations observed for these compounds. Liquid chromatog-
raphy with a sub-2 pm particle size column was coupled to tandem mass spectrometry (LC/MS/MS)
allowing the separation of these compounds in less than 7 min. Method detection limits ranging from
11 to 71 ng L™" and run-to-run values in terms of relative standard deviation (RSD) (up to 12%) were
obtained. Copyright © 2009 John Wiley & Sons, Ltd.

Veterinary medicines are widely used across developed
countries in order to treat animals and protect their health.
Moreover, they are used as growth promoters and are also
routinely added as supplements in livestock feed. Both active
ingredients and their metabolites can potentially enter into
the environment via different pathways." For instance, in fish
farming veterinary drugs are directly poured into the water.
Another source is via the application of animal manure to
land in agricultural practices, since manure may be
contaminated due to animal excretion (urine and faeces)
of veterinary products. Although the amount that is
introduced into the environment is probably low, and
veterinary drugs are not known to be persistent, their
continuous release may lead to a relatively high long-term
concentration. Due to the wide variety of veterinary
medicines available, it is difficult to select those substances
that should be investigated. In this context, several studies
have established a prioritization approach according to their
potential to reach the environment, their toxicity profile and
their usage.** Among the compounds included in this
approach are the coccidiostats, a group of compounds that
are used as feed additives for the prevention and treatment of
coccidiosis, an infectious disease caused by protozoa of the
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genus Eimeria, which damages the intestinal tract in poultry
and livestock.” Some of the most commonly used drugs
against this disease are nicarbazin, diclazuril, robenidine,
monensin, salinomycin, narasin, lasalocid and maduramicin,
compounds that are only used in veterinary medicine.

Nicarbazin is the generic name for the complex of 4,4'-
dinitrocarbanilide (DNC) and 2-hydroxy-4,6-dimethylpyr-
imidine (HDP) in 1:1 molar ratio. As nicarbazin depletion
studies have shown that DNC is a more persistent residue
than HDP, DNC is usually monitored. Diclazuril is a
benzeneacetonitrile broad-spectrum anticoccidial for broiler
chickens while robenidine is the only anticoccidial drug of
the guanidine group. Monensin, salinomycin, narasin,
lasalocid and maduramicin are ionophore antibiotics natu-
rally produced by certain strains of Streptomyces. The
chemical structure of these compounds is based on multiple
cyclic ethers, a free carboxylic acid group at one end of the
molecule and a terminal alcohol group at the other end. They
are named polyether antibiotics and readily form pseudo-
macrocyclic complexes with alkali cations, especially sodium
ions, and they have the ability to cross biological membranes,
which is the basis of their biological activity® (structures are
shown in Fig. 1).

These compounds are usually analyzed in matrices such as
animal tissues (liver, kidney and muscle), eggs, medicated
feed and premixes.”” However, a few studies about their
occurrence in environmental matrices have been published.
Several authors have reported the measurement of polyether
ionophores in surface water and sediments.'”" With
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Lasalocid (LAS)
CyyHs, 03 MW: 590.4

Maduramicin (MAD)
Cy7HgyOy MW: 916.5

Robenidine (ROB)
C,sH,,CLN, MW: 333.0

Feaaaact

regards to the analytical technique used for the determi-
nation of coccidiostats, reversed-phase liquid chromatog-
raphy (LC) is generally preferred. Although octadecylsilyl is
the most common stationary phase generally used for all
coccidiostats, polyether ionophores and chemical coccidio-
stats are not frequently analyzed in the same chromato-
graphic run and only a few studies have suggested methods
for their simultaneous determination. However, these
methods generally have a longer analysis time and the
separation obtained is worse than that achieved when
analyzing only one family."* Spectrophotometric detection,
both ultraviolet (UV)'*'® and fluorescence,'” have tradition-
ally been used for the determination of these compounds.
However, due to the lack of chromophore groups in the
chemical structures of the ionophores, a pre-column'® or
post-column'® derivatization is usually necessary. Nowa-
days, liquid chromatography coupled to mass spectrometry
(LC/MS), especially using tandem mass spectrometry (LC/
MS/MS) and electrospray ionization (ESI), is the technique
most usually used for the analysis of these com-
pounds.'*'*?°%5 The chemical coccidiostats such as robeni-
dine and polyether ionophores are usually analyzed in
positive ESI mode while diclazuril and nicarbazin are
generally determined in negative mode. Selected reaction
monitoring (SRM) in triple quadrupole analyzers is the
preferred acquisition mode probably because of its high
selectivity and sensitivity. lon traps have rarely been applied
for the analysis of these compounds despite the sensitivity
and the information provided for confirmatory purposes by
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Figure 1. Structures, abbreviated names, molecular formulas and molecular weights of coccidiostats.
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Salinomycin (SAL)
Cy,H50,; MW: 750.5

Nigericin I.S. (NIG)
CaoHgOyy MW: 7245

Diclazuril (DIC)
C;HCIN, 0, MW: 406.0

the product ion scan. Moreover, the multiple-stage mass
spectrometry (MS") capability of the ion trap for the
structural elucidation of the coccidiostat family has not been
taken advantage of, since only MS/MS has been performed
in this analyzer.'"”'>** To establish the fragmentation path-
ways of the protonated sodium salts of the polyethers
monensin and lasalocid, both quadrupole time-of-flight
(QTOF) and Fourier transform ion cyclotron resonance
(FTICR) mass analyzers were used.”" > In a study about new
polyether antibiotics, Kim et al.*’ examined the fragmenta-
tion patterns of nigericin (a synthetic polyether ionophore
frequently used as an internal standard) and abierixin (a
synthetic precursor of nigericin) by fast atom bombardment
tandem mass spectrometry (FAB-MS/MS) using a magnetic
sector instrument. Other authors'®** have studied the
interactions of polyether ionophores such as monensin,
salinomycin, narasin and lasalocid with mono- and divalent
alkali metal cations under ESI conditions as well as the
fragmentation of ionophore/metal ion complexes under
tandem mass spectrometry. No structural information has
been found in the literature either for maduramicin or for
chemical coccidiostats, since only the transitions monitored
without any ion assignment or fragmentation mechanism are
usually reported.

The main objective of this study was to develop a fast and
sensitive LC/MS/MS method for the simultaneous deter-
mination of eight coccidiostats (five polyether ionophores
and three chemical coccidiostats). A detailed characteriz-
ation of these compounds by MS" was also performed.
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Monensin, narasin, salinomycin, maduramicin, robenidine
and diclazuril and the internal standards nigericin and
dinitrocarbanilide-ds were obtained from Sigma-Aldrich
(Steinheim, Germany) while lasalocid and nicarbazin were
purchased from Dr. Ehrestorfer (Augsburg, Germany).
Acetonitrile, methanol (MeOH) and water were LC/MS
grade and were obtained from Riedel-de Haén (Seelze,
Germany). N,N-Dimethylformamide (DMF, >99.5%) and
formic acid (98-100%) were purchased from Merck
(Darmstadt, Germany). Nitrogen (99.8% purity) used for
the atmospheric pressure ionization (API) source and the
evaporation of the samples was supplied by a Claind
nitrogen generator N FLO (Lenno, Italy) and high-purity
helium was purchased from Air Liquide (Madrid, Spain) and
was used as a damper gas for the ion trap. Stock standard
solutions (1 mg mL~") were prepared in methanol, except for
maduramicin which was prepared in water, and diclazuril
and nicarbazin, which were dissolved in DMF. The stock
standard solutions were stored at 4°C, and 1 ;LgmL’]
working standard solutions were prepared weekly by
dilution in acetonitrile/water (1:1, v/v). Standards and
samples were filtered before injection into the LC/MS system
using Nylon syringe filters (0.22 wm) purchased from Tracer
Tecnologias Analiticas (Madrid, Spain). Water samples were
filtered before the sample treatment using glass fiber filters
(0.45 pm) obtained from Whatman (Clifton, NJ, USA).

Sample extraction

Different river water samples were collected from the
Barcelona area (Tenes river, Llica de Vall and Riera
de Caldes, Palau-Solita i Plegamans). These samples were
filtered, acidified with 0.1% formic acid and kept in the dark
at 4°C before analysis. Aliquots of 200mL of the filtered
water sample were passed through a Ciy solid-phase
extraction (SPE) cartridge (3cc and 60 mg; Varian, Harbor
City, USA) previously conditioned with 3mL of methanol
and 3mL of water. Sample loading was performed at a flow
rate of ~2 mLmin ' and the SPE cartridge was washed with
5mL of water and air-dried. The analytes were eluted with
5mL of acidic MeOH (0.1% formic acid) and the extract was
evaporated to dryness under a nitrogen stream. The sample
was reconstituted with 900 L of acetonitrile /water (1:1 v/v),
and 50 pL of each internal standard solution (1 pgmL’])
were added prior to LC/MS/MS analysis. Supelco Visiprep
and Visidry SPE vacuum manifolds (Supelco, Gland,
Switzerland) were used for SPE and solvent evaporation,
respectively.

Liquid chromatography/tandem

mass spectrometry

A 2695 Alliance liquid chromatograph (Waters, Milford, MA,
USA) equipped with a quaternary pump, an autosampler
and a column oven was used. The chromatographic
separation was performed on a Thermo Hypersil Gold C,g
column (50 x 2.1mm, 1.9 um particle size; Thermo Fisher
Scientific, San Jose, CA, USA) protected by a javelin filter
(Thermo Fisher Scientific). Column temperature was set at
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50°C and the flow rate was 500 pLL min '. An acetonitrile/
formic acid gradient was used for the chromatographic
separation. Solvent A was acetonitrile with 0.1% formic acid
and solvent B was 0.1% formic acid aqueous solution. The
gradient started at 40% solvent A, followed by a linear
gradient up to 70% solvent A in 0.75 min and an isocratic step
(70% solvent A) for 5.75min. Finally, the system was
returned to the initial conditions in 3.5min. The injection
volume was 5 pL.

The LC system was coupled to an LCQ mass spectrometer
(Thermo Finnigan, San Jose, CA, USA) equipped with an
electrospray ionization (ESI) source and an ion trap as the
mass analyzer. Data acquisition and general operation were
controlled by Xcalibur software (version 1.4; Thermo
Electron, San Jose, CA, USA). Tuning experiments were
performed by infusion of standard solutions of each
compound (1 pgmL ") using a built-in syringe pump at a
flow rate of 10 pL min ' in an LC flow of 200 wL min using
a Valco T-piece. The positive ionization mode was used for
polyether ionophores, and the negative mode was necessary
to analyze diclazuril, DNC and DNC-dg. The electrospray
voltage was set at 4 kV when using the positive mode, while
in the negative mode this voltage was set at —5kV. The
heated capillary and tube lens voltages were 21 and 5V,
respectively, in positive mode and —7 and —25V in negative
mode. The heated capillary temperature was set at 250°C.
Nitrogen was used as the sheath gas and auxiliary gas at a
flow rate of 86 a.u. and 24 a.u., respectively, for the positive
mode and at 94 a.u. and 12 a.u. for negative mode. Helium
was used as the ion trap buffer gas.

A mass range from m/z 50 to 1000 was used for the single
MS full scan and multiple-stage mass spectrometry (MS")
product ion scan. The MS" parameters and the main
fragment ions observed are shown in Table 1. The maximum
injection time used was 50 ms and only one pscan/scan was
acquired. For tandem mass spectrometry (MS/MS) exper-
iments the activation time was fixed at 30ms and
chromatograms were segmented in time in order to monitor
a low number of compounds in each segment.

RESULTS AND DISCUSSION

Liquid chromatography/mass spectrometry

A reversed-phase C;3 sub-2 pm column was selected for the
chromatographic separation of eight coccidiostats because of
its high peak efficiency and the possibility of performing fast
chromatography. However, high column backpressure was
obtained when using mobile phases with high water content
and at high flow rates. In order to avoid high pressure when
working with a conventional LC system, the effect of
temperature (25-50°C) on the backpressure and chromato-
graphic separation was studied. As temperature increased
the column backpressure and the analysis time decreased
significantly without any significant effect on selectivity.
Finally, the best separation was obtained in less than 7 min
with a column temperature of 50°C and a flow rate of
500 uLmin ', A fast gradient was applied to separate the
three chemical coccidiostats while polyether ionophores
eluted in the isocratic stage. As can be seen in Fig. 2, which
shows an LC/MS chromatogram of a standard solution
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Table 1. MS/MS and MS?® spectral data and working conditions. Precursor ions are highlighted in bold

MS MS/MS Ms?
mfz NCE mjz NCE nijz
Compound (% Ab) Assignment (%) AQ (% Ab) Assignment (%) AQ (% Ab) Assignment
LAS 613 (100)  [M+Nal” 30 03 595 (100)  [M+Na-H:01" 32 04 57700 IMiNa-H.0-HOl
577 (22) [M+Na-2H,01" 551 (15) [M+Na-H,0-CO01"
569 (10) [M+Na-COO] 359 (8) [M-+Na-H,0-C,5H;,0,1"
377 (8) [M-+Na-Cy3H;04]"
NAR 787 (100)  IM+Na]’ 27 03 769 (100) M +Na-H0l* 30 03 751 (60)  IM+Na-H,0-H,0]
7437  [IM+Na-COOJ" 733(12)  [M+Na-H,0-2H,0]*
725 (25) [M-+Na-H0-COO0T"
513 (1000  [IM+Na-H,0-CoyH04]"
431150 IM+Na-Ha0-CogHayO41"
413 (350 IM+Na-H;0-CogHs605] "
531 (15) [M-+Na-Cy3Hz,04]" 32 03 431 100)  IM+Na-Ci4H04-CeH 01
265 (15) IM-+Na-Cy4H2404-CHas 051"
431 (8) [M-+Na—CagHz 051" 32 03 403 (1000 IM+Na-CaHse
361 (85) [M+Na-CanH30s5
SAL 773 (100) [M-+Na] 30 03 755 (100) [M+Na-H,0]* 32 03 737 (35) [M+Na-H,0-H,0]"
729 (5 [IM+Na-COO] 7110 IM+Na-H,0-COoO]*
693 (15) [M+Na-H,0-(H,0+COO)|*
513 (100) [M+Na-H,0-C3Hx04]
413 (50) IM+Na-H,0-C19H34051"
531 (35)  IM+Na—CiaHanO4l" 32 03 51345  [M4+Na-CiaHx04-Ho0l
431 (100) [M+Na-Cy3H2,0,-CH,,01"
206 (40)  [IMNa-Cy3Hu0,-CisHas0sl
431 (8) [M+Na-CyoH3,05]* 33 03 403 (100) [M-+Na=CyoH3405-CoHy ™
MON 693 (100)  [M+Nal’ 30 03 675 (100)  [M+Na-H0l" 30 03 e57(100)  [IM+Na-H0-H0l
639 (12)  [M+Na-H,0-2H,0]
613 (10) [M+Na-H,O0~(H,0+COO) "
599 (159 [M+Na-H,0-CoH,05)
581 (15) [M-+Na-H,0-C,HO,]
483 (10) IM+Na-H,O0-CyH;04]”
461 (18)  [M4+Na-H,0-C1Hz04]"
443 (23) IM-Na-H,0-C2H2404]7
MAD 939 (100)  IM+Nal 20 03 921 (75)  [M+Na-H 0"
877 20)  IM+Na~(H.0+ COO)|* 895200  IM+Na-COOJ"
877 (100) [M+Na-(HO-+CO0)] 23 03 859 (85) [M+Na-(H,O+COO0)-H,0]
397 (70) [M+Na-Cagl5,00] 841 (40) [M+Na-(H,O+CO0)-2H,0]
719 (100) [M-+Na-(H,O+COO0)-CzHy 0,1
637 (60)  [MA+Na-(Ho04+CO0)-Cy3HaO4l*
501 (65)  IM+Na-(H;0+COOMCyH204 !
ROB 334 1000 IMHHI? 35 03 317 80  IM+H-NH,I" 37 03 200 30y IM+H-NH;-CHN]*
288 (25)  IMH+H-NHs-HNoI™
263 (100)  [MA+H-NH3CN; ™
180 (60)  [M+H-NH,-C/H,NCI'*
138 (35)  [MAHNH,-CHNCII
195 (100) [M+H-C;H,NCI 178 (95) [M-+H-C;HNCI-NH;]
153 (100) [M-+H-C;HaNCI-CHaN, I
DNC 301100 IM-HI® 23 02 137 (100)  [M=H-C-H,03N,] 39 02 107 100y IM-H-C;H,OaN,-NOJ ™
DIC 405 (100)  [M-H] 37 05 335 (1000  [IM-H-CHLON,] 39 03 299 (100)  IM-H-CoHLON,-HCH]
334 (40) [M-H-C;HO:N]™

NCE: normalized collision energy; AQ: activation Q.

(250 pg LY, the eight coccidiostats were separated and only
lasalocid and monensin coeluted. Nevertheless, molecular
weight differences between these compounds permitted
their individual quantification since no ion suppression was
observed.

Under these chromatographic conditions the LC system
was coupled to a mass spectrometer using ESI as the
ionization source in both positive and negative modes. The
polyether ionophore family showed a good response in
positive ESI providing a full scan mass spectra dominated by
sodium adducts [M+Na]" (Table 1). However, other metal
adductions can be formed if other alkali metal or ammonium

Copyright © 2009 John Wiley & Sons, Ltd.
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ions are present in the LC/MS system. It must be pointed out
that ammonium adducts [M+NH,]" dominated the mass
spectra even at very low levels of ammonium. However,
these adduct ions could not be used in MS/MS experiments
because their high lability prevented their isolation in the ion
trap. Only maduramicin showed ion source fragmentation,
giving a fragment at m/z 877. Among the chemical
coccidiostats only robenidine was ionized in positive mode,
showing as the main ion the protonated molecule without
additional fragments or adducts. Dinitrocarbanilide and
diclazuril were ionized in negative ESI and the mass spectra
were dominated by the deprotonated molecule. For dicla-

Rapid Commun. Mass Spectrom. 2009; 23: 1255-1263
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] ESie) . Table 2. Accurate mass measurement data for maduramicin
0, LAS-MON and monensin
Calculated Accurate Error
Ton assignment mass (Da) mass (Da) (ppm)
Maduramicin
[M+Na—(H,O0+ COO)]" 877.5284 877.5272 -1.4
[M+Na—(CH;0),]* 877.4920 877.5272 +40.1
[M+Na—~(COO)* 895.5389 895.5375 -1.6
NAR Monensin
[M+Na~(H,0+COO0)| 613.4075 613.4045 -49
[M+Na—~(CH;0),]" 613.3711 613.4045 +54.4
SAL

LTQ Orbitrap XL; resolving power: 60000; NCE: 27; AQ: 0.3.
carbonyl oxygen followed by a gas-phase g-elimination
ESI () MAD (Fig. 3). These ions had a relatively low abundance (<35%) in
peulud 2 JDNC DIC / the MS/MS spectra, although they were the main ions
ROB 4 in MS®. For instance, the base peak in the 3™ generation
NIG product ion scan mass spectra of salynomycin and narasin
(precursor ion [M+Na-H,0]") was the carboxyl moiety g-

U cleavage ion (m/z 513).

L e AL Wi s ki i Ly For maduramicin, that does not contain any ketone group,
0 2 4 6 8 10 the base peak of the MS/MS spectrum (Table 1) is the ion at
N m/z 877 which can be explained by the loss of two methoxy

Figure 2. LC/MS chromatogram of a standard solution
(250 wgL ") of eight coccidiostats (nigericin as internal stan-
dard).

zuril, which contains three chlorine atoms, a typical pattern
of the molecular cluster was also observed. MS" was used to
study the fragmentation of these compounds and to select the
most characteristic and sensitive transitions to be used for
quantitation. Table 1 summarizes the mass spectral data
obtained up to MS?, which included the most significant ions.
Sodium adduct ions were used as precursor ions for MS/MS
experiments of polyether ionophores. Tandem mass spectra
of these ions generally showed the expected loss of water
[M+Na-H,0l" as base peak**?** In addition, those
polyether ionophores that contain a ketone group, such as
lasalocid, salinomycin and narasin, yielded product ions due
to B-cleavage reactions in both alkyl chain sides, carboxyl and
hydroxyl moieties explaining ions at m/z 531 (salinomycin
and narasin) and m/z 377 (lasalocid) on the carboxyl side and
m/z 431 (salinomycin and narasin) on the hydroxyl side. As
an example, the possible mechanism for the formation of
fragment ions on the hydroxyl side of salinomycin starts, as
previously described by Lopes et al.*” for lasalocid acid, by
the cation inducing an electron density increase in the

D

groups or the simultaneous loss of CO, and H,O. For the
correct assignment of this ion the accurate mass spectrum of
maduramicin was obtained using an LTQ Orbitrap XL
(Thermo Fisher Scientific, San Jose, CA, USA). The data
obtained are given in Table 2 where it can be seen that the
simultaneous loss of CO, and H,O with an error of 1.4 ppm is
the most plausible assignment. The cyclic conformation of
the sodium complexes of the polyether ionophores®** can
allow hydrogen-bond interactions between the carboxylic
group and the terminal hydroxyl, making the double neutral
simultaneous loss possible. The pseudomacrocyclic structure
of monensin is given in Fig. 4 as an example. Furthermore,
maduramicin gave an intense product ion at m/z 397 that can
probably be explained by the fragmentation of the penta-
cyclic ether at the quaternary carbon between the two ether
groups and other product ions originated from the loss of
water and the carboxyl group (Table 1).

For monensin only the loss of H.O (m/z 675) was observed
in MS/MS without any further fragmentation (Fig. 4), as is
reported in the literature.*****” The second neutral loss of
water was the base peak in the MS® spectrum of this
compound and ions resulting from other neutral loses were
also observed (Table 1). The simultaneous loss
of H,O and CO, (62Da) also occurred for monensin
(m/z 613) in the 3™ generation product ion spectrum. This

@
Na

0 R;

OH OH

Figure 3. Reaction mechanism of the f-cleavage of salinomycin.

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 4. MS, MS/MS and MS?® spectra of monensin. Pseudomacrocyclic structure of monensin.

fragmentation has also been confirmed using the Orbitrap
providing an error of 4.9 ppm (Table 2). Other ions such as
m/z 483 and 461 reported by Lopes et al.*® were also observed
in the spectrum.

Other product ions present in the MS" spectra of polyether
ionophores were characteristic ions originated from the
carboxylic group. For lasalocid, the ortho effect of the
hydroxyl and carboxylic groups on the aromatic ring
favoured the loss of CO, or H,O in MS/MS. Rearrangements
of the cyclic ethers also occurred in the MS® stage providing
product ions with relative abundances lower than 50%; for
instance the ion at m/z 296 (40%) for salinomycin and at m/z
265 (15%) for narasin (Table 1) can be assigned via this
fragmentation mechanism.

As nigericin was used as an internal standard for
quantitation purposes its fragmentation was also studied.
The base peak in the full scan mass spectrum was the ion at
mfz 747, which corresponds to the sodium adduct as with all
the ionophores, while the MS/MS spectrum was dominated

by the loss of water in addition to a fragment at n/z 703 with
very low relative abundance (5%) that corresponds to the loss
of CO,.

The chemical coccidiostats did not follow a common
fragmentation pattern due to their evident differences in
chemical structure. In the product ion spectrum only two
main product ions were observed, the ion at m/z 317 arising
from the loss of NH; and the ion at m/z 195, probably arising
from the cleavage of the N—N bond. The loss of NH; was also
observed in MS? spectra of m/z 195 in addition to the loss of
the imine-amino group (CH,N,). In the MS stage of m/z 317
the product ion at m/z 263 dominated the spectrum and
probably came from the loss of CNs. In addition other 3™
generation product ions such as those coming from the
cleavage of the N—N bond (m/z 180 and 138) and those at
myfz 290 and 288 arising from the loss of nitrogen-containing
fragments were also observed.

Tandem mass spectrometry of negative ions was per-
formed to study dinitrocarbanilide and diclazuril. When

Table 3. Instrumental limits of detection (LOD), method limits of detection (MLOD) and method quality parameters

Recovery %

Analyte Instrumental LOD (pg injected) MLOD (ngL ") 250ngL ' 50ngL ' Relative error (%) Run-to-run precision %
Salinomycin 10 11 93 90 3 5.8
Narasin 15 18 90 90 3 6.5
Lasalocid 20 23 87 85 -+ 6.7
Monensin 15 17 90 92 3 52
Maduramicin 25 31 85 80 B 8.7
Robenidine 30 50 60 60 8 1221
Diclazuril 60 71 85 85 6 7.4
Dinitrocarbanilide 50 56 93 90 5 9.3

Rapid Commun. Mass Spectrom. 2009; 23: 1255-1263
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fragmenting [M-H] ", only one production was generated for
dinitrocarbanilide while diclazuril showed two fragments
that were shifted in mass by just 1Da. Dinitrocarbanilide
provided a product ion at n1/z 137 due to the cleavage of the
amide bond while for diclazuril two product ions were
observed, derived from the cleavage of the triazine group
arising from the loss of a fragment containing two nitrogen
atoms or just one nitrogen atom, respectively. In addition,
when performing MS” only one product ion was generated
for both compounds, the radical loss of NO* (m/z 107) for
dinitrocarbanilide and the loss of hydrochloric acid for
diclazuril.

The most abundant ions of the MS/MS spectra were
selected for quantitation purposes in the LC/MS/MS
method. Under these conditions, instrumental quality
parameters such as limit of detection (LOD), injection
reproducibility and linearity range were evaluated. LODs
based on a signal-to-noise (S5/N) ratio of 3:1 were estimated
by analyzing standard solutions at low concentrations; the
values obtained in picograms injected are given in Table 3.
The lowest limits of detection (down to 10 pg) were obtained
for the compounds ionized in positive mode, whereas the
method was less sensitive in negative mode. The LC/MS/
MS response was linear (1* >0.999) in the working range (10—
500 pg L 1). Reproducibility based on concentration was
evaluated using relative standard deviations (RSD %)
ranging from 2 to 8%.

Application to water analysis

In order to demonstrate the applicability of the developed
LC/MS/MS method, the eight coccidiostats were analyzed
in river water samples. Two river water samples free of
coccidiostats were collected and preserved by adding 0.1%
formic acid (pH 2.5), and thereby the polyether ionophores
were found in their neutral species. These samples were used
to test ion suppression effects on the electrospray response
due to matrix components. These samples were submitted to
the sample treatment detailed in the Experimental section
and after proving that they were free of coccidiostats the SPE
extracts were spiked at 50 ug L 'and analyzed by LC/MS/
MS. No significant differences were observed between the
signal of the spiked extracts and those for standard solutions
at the same concentration, indicating that signal ion
suppression due to the matrix effect was not significant
and that external calibration can be used to quantify these
compounds in water samples. In order to estimate method
recoveries blank samples were spiked with different
concentrations (250 and 50ngl. ") and analyzed. The
recovery values obtained ranged from 85 to 90% for all
compounds except for robenidine, which showed a lower
recovery value (60%) probably due to poor retention on the
SPE cartridge and a lower breakthrough value as a result of
the protonation of the amino group at the working pH (water
sample acidified with 0.1% formic acid). The method limit of
detection (MLOD) was estimated by analyzing blank river
water samples spiked with coccidiostats at low concen-
trations (up to 20 ngL™"). The MLODs calculated based on a
S/N ratio of 3 were between 11 and 7IngL ' (Table 3). As
with the instrumental limits of detection, the highest values
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were those for diclazuril and dinitrocarbanilide. However,
robenidine showed a relatively high MLOD (50ngL "),
which may be a consequence of the low recovery obtained by
the SPE procedure.

With regards the confirmation of the identity of the
compounds, a minimum of three identification points is
usually required for unequivocal identification. According to
this, when working in tandem mass spectrometry, at least
two product ions from the same precursor ion are needed for
confirmation. However, as discussed above, dinitrocarbani-
lide and monensin only provided one abundant product ion
in MS/MS. To solve this problem MS® was used to confirm
the presence of these compounds in samples.

Since coccidiostats were not detected in the river water
samples, one water sample was spiked at a concentration of
250ngL ' and bias and run-to-run precision were evaluated
(Table 3). As can be seen, the method performed well;
precision was <12% and relative errors lower than 20ng L~
were obtained. Figure 5 shows the chromatogram obtained
for this sample and the MS® product ion spectra for the
identification of monensin and dinitrocarbanilide.

CONCLUSIONS

In this study a fast LC/MS/MS method using a sub-2 pm
particle size column was developed for the determination of
eight coccidiostats in water samples. Positive electrospray
ionization (ESI) was used for the analysis of polyether
ionophores and robenidine, whereas negative ESI was
mandatory to analyze dinitrocarbanilide and diclazuril.
Multiple-stage mass spectrometry in an ion trap mass
analyzer was applied for the first time, allowing assignment
of the fragment ions obtained for the coccidiostats
studied here. Polyether ionophores generally showed the
consecutive loss of H>O as the most common but least
selective cleavage, while the fragmentation of narasin,
salinomycin and lasalocid, which contain a carbonyl
group in their structure, showed the characteristic
ketone p-cleavage. When no carbonyl was present in the
structure, rearrangements of the cyclic ethers were the most
usual. For the chemical coccidiostats the main cleavages
were those that concern the heteroatom bonds of the
molecule. MS® was required for confirmatory purposes
when only one product ion was obtained in MS/MS. The
good performance of the method makes its use to determine
coccidiostat residues at low ppb levels in environmental
water samples feasible.
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Abstract In this work a fast liquid chromatography (LC)~
tandem mass spectrometry (MS/MS) method was devel-
oped for the analysis of toltrazuril, a coccidiostatic drug,
and its metabolites in meat food products. The applicability
of atmospheric pressure chemical ionization (APCI) and
heated electrospray ionization in both positive and negative
modes was studied. APCI in negative mode provided the
best results and the base peak originated from the loss of
CFj5 (toltrazuril and toltrazuril sulfone) and CHF;e (toltra-
zuril sulfoxide) was used as the precursor ion in MS/MS. A
fast LC separation on a C,g Fused-Core™ column was used
together with the APCI-MS/MS method developed using
enhanced mass resolution mode (highly selective selected
reaction monitoring, H-SRM) to improve the sensitivity and
selectivity for the analysis of these compounds in food
samples. A simple sample treatment based on an extraction
with acetonitrile and a cleanup with a C;g cartridge was
used. The LC-MS/MS (H-SRM) method showed good
precision (relative standard deviation lower than 10%),
accuracy, and linearity and allowed the determination of
these compounds in food samples down to the parts per
billion level (limits of detection between 0.5 and 5 pg kg™).

Keywords Mass spectrometry - Liquid chromatography -
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Introduction

Toltrazuril is a triazinetrione derivative used in the treatment
and prevention of coccidiosis in poultry and swine that is
commonly administered via drinking water at concentrations
ranging from 25 to 75 mg L. Although toltrazuril is excreted
mainly via feces, its depletion is relatively slow and up to
10 days after the withdrawal period, relatively high concen-
trations of the drug can still be found in animal tissues [1].
Moreover, this compound is metabolized through gradual
sulfoxidation to its sulfoxide and sulfone metabolites
(Fig. 1), providing derivative compounds that can also be
found in animal tissues and excrement. In recent years
interest in these compounds in the environment has risen
because 1f manure is spread onto the land, the active
ingredient and the metabolites can be released to the
groundwater because of leaching, seriously polluting rivers
and drinking water supplies. According to some authors,
toltrazuril has a high toxicity profile, which turns this drug
into a candidate for high-priority risk assessment lists [2—4].
Additionally, concern about food safety has grown in recent
years since drug and metabolite residues may be found in
consumption products, leading to the appearance of resistant
strains and allergic reactions in sensitive people. For this
reason toltrazuril has been included in European legislation
[5] and maximum residue limits (MRLs), depending on the
animal tissue, have been established (100-600 pg kg").
These MRLs will probably be more restrictive in the near
future since the use of coccidiostats as feed additives will be
banned after 31 December 2012. Toltrazuril sulfone also has
pharmacological activity and it is used as the marker residue
for toltrazuril in food products. Moreover, the Food and
Drug Administration recently approved its use for the
treatment of equine protozoal myeloencephalitis [1], so its
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Fig. 1 Chemical structures, acronyms, and molecular formulas of toltrazuril and its metabolites

monitoring is also compulsory. Hence, a reliable, selective,
and sensitive analytical method is required for the analysis of
these compounds at very low concentrations in both
environmental and food samples.

Nowadays, liquid chromatography (LC) coupled with unit
mass resolution tandem mass spectrometry (MS/MS) using
triple quadrupoles and ion traps is the technique of choice for
the analysis of drug residues in animal-derived food products
[6-8]. Very few methods have been described in the literature
for the LC-MS analysis of toltrazuril and most of them used
mass spectrometry (MS), operating in unit mass resolution
mode, as a detection technique without any characterization
studies [9-12]. Single full-scan MS is used by some authors
for pharmacokinetic studies [9], whereas for the determina-
tion of toltrazuril and its metabolites MS/MS is recommen-
ded to fulfill the requirements of the legislation in terms of
quantitative and confirmatory analysis, which requires at
least three identification points for compounds belonging to
group B (veterinary drugs and contaminants) [13]. Both
atmospheric pressure chemical ionization (APCI) [12] and
electrospray ionization (ESI) [9-11] in both positive and
negative mode have been used as ionization techniques.
Negative ESI has only been combined with MS, whereas
both ionization sources and ionization modes have been used
with MS/MS. Mulder et al. [11] combined positive ESI with
MS/MS using the protonated molecule as the precursor ion,
whereas Li et al. [12] selected negative APCI after reporting
some problems with the fragmentation of the deprotonated
molecules in negative ESI. For chromatographic separation all
the authors used conventional C,g reversed-phase columns,
with the exception of Li et al. [12], who employed a phenyl
column for the development of a multiresidue method for
veterinary drugs. However, none of these methods analyzed
toltrazuril and its two metabolites simultaneously and the run
times were always over 8 min.

Following the latest trends in LC for faster separations
and high chromatographic and mass resolution, in the work
reported here we aimed to develop a fast, sensitive, and
selective method for the determination of toltrazuril and its
metabolites in food after a simple sample treatment
procedure. For this purpose a rapid and highly efficient
LC separation (a C,5 Fused-Core™ 2.7 um particle size
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column) was coupled to a MS/MS system working in
enhanced mass resolution mode (highly selective selected
reaction monitoring, H-SRM).

Experimental
Chemicals and materials

Toltrazuril (99.8%), toltrazuril sulfone (98%), toltrazuril
sulfoxide (99%), diclazuril (99.8%), dinitrocarbanilide-dy
(99%), and ethopabate (99.8%) were purchased from
Sigma-Aldrich (Steinheim, Germany). Toltrazuril-d; (99%)
was obtained from Witega Laboratorien Berlin-Adleshof
(Berlin, Germany) and was used as an internal standard.
Methanol, acetonitrile, and water of LC-MS grade were
purchased from Riedel-de Haén (Seelze, Germany) and
formic acid (98-100%) was obtained from Merck (Darm-
stadt, Germany).

Stock standard solutions (1 mg mL™) were prepared in
methanol and stored at 4°C, whereas 1 pg mL"' working
standard solutions were prepared weekly by dilution in
methanol/water (1:1). Standards and samples were filtered
before injection into the LC-MS system using nylon syringe
filters (0.22 pm) purchased from Tracer Tecnologias
Analiticas (Madrid, Spain)

Nitrogen (99.8% pure) supplied by a Claind N, FLO
nitrogen generator (Lenno, Italy) was used for the atmo-
spheric pressure ionization (API) source. High-purity argon
(Ar)) and helium from Air Liquide (Madrid, Spain) were
used as a collision-induced-dissociation gas in the triple
quadrupole and as a damper gas for the ion trap, respectively.

Instrumental

An Accela liquid chromatograph (Thermo Fisher Scientific,
San Jose, CA, USA) equipped with a quaternary pump, an
autosampler, and a column oven was used. The chromato-
graphic separation was performed on a Fused-Core™
Ascentis Express C;g column (150 mmx2.1-mm inner
diameter, 2.7-um particle size) from Supelco (Bellefonte,
PA, USA). For the chromatographic separation, gradient
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elution with methanol/water as the mobile phase was used.
The gradient started at 60% methanol, followed by a linear
gradient up to 100% methanol in 0.9 min and an isocratic
step for 1.2 min. Finally, the system was returned to the
initial conditions in 2.1 min. The flow rate was set at
500 pL min!, the column temperature was 40°C, and the
sample volume injected was 10 pL.

The LC system was coupled to a TSQ Quantum Ultra
AM (Thermo Fisher Scientific) mass spectrometer equipped
with heated ESI (HESI) and APCI as ionization sources and
a triple quadrupole as an analyzer. Data acquisition was
performed with MS/MS using H-SRM mode [quadruple 1
(Q1) 0.1 Th full width at half maximum (FWHM) and
quadrupole 3 (Q3) 0.7 Th FWHM). Argon was used as a
collision gas at 1.5 mTorr and the optimum collision energy
for each transition was selected. Two transitions for each
compound were monitored for quantitative and confirma-
tory purposes. Table | shows the selected reaction
monitoring (SRM) transitions and the correspondent colli-
sion energies. In accurate mass mode the selected lock
masses were m/z 404.9720 (diclazuril), m/z 309.1080
(dinitrocarbanilide-dg), m/z 236.0930 (ethopabate), or m/z
91.0037 (formic dimer). A low collision energy (5 eV) was
applied to these compounds to avoid their fragmentation in
quadruple 2 and to monitor the deprotonated molecules.
Xcalibur version 2.0 (Thermo Fisher Scientific) was used to
control the LC-MS system and to process data.

For fragmentation studies, a Classic LCQ instrument
(Thermo Finnigan) equipped with an ion trap mass analyzer
and an APCI source was used. Product ion spectra from
multistage MS (MS") experiments were acquired (m/z 50—
500) in profile mode. For MS/MS experiments an isolation
width of 1.5m/z was required to obtain the maximum
trapping efficiency and three microscans per scan were
acquired. The maximum injection time and activation time
used were 20 and 30 ms, respectively. The trapping radio-
frequency voltage was set at 0.3 and the normalized
collision energy was 20% for MS/MS and 35% for MS”.

Sample treatment

Meat product samples were purchased at different local
supermarkets and fast food restaurants in Barcelona (Spain).
Samples were homogenized using an Ultraturrax T25 basic
(IKA-Werke, Staufen, Germany) and stored at -18°C until

analysis. Subsamples of 0.5 g were weighted into 2-mL
Eppendorf tubes and spiked with the internal standard
(toltrazuril-d/;) at a concentration of 25 ng g’'; afterwards
the samples were extracted with 1.5 mL of acetonitrile with
sonication (Sonorex RK100 ultrasonic bath; Bandelin
Electronic, Berlin, Germany) for 15 min. After that, the
extracts were centrifuged at 4,000 rpm for 5 min using a
Selecta Centronic centrifuge (Selecta, Barcelona, Spain)
and 1 mL of the supernatant liquid was transferred into a
15-mL Falcon tube containing 9 mL of water. For cleanup
purposes, Bond Elute Cg, 500 mg (Varian, Harbor City,
USA), cartridges were conditioned with 3 mL of methanol
followed by 3 mL of acetonitrile/water (10:90) using a
Supelco Visiprep vacuum manifold (Supelco, Gland,
Switzerland). The extract was loaded onto a solid phase
extraction (SPE) cartridge previously conditioned with
3 mL of water and the analytes were finally eluted with
I mL of methanol. The sample was evaporated to dryness
and reconstituted in 300 pL of methanol/water (1:1). This
treatment allows 12 samples to be processed in 1 h. Each
extract was filtered through 0.22-um pore size Ultrafree-
MC centrifugal filters (Millipore, Bedford, USA) before
injection into the LC-MS/MS system.

Results and discussion
Mass spectrometry

In this work two API sources, HESI and APCI, were
evaluated for the analysis of toltrazuril and its metabolites
(toltrazuril sulfone and toltrazuril sulfoxide). As expected,
when working with the HESI probe in negative mode,
the three compounds yielded the deprotonated molecule
([M-HJ') as the only observable ion in the full-scan mass
spectrum (Fig. 2a), whereas the protonated molecule was
the only ion observed when the polarity was switched to
positive ([M+H]'). When positive APCI was used, the
same spectrum as obtained with positive HESI was
observed; however, in negative mode the base peak of the
spectrum was the ion [M-69] ~ (m/z 356.1 for toltrazuril and
m/z 388.1 for toltrazuril sulfone), probably generated by an
in-source fragmentation process that resulted in the loss of
CF;. Additionally, the deprotonated molecule was observed
at a relative abundance lower than 25%. Toltrazuril

Table 1 Sclected reaction mon-
itoring (SRM) transitions and

Quantification

Collision energy (eV)  Confirmation  Collision energy (eV)

optimum collision energy
Toltrazuril

Toltrazuril sulfoxide
Toltrazuril sulfone
Toltrazuril -ds

356.1-256.0 20
371.1-371.1 10
388.1—288.0 19
359.1-256.0 20

356.1—1299 39
371.1-271.0 34
388.1—248.0 29
359.1-1239 39
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Fig. 2 Full-scan spectra obtained with a heated electrospray ionization in negative mode [/HESI (-)] and b atmospheric pressure chemical

ionization in negative mode [APCI (-)]

sulfoxide provided a radical anion (m/z 371.1) generated by
the loss of CHF3e. These in-source fragmentation ions may
have originated from an electron capture dissociation
mechanism probably favored by the presence of fluorine
atoms in the chemical structure. Moreover, for toltrazuril
and toltrazuril sulfone an additional ion (less than 40%
relative abundance) shifted 100 Da with respect to the base
peak was also observed in the full-scan spectrum (Fig. 2b)
and was assigned using MS” in an ion trap (Table 2).
MS/MS experiments were performed with a triple-
quadrupole mass analyzer using the base peak of the full
scan as the precursor ion, the deprotonated molecule when
working with negative HESI, and the protonated molecule
when working with positive HESI and positive APCI. For
negative APCI, the fragment ions generated from the loss
of CF; (for toltrazuril and toltrazuril sulfone) and the loss of
CHF;e+ (for toltrazuril sulfoxide) were used. Difficulties
were observed for the fragmentation of [M+H]" and [M-H]
since no product ions could be obtained at collision
energies lower than approximately 25 eV and the precursor
ion signal was lost at higher collision energies. Hence,
positive/negative HESI and negative APCI cannot be

@ Springer

recommended for MS/MS purposes. In contrast, in negative
APCI mode, the selected precursor ions were fragmented,
easily showing a quite similar fragmentation pattern
(Fig. 3). It is worth noting, though, that for toltrazuril
sulfoxide the signal intensity was lower than that of the
other two compounds. The base peak of the spectrum was
the product ion that originated by the loss of 100 Da owing
to the cleavage of the triazine ring which might be assigned
to —C3H,40,N5. These ions were also observed in the single
MS spectra (Fig. 2b) of toltrazuril and toltrazuril sulfone
originating from collision-induced-dissociation in-source
fragmentation. Additionally, other product ions were also
observed in the MS/MS spectra at relatively lower
abundances (less than 30%). To obtain additional structural
information, characterize these product ions, and establish
the fragmentation pathways of toltrazuril and its metabo-
lites, MS" in an ion trap mass analyzer was performed. The
ion trap MS/MS spectra (Table 2) showed only two product
ions, the base peak generated by the cleavage of the triazine
ring ([M-CF5-C3H40:N>]") previously observed in the
triple-quadrupole MS/MS spectra, and another product ion
at relative low abundance (10-30%) also related to the

80
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Table 2 Mass spectrometry (MSYMS and MS? spectral data from the ion trap analyzer. The ions also observed in the triple quadrupoles are

shown in bold

MS MS/MS MS’
m/z Assignment m/z Assignment m/z Assignment
Toltrazuril 424 (25) [M-HJ
356 (100)  [M-CFs] 313 (30) [M-CF5-CHON]
256 (100) [M-CF3-C3H40;N, ] 228 (20) [M-CF;5-C3H40,N,-COJ
224 (10) [M-CF;3-C3H40,N,-S]
150 (10) [M-CF;3-C3H40,N5-CHyNOT™
124 (100)  [M-CF3-C5H40,N,-CsHgNO]™
93 (15) [M-CF;-C3H;0,N,-CyH;08]™
Toltrazuril sulfone 456 (5) [M-HT
388 (100) [M-CF3] 345 (15) [M-CF;-CHON]
288 (100)  [M-CF5-C5H,O,N,] 240 (10) [M-CF-C3H,0,N,-80]
224 (100) [M-CF;3-C3H40,N,-S0,]
198 (35) [M-CF;3-C3H40,N,-C,HSO, [
148 (10) [M-CF3-C3H405N>-CHaSO5 ]
Toltrazuril sulfoxide 440 (60) [M-H]J
371 (100)  [M-CHF3]= 328 (10) [M-CHF;-CHON]™
271 (100)  [M-CHF3-C3H,0.N,]" 254 (100)  [M-CHF;-C3H,0,N,-OH]"
239 (75 [M-CHF3-C3;H405N>-S]™
228 (20) [M-CHF3-C3H405N>-CON]™
224 (20) [M-CHF;-C3H40,N,-SO]
200 (20) [M-CHF-C3H40,N,-C,0S]

triazine ring that resulted from the neutral loss of CHON.
The MS® product ion scans of [M-CF3-C;H,0,.N,] for
toltrazuril (m/z 256.1) and toltrazuril sulfone (m/z 288.1)
showed significant differences. For toltrazuril the base peak
was an ion at m/z 124 originating from the cleavage of the
ether bond which kept the sulfur moiety of the molecule,
whereas the base peak for toltrazuril sulfone appeared at

m/z 224, arising from the cleavage of sulfur-phenyl bond.
When fragmenting [M-CHF;-C3H40,N,]" of toltrazuril
sulfoxide, the MS® product ion spectrum was dominated
by an ion at m/z 254 originating from the loss of OH.
Another ion with a relative intensity of 75% appeared
32 Da shifted in mass from the precursor ion and it could be
due to the loss of the sulfur atom. Other less intense ions

100 2363 1.81E6 100 TOLX - 2.47E5 1007 ToLS 2883 §i22Eg
-100 ’
® ® .
* o -100 p 100
g : 2 :
= -132 £ haa . )
2 2 | [M-CHE;] g -140
2 50 - < 3 g 3713 - i O
2 ] 2 | B i 64
3 = [M-CF, 3 L 3 I
i g F i ‘
i (43,3564 I | %48.1 o
1238 || H L a
H 3132 25':4:.3 22[ ; 3[%487(13123]-
24,1 227.8 230, i T i ‘ ]
odeee PSSO 1 1 ROV R = i : 3?5'64 .
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
m/z m/z m/z
Fig. 3 Tandem mass spectra of toltrazuril and its two metabolites obtained with the triple-quadrupole mass analyzer
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(less than 35%) were also observed (Table 2) for the three
compounds, coming from fragmentations that involve the
aromatic rings, the phenyl ether bonds, the remaining
triazine ring, or the sulfur bonds.

To confirm the elemental composition, accurate mass
measurements of the most intense product ions were
performed using the TSQ Quantum Ultra AM triple
quadrupole (Q3 at 0.04 Th FWHM and Q1 at 0.7 Th
FWHM). For this purpose internal mass references (two
lock masses for each measured mass) were used to
overcome the mass drift and obtain absolute errors lower
than 5 mDa, thus confirming the elemental compositions of
the ions assigned in the mass-fragmentation studies.

Liquid chromatography—tandem mass spectrometry

For a fast and highly efficient LC separation of toltrazuril
and its metabolites a Fused-Core™ Ascentis Express Cg
column was used. This column is based on 1.7-um solid
core particles surrounded by a 0.5-um porous silica layer
(d, 2.7 pm) that reduces the mass transfer, increasing the
peak efficiency [14, 15], and providing high resolution and
chromatographic peak efficiencies very similar to particle
sizes below 2 um. Good separations were obtained when
working in gradient elution mode with both methanol/water
and acetonitrile/water mobile phases; however, baseline
separation was only achieved using methanol/water. To
reduce the analysis time and to obtain the maximum column
efficiency, the flow rate was raised to 500 uL min™ and the
column temperature was set at 40°C to keep the back-
pressure below the maximum limit (600 bar) of the column.
A rapid gradient elution starting at 60% methanol was
optimized allowing the elution of the three compounds in
less than 2 min. Despite this fast analysis, the first
compound (sulfoxide metabolite) was eluted at twice the
dead volume and baseline separation with chromatographic
resolutions above 1.25 was obtained (Fig. 4). Peak widths
measured at the half of peak height ranged from 3.1 s for
toltrazuril sulfoxide to 2.2 s for toltrazuril, which are very
good values. This LC method was coupled with MS using
the APCI source.

Instrumental quality parameters such as the limit of
detection, precision, and linearity were studied using two
different acquisition modes in MS/MS, unit mass resolution
SRM, and H-SRM. When SRM mode was used, both
quadrupoles (Q1 and Q3) were set at 0.7 Th FWHM,
whereas for H-SRM mode Q1 operated in enhanced-
resolution mode (0.1 Th FWHM) and Q3 in low-
resolution mode (0.7 Th FWMH). Instrumental limits of
detection based on a signal-to-noise ratio of 3:1 and limits
of quantitation based on a signal-to-noise ratio of 10:1 were
estimated by injecting 10 pL of standard solutions at low
concentrations (down to 50 pg mL"). Similar limits on the
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Fig. 4 Total ion chromatogram. Separation obtained with the Cig
Fused-Core™ column for a standard (100 ng mL™") of toltrazuril and
its metabolites

level of subpicograms were obtained for the two acquisition
modes (0.5-4 pg injected); the values obtained for each
compound are given in Table 3. The analysis of standard
solutions ranging from 1 to 250 ug L using toltrazuril-d;
as an internal standard (25 pg L) provided calibration
curves based on the peak area ratio that showed good
linearity (better than 0.999) for both acquisition modes in
the working range. Run-to-run (#=6) and day-to-day (n=6,
3 days) precisions were evaluated at two concentrations (1
and 75 pg L") and the relative standard deviations were
always lower than 13%.

The ion ratio run-to-run precision was also evaluated for
toltrazuril and the two metabolites using the two acquisition
modes, and relative standard deviations below 10% (n=6)
were obtained. Additionally, similar standard deviations
were obtained for day-to-day precision (n=6, 3 days). All
the instrumental quality parameters are summarized in
Table 3 and the results showed the good performance of
both acquisition modes without significant differences
between them. Nevertheless, the use of H-SRM could
represent a major advantage when dealing with complex
matrices since this mode could possibly solve interference
problems because of the improvement of the signal-to-noise
ratio. For this reason H-SRM was used as the acquisition
mode for the LC-MS/MS determination of toltrazuril and its
metabolites in food samples.

Sample cleanup

The literature reports extremely laborious and time-
consuming methods for the analysis of toltrazuril and its
metabolites [1, 11, 12]. These methods are usually based on
extractions of the sample with different organic solvents,
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Table 3 Instrumental quality parameters

H-SRM"®

SRM*

Compound

Day-to-day precision

Run-to-run precision
(n

MLOD

(ng kg

Day-to-day precision LOD

Run-to-run precision

(n

MLOD

LOD

6.3days) (% RSD)

(n

6) (% RSD)

(pg injected)

6, 3days) (% RSD)

(n=

6) (% RSD)

(ng kg’

(pg injected)

Ton
ratio

Concentration
(ngL™h

Ton
ratio

Concentration

(ng L™

Ton
ratio

Concentration
(ugL™h

Ton
ratio

Concentration

(ngLlh

B

B

75

75

N
en

3.4 23 5.1 9.2

5.1

3.7

0.5

0.5

4.1

9.0
7.5
9.8

1.8 1.9 2.5 59

1.5
1.3

0.5
3

Toltrazuril

L |
=N

5.1 9.8

8.6

24
1.9

9.8

10.5

7.6
33

Toltrazuril sulfoxide

12.9 10.5 3.9

3.7

3.8

0.5

0.5

5.7

11.7

3.6

0.5

Toltrazuril sulfone

H-SRM highly selective selected reaction monitoring, LOD limit of detection, MLOD method limit of detection, RSD relative standard deviation

* Quadrupole 0.7 Th, quadrupole 0.7 Th

" Quadrupole 0.1 Th, quadrupole 0.7 Th
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followed by liquid-liquid extractions to change the solvent
and SPE to purify the final extract. For this reason, one of
the aims of this work was to develop a sample treatment
simpler and faster than those already proposed. Blank
samples (chicken breast and minced pork meat) spiked with
the analytes at 100 ug kg™ were used for sample treatment
optimization. The amount of sample was small enough
(0.5 g) to reduce the extraction solvent volume. Acetonitrile
(1.5 mL) was chosen since it has been commonly used for
determination of veterinary drugs in food samples [6—8]
owing to the high solubility of these compounds in this
solvent and its ability to remove proteins from the sample.
Dilution with water was performed to facilitate the retention
of the compounds in the SPE sorbent materials. Two
cartridges were evaluated, Oasis HLB and Bond Elute Cg.
The Oasis HLB cartridge showed slightly lower recovery
for all the analytes (from 72 to 77%) so C,g cartridges were
proposed for the final method since recoveries between 86
and 94% were obtained. To evaluate matrix effects in the
APCI signal, the response of the labeled internal standard
added just before the injection into the LC-MS/MS system
was compared with that of the standard solution. The
matrix effect was only 10-20% depending on the sample
matrix.

Table 4 Meat product analysis using liquid chromatography-MS/MS
with H-SRM acquisition mode (7n=3)

Sample Toltrazuril Toltrazuril Toltrazuril
(ng kg' £ SD)  sulfoxide sulfone
(ngke' £8D) (ugke' +8D)
Chicken breast ND ND ND
Chicken nuggets ND ND ND
Frankfurter 2.2+0.3 ND 2.3+0.2
sausage 1
Frankfurter 1.9+0.3 ND 2.2+0.2
sausage 2
Chorizo ND ND <LOQ
Chistorra ND ND <LOQ
Blood sausage ND ND <LOQ
Iberian sausage ND ND ND
Catalan sausage ND ND ND
Minced pork <LOQ ND <LOQ
meat
Hamburger ND ND ND
(meat mixture)
Bacon ND ND ND
Soft spicy ND ND <LOQ
sausage
Pork liver paté ND ND ND
Boiled ham ND ND ND
Chopped pork ND ND <LOQ
Salami ND ND ND
ND not detected, LOQ limit of quantification
Springer
) Spring,



Capitol 2

2900

A. Martinez-Villalba et al.

Application

To evaluate the advantage of using the H-SRM acquisition
mode in the analysis of toltrazuril and its metabolites in real
food samples, chicken breast and minced pork meat were
analyzed following the method described in “Experimental.”
Once these samples had been proved to be free from the
analytes, they were used as blank samples. They were
spiked at a low concentration (down to 1 pg kg'),
subjected to sample cleanup, and analyzed by LC-MS/
MS. The low-resolution acquisition method (SRM) and the
enhanced-resolution acquisition method (H-SRM) were
evaluated for the establishment of the method limits of
detection; these were slightly improved (0.5 pg kg'l,
Table 3) when working in the enhanced-resolution acqui-
sition mode as a result of the improvement of the signal-to-
noise ratio. Moreover, the accuracy of the method was
evaluated by spiking blank chicken breast samples (n=3) at

SRM
100 TOLXMM 9.84E5
m/z 371> 371
0 Z >
100
7.32E2
0 0 m/z 371> 271
1907 TOLS L6 L66E4
5 m/z 388> 288
w1009 1.6 7.17E3
3
=1
{3‘ . N m/z 388 248
< 1009 TOL 1.8 2.04E3
k= m/z 356> 256
o U A J\.« o -
1007 1
8 1.10E3
0 A Moad m/’i356 2124
1907 TOL-D, E 8.99E5
0 nm/z 359 2> 256
100 1.8 3.87E5
0 m/z 359 124
1.0 2.0 3.0 4.0

Time (min)

50 pg kg'. Low relative errors of 5% were obtained for
toltrazuril and toltrazuril sulfone and slightly higher values
(14%) were found for toltrazuril sulfoxide.

To assess the suitability of the LC-MS/MS method for
the analysis of toltrazuril and its metabolites in food
samples several meat products from Spanish local super-
markets were analyzed. These samples covered a represen-
tative range of typical Spanish raw and processed meat.
Toltrazuril was quantified by isotopic dilution, whereas for
the two metabolites matrix-matched calibration was used
since deuterated standards were not commercially available.
Since no significant matrix effect was found among the
different matrices, matrix-matched calibration done with a
blank chicken breast sample was used. In all cases
toltrazuril-d; was used as an internal standard. Samples
were prepared as described in “Experimental” and analyzed
in triplicate using the fast LC-MS/MS method developed
for the determination of the three compounds. Table 4

H-SRM
100 TOLX 5.24E4
0 m/z 371 371
1005
3.25E1
m/z 3715 271
0
%7 ToLs 1.6 2.63E3
. X m/z 388> 288
5 100~
A 1.6 1.47E3
2
3 m/z 388> 248
_:n: 0
2 100
2 L o 8.36E2
=
K i X . m/z356- 256
100 1.8
Jk 3.33E2
o X m/z 356> 124
100
TOL-D; L& 7.18E4
. m/z 359 256
100
1.8 4.32E4
o m/z 359 124
0.0 10 2.0 30 40
Time (min)

Fig. 5 Frankfurter sausage sample analyzed with the liquid chromatography—tandem mass spectrometry method in the two acquisition modes:
selected reaction monitoring (SRM) and highly selective selected reaction monitoring (H-SRM)
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summarizes the results of the analysis of food samples.
Toltrazuril and toltrazuril sulfone were found in frankfurter
sausage at a concentration of 2 ug kg™, In minced pork
meat both compounds were found at concentrations below
the limits of quantitation. Toltrazuril sulfone was also
detected in another five samples. As an example, Fig. 5
shows the chromatogram of a frankfurter sausage sample
obtained in both acquisition modes: SRM and H-SRM. The
improvement of the signal-to-noise ratio in enhanced mass
resolution mode allowed not only the detection but also the
confirmation of the presence of toltrazuril in this sample.
Toltrazuril sulfoxide was not detected in any of the samples
analyzed (Table 4). These experimental results agree with
the fact that the European legislation considers toltrazuril
and toltrazuril sulfone as marker residues for this veterinary
drug. Moreover, it must be pointed out that the concen-
trations found in the samples are far below the MRLs
established by the EU (100-600 pg kg™).

Conclusions

A comparative study of the ionization of toltrazuril and its
metabolites in two API sources (HESI and APCI) was
carried out for the first time. In negative APCI an in-source
fragmentation by electron-capture dissociation occurred
yielding the ions [M-CF5]" for toltrazuril and toltrazuril
sulfone and [M-CHF;]™ for toltrazuril sulfoxide. In the
other ionization modes only the deprotonated molecule,
with negative HESI, and the protonated molecule, with
positive HESI and APCI positive, were obtained. Only the
in-source fragment ions provided by negative APCI could
be fragmented in MS/MS, so this ionization mode is
proposed for the analysis of these compounds by LC-MS/
MS, providing four identification points and fulfilling the
requirements of Commission Decision 2002/657. The fast
LC method developed allows the baseline resolution of
toltrazuril compounds in less than 2 min. This method
combined with a simple sample treatment enables the high-

throughput analysis of these compounds in food samples.
Moreover, the enhanced-resolution mode (H-SRM) proved
to be a much more selective acquisition mode for complex
sample analysis since it improves significantly the signal-
to-noise ratio and could possibly avoid false positives. The
applicability of the method has been proved by analyzing a
wide range of food meat products at concentrations down to
parts per billion levels.
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We present a fast liquid chromatography-tandem mass spectrometry (LC-MS/MS) method for the analy-
sis of the coccidiostat amprolium in food samples. Tandem mass spectrometry in a triple quadrupole was
used for quantitative purposes, and the information from multiple-stage mass spectrometry in an ion-
trap mass analyzer contributed to fragmentation studies. Hydrophilic interaction liquid chromatography
(HILIC) in a Fused-Core™ column using isocratic elution (acetonitrile:formic acid/ammonium formate
buffer pH 4, 50 mM (60:40)) successfully analyzed this compound in less than 3 min. The HILIC system

ﬁﬁzmd&- was coupled to heated electrospray-MS/MS using highly selective-selected reaction monitoring (H-SRM)
Hydrophilic interaction to improve sensitivity and selectivity for the analysis of amprolium, after a simple sample treatment
LC-MS/MS based on an “extract and shoot” strategy. Accurate mass measurements were performed to identify the

interfering compound responsible for causing matrix ion enhancement in the signal of amprolium. The
addition of L-carnitine (the interfering compound) (1 pgL~") to standards and sample extracts allowed
the use of the external calibration method for quantitative purposes. The LC-MS/MS (H-SRM) method
showed good precision (relative standard deviation, RSD, lower than 13%), accuracy and linearity and

Mass spectrometry
Matrix effect

Matrix ion enhancement
Amprolium

Coccidiostat

allowed the determination of amprolium down to the ppb level (LODs between 0.1 and 0.6 pgkg ).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Veterinary medicines are widely administered to farm animals,
owing to the economic benefits that can accrue to livestock produc-
ers who keep animals healthy in confined feeding conditions. One
disease that is generally controlled is coccidiosis, which is caused
by Eimeria protozoa. Coccidiosis especially affects poultry, and it
can wipe out the entire population of a farm in a matter of days
if no control measures are applied. Most of the drugs are usually
administered orally, in the water or feed, as a preventive measure.
However, continuous administration often leads to the accumu-
lation of drug residues in food products for human consumption
[1,2]. This problem has received much attention in recent years
because of growing concerns about food safety. As a result the
European Commission banned the use of some of these compounds
as feed additives. The directive, which came into force in January
2006, allowed the use of some coccidiostats and histomonostats.
However, amprolium, which was often used in the prevention of
coccidiosis, was not authorized as an anticoccidial drug. Hence,
amprolium residues should no longer be found in poultry tissues,
eggs or feeding stuffs coming from countries of the European Union.
Thus a highly sensitive and selective analytical methodology is

* Corresponding author. Tel.: +34 93 402 1286; fax: +34 93 402 1233.
E-mail address: encarna.moyano@ub.edu (E. Moyano).

0021-9673/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2010.07.041
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needed for the detection of very low concentrations of this com-
pound in the above-mentioned matrices.

Most of the methods available for determining amprolium are
based on ion-pair liquid chromatography, mainly using heptafluo-
robutyric acid [3-6], and only two free ion-pair reagent methods
have been proposed [7-9]. Direct ultraviolet (UV) [3,6] and flu-
orescence [5] detection after derivatization have been used for
amprolium. Nowadays, however, since reliable confirmation is
required for the determination of drug residues in food matrices,
liquid chromatography coupled to low-resolution mass spectrom-
etry (LC-MS), and especially using tandem mass spectrometry
(LC-MS/MS), is the recommended technique [4,6,7,9,10]. Neverthe-
less, the common use of ion-pair reagents in the mobile phase is a
major problem for mass spectrometric detection since ion suppres-
sion and contamination occur. To solve this problem, hydrophilic
interaction liquid chromatography (HILIC) can be used instead of
ion-pair reagents as a good alternative to normal phase and ion-pair
chromatography [11].

We developed a sensitive, selective and fast LC-MS/MS method
for the determination of amprolium residues in food matrices. A
HILIC Fused-Core™ column was used as an alternative to ion-
pair reagents. Moreover, the low backpressure obtained with this
particle technology allowed for short retention times [12,13]. To
improve both selectivity and sensitivity, electrospray was chosen
for the ionization step, and the applicability of enhanced mass res-
olution in a triple quadrupole analyzer was evaluated.
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2. Experimental
2.1. Chemicals and materials

Amprolium hydrochloride  (5-[(2-methylpyridin-1-ium-
1-yl)methyl]-2-propyl-pyrimidin-4-amine chloride) (99%)
was purchased from Sigma-Aldrich (Steinheim, Germany).
Chlormequat-d,4 (2-chloroethyl-d4-trimethylammonium ion, CQ-
d4, 100mgL-") was obtained from Dr. Ehrenstorfer (Augsburg,
Germany) and used as internal standard. Methanol (MeOH),
acetonitrile (ACN) and water LC-MS grade were supplied by
Riedel-de Haén (Seelze, Germany). Ammonium formate (>99.0%)
was obtained from Fluka (Steinheim, Sweden) and formic acid
(98-100%) was purchased from Merck (Darmstadt, Germany).

Stock standard solutions (1 mgmL~!) were prepared in MeOH
and stored at 4 °C while 1 wg mL~! working standard solutions were
prepared weekly by dilution in acetonitrile (ACN). Standards and
samples were filtered before injection into the LC-MS system using
Nylon syringe filters (0.22 p.m) purchased from Tracer Tecnologias
Analiticas (Madrid, Spain)

Nitrogen (99.8% pure) supplied by Claind Nitrogen Generator N2
FLO (Lenno, Italy) was used for the atmospheric pressure ionization
(API) source. High-purity argon (Ar; ) and helium, purchased from
Air Liquide (Madrid, Spain), were used as fragmentation gas in the
Collision Induced Dissociation (CID) cell of the QqQ and as damper
gas in the ion trap.

2.2. Instrumentation

A liquid chromatograph ACCELA (Thermo Fisher Scientific, San
Jose, CA, USA) equipped with a quaternary pump, an autosam-
pler and a column oven was used. The chromatographic separation
was performed on a Fused-Core™ Ascentis Express HILIC column
(100 mm x 2.1 mm i.d., 2.7 pm particle size) from Supelco (Belle-
fonte, PA, USA). Isocratic elution was performed with ACN:50 mM
formic acid-ammonium formate buffer (pH 4) (60:40) as mobile
phase. The flow rate was set at 600 uLmin~!, the column tem-
perature was 25 °C, and the sample volume injected was 10 L. In
order to preserve the column a backflush washing protocol using
ACN:water (40:60) once a week was used.

The liquid chromatography system was coupled to a TSQ Quan-
tum Ultra AM (Thermo Fisher Scientific, San Jose, CA, USA) a
triple quadrupole mass spectrometer instrument equipped with
the heated electrospray ionization source (H-ESI 1) and the hyper-
bolic quadrupoles. Nitrogen (purity >99.98%) was used as sheath
gas and auxiliary gas at flow rates of 60 and 40 a.u. (arbitrary units),
respectively. lon-transfer tube temperature was set at 350 °C; spray
voltage at 1.5kV, and vaporizer temperature, 300°C. Data were
acquired in MS/MS using highly selective-selected reaction moni-
toring (H-SRM) mode operating in enhanced mass resolution (Q1:
0.1 m/z units at full width half maximum, FWHM) and Q3: 0.7 m/z
units FWHM. Argon was used as collision gas at 1.5 mTorr and the
optimum collision energy (CE) for each transition was applied. Two
transitions for each compound (analyte and internal standard ) were
monitored using a dwell time of 50 ms and 1 averaged pscan/scan:
m/z243 — 150 (quantification, CE: 13 eV)and m/z243 — 94 (confir-
mation, CE: 14 eV) foramprolium and m/z 126 — 58 (quantification,
CE:24eV)and m/z126 — 67 (confirmation, CE: 23 eV)for CQ-dg4, the
internal standard. The Xcalibur software version 2.0 (Thermo Fisher
Scientific) was used to control the LC/MS system and to process
data.

For fragmentation studies, a LCQ Classic instrument (Ther-
moFinnigan, San Jose, CA, USA) equipped with a low-resolution
ion-trap mass analyzer and electrospray (ESI) source was used. The
ESIworking conditions were: sheath gas and auxiliary gas (N; ) flow
rates at 86 and 20a.u. (arbitrary units), respectively, heated cap-

illary temperature, 250°C and electrospray needle voltage, 4 kV.
Product ion spectra from multi-stage mass spectrometry (MS")
experiments were acquired (im/z 50-300) in profile mode. For tan-
dem mass spectrometry experiments an isolation width of 1.5m/z
units was required to obtain the maximum trapping efficiency and
3 pscans/scan were acquired. The maximum injection time and
activation time were 200 and 30 ms, respectively. The trapping
radio-frequency voltage (AQ) was set at 0.3 and the normalized
collision energy (NCE) was 23% for MS? and 31% for MS3.

Tuning and multi-stage mass spectrometry experiments were
performed by infusing standard solutions of each compound
(1pgmL-1) using a built-in syringe pump at a flow rate of
10 pL min~! in an LC flow of 200 pL min~! using a Valco zero dead
volume tee piece (Supelco, Alcobendas, Spain).

2.3. Sample treatment

Chicken muscle and egg samples were purchased from local
markets in Barcelona (Spain) and animal feed was obtained from
a local supplier. Samples were ground and homogenized using an
Ultraturrax T25 basic (IKA-Werke, Staufen, Germany) and chicken
muscle and egg samples were stored at —18 °C until analysis. Sub-
samples of 1g, weighed into individual 15mL centrifuge tubes,
were mixed with 10 mL of ACN and extracted using an ultrasonic
bath Sonorex RK100 (Bandelin Electronic GmbH & Co., Berlin, Ger-
many) for 20 min and finally shaken for 20 min on a rotating shaker
(Rotatory Mixer 34526; Breda Scientific, Breda, The Netherlands).
Samples were then centrifuged at 4000 rpm for 15 min on a Selecta
Centronic centrifuge (Selecta, Barcelona, Spain). Only 1 mL of the
supernatant solution was introduced into a 2 mL injection vial and
25 pL of an L-carnitine standard solution (40 wgmL~1) were added
prior to injection into the LC-MS/MS system.

3. Results and discussion
3.1. Liquid chromatography-mass spectrometry

Recently, our research group has proposed a method based on
hydrophilicinteraction chromatography (HILIC) for the determina-
tion of quaternary ammonium compounds [ 14] as an alternative to
ion-pair reversed phase chromatography [15]. These compounds
were efficiently retained using HILIC and a high content of ACN in
the mobile phase. In this study the same strategy was applied to
retain amprolium, a quaternary ammonium salt, using an Ascen-
tis Express HILIC column based on Fused-Core™ technology to
take advantage of excellent peak efficiency and the possibility to
perform fast chromatography. Several parameters affecting the
retention of amprolium such as the ionic strength, the pH and the
percentage of organic solvent in the mobile phase were optimized.
Moreover, since no labelled standard is available, another deuter-
ated quaternary ammonium salt (CQ-d4) was used as internal
standard. The formic acid/ammonium formate buffer concentra-
tion was varied between 5 and 50 mM (pH 3.75) to study the effect
of the ionic strength on the retention; the peak shape improved
when increasing the ionic strength and shorter retention times
were obtained. Nevertheless, since a relatively high buffer concen-
tration is not recommended when coupling the chromatographic
system to a mass spectrometer, values over 50 mM were not tested
and this maximum concentration was chosen for further studies.
To evaluate the effect of the pH on the chromatographic perfor-
mance, different aqueous buffer solutions at pH between 3 and 5
were tested. The best peak shape and the best separation were
observed at pH 4. At pH above this value the internal standard
(CQ-d,4) eluted too close to the elution front where non-retained
matrix components elute. In contrast, at pH below 4, longer reten-
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Fig. 1. Effect of pH on amprolium retention. Ascentis Express HILIC Column
(100 mm x 2,1 mm i.d., 2.7 wm particle size), mobile phase acetonitrile:ammonium
formate buffer (50 mM) (60:40).

tion times and stronger peak broadening were observed due to the
lower ionic strength of the mobile phase at these pH valuesinagree-
ment with the behaviour observed for cationic compounds in HILIC
separations [16]. This effect can be seen in Fig. 1, where the LC-MS
chromatograms obtained using mobile phases at different pH val-

(A) QqQ
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ues are shown. Under isocratic conditions the best separation was
achieved using 60% ACN and 40% formic acid/ammonium formate
(50 mM, pH 4.0) aqueous buffer solution. The internal standard (CQ-
dy)eluted first at a retention volume that was more than double the
dead volume (0.4 min). A range of gradient elution programmes
were tested in order to enhance peak shape; however, no signif-
icant improvement was obtained and the column re-conditioning
time needed resulted in a longer total cycle analysis time compared
with the isocratic mode.

Electrospray (ESI) in positive mode was used to generate ions
in gas phase when coupling HILIC system to the mass spectrome-
ter since amprolium is permanently charged in the hydro-organic
phase and is easily transferred to the gas phase. As to the mass
analyzer, triple quadrupole mass spectrometer was used for quan-
titative analysis to take advantage of its high sensitivity and
selectivity in complex matrices. Moreover, to help in the structural
elucidation and in the correct assignment of product ions, the infor-
mation provided by an ion-trap mass analyzer was also used as a
complementary tool. The full-scan mass spectrum of amprolium
obtained ina triple quadrupole was dominated by the molecular ion
[M]* (m/z 243), and only one other ion at m/z 150 was observed,
with a relative abundance of 40%, probably due to in-source CID
(collision induced dissociation) fragmentation. The MS/MS spec-
trum obtained with this instrument showed two intense product
ions, one at mfz 150 (base peak) and the other at m/z 94 (40%).
Moreover, other ions with lower relative abundances (<20%) were
also presentin this spectrum (m/z 135, 122 and 108) (Fig. 2A). Colli-
sion energy was varied between 0 and 72 eV and the corresponding
curves for the different product ions were obtained (Fig. 2A). As can
be seen from the collision energy curves, ions at m/z 150 and 94
were generated at relatively low collision energies. The other ions
appeared at higher collision energies, indicating that they might
have been originated as a result of multiple collisions in the colli-
sion cell. In order to assign these product ions and to identify the
corresponding precursor ions, multiple-stage mass spectra (MS™)
were obtained in an ion trap. In this analyzer the MS spectrum
of amprolium only showed the molecular ion due to the soft ion-
ization conditions used in this case. Only two product ions, m/z
150 and m/z 94, with similar ion ratios to those obtained in the
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Fig. 2. (A) MS, MS/MS spectra and collision energy curves obtained in a triple quadrupole instrument. (B) MS, MS/MS and MS? spectra obtained in an ion-trap instrument.
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Table 1
Instrumental and method quality parameters.
Quality parameters Instrumental Method
SRM H-SRM Egg Feed Chicken muscle
LOD pginj 02 0.2 pgkg ! 0.1 0.2 02
LOQ pginj 0.6 0.6 pgkg! 0.3 0.6 0.6
Run-to-run (%RSD) n=6
Low concentration 50ngL-! 3.8 8.6 0.5 pgkg! 4.3 12.9 4.0
Medium concentration 250ngL! 0.8 31 5pgkg! 8.9 8.8 8.9
lon ratio (RSD %) 5.8 (7.1) 5.94+(6.7) 5.9(8.1) 5.8 (7.5) 5.8 (8.3)
Day-to-day (%RSD) (3 days, n=6)
Low concentration 50ngL-! 7 12.8
Medium concentration 250ngL-! 13 38
lon ratio (RSD %) 5.9(12.9) 5.9(143)

triple quadrupole, were observed in the MS/MS spectrum of the
precursor ion m/z 243 (Fig. 2B). These ions were generated by the
a-cleavage of the quaternary nitrogen, thus the ion at m/z 150
can be assigned to [CgH12N3]" keeping the aminopyrimidinyl moi-
ety, while the ion at m/z 94 kept the quaternary ammonium in its
structure ([CgHgN]"). The MS? spectrum obtained from the prod-
uct ion at mjz 150 provided the additional ions observed in the
triple quadrupole MS/MS spectrum. All these ions (m/z 135, 122
and 108) were related to the C-C bond cleavage on the alkyl chain
of the aminopyrimidinyl moiety. Additional ions (m/z 133, 95 and
91) observed in the ion trap and not present in the MS/MS spectrum
of the triple quadrupole may have been related to fragmentations
involving the cleavage of the aminopyrimidinyl ring.

3.2. Method performance

For the analysis of amprolium transitions m/z 243 >150 for
quantitation and m/z 243 > 94 for confirmation were used under the
experimental conditions described above. To test the LC-MS/MS
method performance, quality parameters such as limit of detec-
tion (LOD), precision and linearity were studied using two different
acquisition modes: low-resolution selected reaction monitoring
(SRM) and highly selective-selected reaction monitoring (H-SRM).
When working in SRM, both quadrupoles (Q1 and Q3) were set
at 0.7 m/z units FWHM, while for the H-SRM mode the Q1 oper-
ated at 0.1 m/z units FWHM and Q3 at low resolution (0.7 m/z units
FWMH). Instrumental limit of detection (LOD) based on a signal-
to-noise (S/N) ratio of 3:1 and limit of quantitation (LOQ) based
on S/N of 10:1 were estimated by injecting 10 pL of standard solu-
tions of low concentrations. Similar values in the sub-pg range were
obtained for the two acquisition modes (0.2 pg for SRM and 0.6 pg
for H-SRM). Standard solutions ranging from 75ngL~! to 5 pgL~!
provided calibration curves based on the peak area ratio between
amprolium and internal standard. These curves showed good lin-
earity (>0.999) for both acquisition modes in the working range.
The run-to-run (n=6) and day-to-day (n=6, 3 days) precisions were
evaluated at two concentration levels (75 and 500 ng L~") and % the
RSD values were always lower than 13%.

The ion ratio and its corresponding run-to-run precision were
evaluated for amprolium using the two acquisition modes. lon
ratios of 5.8 for SRM and of 5.9 for H-SRM with a relative standard
deviation below 7.1% (n=6) were observed. This is consistent with
recommended values that should be lower than 20% [17]. Addi-
tionally, similar ion ratios and higher standard deviations below
14.3% were obtained for day-to-day precision (n=6, 3 days). The
instrumental quality parameters are summarized in Table 1 and
these results showed the satisfactory performance of both acquisi-
tion modes without significant differences between them. Since the
H-SRM mode could filter background noise more efficiently than
SRM it may eventually solve interference problems. So, H-SRM was
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selected as acquisition mode for the LC-MS/MS determination of
amprolium in food samples.

3.3. Application

To assess the applicability of the newly developed LC-MS/MS
method, amprolium was analyzed in various samples such as eggs,
chicken muscle and animal feed. In order to reduce analysis time a
simple and a fast sample treatment based on an “extract and shoot”
strategy was used. ACN was the extraction solvent chosen since
it has been recommended for the analysis of food samples [18].
Despite this sample treatment, dirty extracts were obtained that
could seriously affect the efficiency of the electrospray ionization,
so matrix effects had to be evaluated. For this purpose eggs, chicken
muscle and feeding stuff samples purchased from ecological farms
were submitted to the sample treatment described in Section 2
and to LC-MS/MS analysis in order to check the absence of ampro-
lium and the possibility of using these samples as blank samples
for further studies. No signal higher than the background noise
was observed in the elution zone for either quantitation or con-
firmation transitions, indicating that the samples did not contain
amprolium. The corresponding extracts were used for the evalua-
tion of matrix effects by spiking them at the same concentration
as standards (0.05-5ngmL~1) and comparing their responses. In
all the matrices studied there was an increase in the amprolium
signal when the extracts were spiked. For example, Fig. 3 shows
the chromatograms obtained for a blank egg extract spiked with
amprolium and for a standard prepared in mobile phase. The height
of the amprolium peak in the egg-spiked sample is more than twice
the standard height. In order to identify the interfering compound
responsible for this matrix enhancement, the blank spiked sam-
ples were re-injected and acquired in full-scan mode (m/z 30-500).
Amprolium eluted in the tail of a large chromatographic peak. The
spectrum of this peak showed a base peak at m/z 162. When this
ion was submitted to MS/MS, the corresponding product ion spec-
trum showed intense ions at m/z 103, 102, 85 and 60. Since on an
HILIC column the non-polar compounds elute in the chromatogram
front and the polar ones are retained, the interfering compound
that coelutes with amprolium is probably a cationic compound. The
masses of the parent ion and the most intense product ions were
measured. The H-SIM acquisition mode in Q3 (0.04 m/z units FWMH
and +5 mDa mass accuracy) provided an accurate mass value of m/z
162.117. Only three elemental compositions were possible for this
m/z value within an error lower than 5mbDa, CyoH14N> (2 mDa),
C7HgNO3 (4mDa), C;H2Ng (-4 mDa). Additionally, the accurate
mass for the more abundant product ions (m/z 103 and m/z 85) was
measured, obtaining the values of 103.037 and 85.033 Da, respec-
tively. A chemical structures database (Chemspider) [19] was used
to identify possible chemical structures for each proposed elemen-
tal composition. Since we were working in ESI in positive mode
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the elemental compositions obtained must belong to cations or
protonated molecules. In this last case the elemental composition
to be introduced in the database should contain one less proton.
For CaH 2 Ng no structure was found, while for CyoH4N; 666 dif-
ferent structures were obtained but none of them was a cation.
For a protonated molecule (CygH13N3), 106 structures were found,
all of which correspond to cationic compounds. So this elemental
composition was discarded. Finally, for the elemental composition
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C7H15NO3 only chemical structures containing quaternary amines
were found. Moreover, this molecular formula was the only one
that could yield elemental compositions that matched the prod-
uct ions within an error lower than 5 mDa, C4H703 (2 mDa) for m/z
103 and C4H50; (4 mDa) for m/z 85. The first candidate on the list
provided by the database corresponded to L-carnitine. According to
the literature, the tandem mass spectrum of this compound shows
the productions m/z 103, 102, 85 and 60 [20-22], which match the
fragmentation pattern of the interfering compound. To confirm the
identity of this interfering compound, the MS and MS/MS spectra as
well as accurate mass measurements were obtained using a stan-
dard solution of L-carnitine. The results were compared with those
observed for the interfering substance in the extracts. The product
ion scan obtained from the interfering peak in the blank sample
matched that from the L-carnitine standard solution (Fig. 4.), as
occurred with the corresponding retention times on the HILIC col-
umn.

These results indicated that r-carnitine was the interfering
compound in these food samples. In order to demonstrate the
enhancing effect of L-carnitine on the amprolium signal, a series
of standards were prepared containing a constant concentration of
amprolium and increasing amounts of L-carnitine. The amprolium
signal increased when the L-carnitine concentration increased,
showing a linear relationship between L-carnitine concentration
and the amprolium response up to 700 ngmL-! of L-carnitine, but
at concentrations over this value the amprolium response was
independent of L-carnitine concentration. Matrix effect seems to
be originated from the competition between the analyte and co-
eluting interfering species in terms of equilibrium, both inside and
on the surface of the charged droplets [23,24]. The lower ampro-
lium responses in standards (Fig. 3) can be due to the formation of
ion-pairs with the mobile phase components remaining as neutral
inside of the droplets. When high amounts of L-carnitine (above
700 pg L~1) are present this compound can compete with ampro-
lium in the ion-pair equilibrium favouring its enrichement on the
droplet surface.
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Fig. 4. Identification of matrix interference at amprolium retention time. (A) Total ion chromatogram (TIC) of an egg sample and spectrum obtained at amprolium retention
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We evaluated the effect of adding L-carnitine to amprolium
standard solutions. We prepared calibration standards at con-
centrations between 50 and 2000pgmL-! with 1ugmL-! of
L-carnitine and 200ngmL-! of internal standard (CQ-d4). The
calibration curve calculated based on the relative response of
amprolium to internal standard was compared with that obtained
by matrix-matched calibration using the different matrices studied
(eggs, chicken meat and animal feed). The matrix-matched curves
were similar for the three matrices but showed a higher slope than
the external calibration curve. However, if the absolute amprolium
response was considered instead of the ratio to the internal stan-
dard, the slopes matched. This indicated that the internal standard,
CQ-d4, could also suffer a significant matrix effect. In this case,
strong signal suppression (46-68%) was observed. So, calibration
with amprolium standard solutions without the internal standard
but with a constant concentration of L-carnitine (1 ugL-!) can be
proposed for quantitation which is an advantage in front of other
methods published in the literature [4,6-9].

Finally, several quality parameters of the method were evalu-
ated. The method detection limit (MDL) was estimated from blank
samples spiked with amprolium at low concentrations and sub-
mitted to the sample treatment before their analysis by LC-MS/MS
(H-SRM). The MDL was calculated based on a signal-to-noise (S/N)
ratio of 3, and ranged from 0.1 to 0.2 pg kg~ for the various matri-
ces (Table 1). MDLs (0.1 pg injected) were slightly better than the
instrumental LOD due to the matrix effect that produced the signal
enhancement in the amprolium ESI response. These values were
best or similar than those reported in the literature and were low
enough to fulfil the legislation requirements in those countries that
have set MRLs values which are usually between 0.2 and 5mgkg .
Run-to-run precision was evaluated using six replicates for each
matrix (egg, chicken muscle and feed) spiked at two concentra-
tion levels (1 and 10 pgkg~') and adding the L-carnitine to both
samples and standards. The relative standard deviations based on
concentration ranged from 4% to 13% for the low concentration
level and were 9% for the medium level (Table 1). Recoveries were
estimated for each matrix taking into account the sample treat-
ment procedure. For this estimation peak areas of blank samples
spiked at different concentration levels before and after sample
treatment were compared. Recovery values ranged from 80% to 90%
for the different matrices, and the lowest recovery was obtained for
chicken and the highest for eggs. Taking these recovery values into
account, the bias of the method for both concentration levels was
93% to 99% showing that the quantification using the external cal-
ibration with L-carnitine method could be proposed. This would
solve the problem of the signal enhancement observed in the sam-
ples. Ion ratios obtained for samples agreed with those obtained for
the standards providing a RSD value lower than 9%. Samples bought
from local markets in Barcelona were analyzed with this method
and amprolium was always below the detection limit, indicating
that producers follow the European directive banning the use of
this drug as feed additive.

4. Conclusions

A sensitive, selective and fast LC-ESI-MS/MS method and a sim-
ple sample treatment are proposed for the analysis of amprolium
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in food samples. Hydrophilic interaction liquid chromatography
allowed the retention of this cationic coccidiostat and in combina-
tion with Fused-Core™ technology columns the method provided
an efficient chromatographic analysis in less than 3 min using iso-
cratic elution and achieving extremely low MDLs in the studied
matrices. Multiple-stage (ion trap) mass spectrometry informa-
tion has been combined with that obtained in a triple quadrupole
for the correct assignment of fragment ions used in quantita-
tion and confirmation purposes. Moreover, an extensive study of
the matrix effects suffered by amprolium in the studied sam-
ples was carried out and accurate mass measurements helped in
the identification of L-carnitine as the interfering compound that
enhanced the amprolium signal. As the most cutting-edge aspect,
the LC-MS/MS (H-SRM) method proposed takes advantage of this
signal enhancement to improve the limit of detection (down to
0.2 pgkg1). External calibration, by adding a constant amount of
L-carnitine (1 ug mL~1) to both samples and standards, is proposed
for a fast, routine and reliable quantitation of amprolium in food
samples.
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Field amplified sample injection-capillary
zone electrophoresis for the analysis of
amprolium in eggs

Veterinary medicines are widely administered to farm animals since they keep ani-
mals healthy at overcrowded conditions. Nevertheless the continuous administration of
medicines to farm animals can frequently lead to the presence of residues of veterinary
drugs in consumption products. Amprolium is a quaternary ammonium compound used
in the treatment of coccidiosis. In this paper, a method based on CZE to analyze residues
of amprolium in eggs was developed and validated for the first time. Parameters such as
electrolyte type, concentration, and pH were optimized. In order to improve sensitivity,
field-amplified sample injection (FASI) was used for in-line preconcentration after a quick
and simple sample treatment based on SPE (Envi-Carb). During method-validation studies
using egg samples, a matrix interference was found at the migration time of amprolium.
This compound was identified as thiamine and confirmed by MS" experiments using CE
coupled to MS (CE-MS) with an ion-trap mass analyzer. CZE conditions were reoptimized
to separate thiamine from amprolium allowing the quantification of amprolium in eggs

at concentrations down to 75 pg/kg, which are far below the MRL-legislated values.

Keywords:

Amprolium / Coccidiostats / CZE / FASI / Food analysis

1 Introduction

On modern farms, animals are raised under confined-feeding
conditions at high temperature and humidity that can easily
lead to the proliferation of microorganisms causing many
diseases. Veterinary medicine is in charge of the prevention
and treatment of these illnesses via the administration of a
varied number of veterinary drugs. One of these diseases
that must be controlled is coccidiosis, an infectious disease
caused by protozoa of the genus Eimeria, which affects the
intestinal tract provoking weight loss and even death of the
infected animal. It affects all farm animals in general but
especially poultry, so routine prophylactic treatments are
performed by adding to water or feeds veterinary medicines
in order to prevent the apparition of the illness. Amprolium
is a quaternary-ammonium compound used since the
1950s for the treatment of coccidiosis. Although it has been
employed successfully against the disease, its use has some
drawbacks. On one hand, it can produce thiamine deficiency
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as it is a thiamine analog and an abusive intake of the
drug can lead to a poor absorption of this vitamin [1]. On
the other hand, after long periods of administration it can
become ineffective because of the appearance of resistant
strains. Moreover, residues of the drug can remain in eggs
and tissues; hence, the drug can arrive to consumers if
withdrawal periods are not fully accomplished. Due to the
growing concern about the amount of veterinary drugs
reaching the food, European governments have restricted
the use of veterinary medicines establishing maximum
residue limits (MRLs) in different tissues, however for
amprolium no MRLs have been set [2, 3]. Meanwhile, in
non European countries where this drug is still authorized,
MRLs have been established at values ranging from 0.03
to 1 mg/kg in tissues and from 0.1 to 8 mg/kg in eggs
(http://www.mrldatabase.com/default.cfm?selectvetdrug=1
[18/07/12]), while the concentration added to feeds usually
ranges from 80 to 130 mg/kg.

Very few analytical methodologies are available in the lit-
erature for the analysis of this compound in matrices such
as feed, tissues and plasma are mainly based on ion-pair LC
[4-6]. Earlier studies used direct ultraviolet (UV) detection
[5, 6] or fluorescence detection after post column derivatiza-
tion [4]. However, nowadays there is a trend toward the use
of MS [7, 8], since it is a more reliable detection method and
can provide lower detection limits. Nevertheless the purchase
of a mass spectrometer is not always an affordable expense
for some laboratories, so alternative sensitive methods must
be available. Additionally, moving toward green chemistry,
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it is always important to reduce the use of solvents such as
methanol or ACN that are commonly used as mobile phases
in LC. In this context, it is well known that CE can represent
an alternative to the current methods since it is an affordable
technique that requires a minimum amount of solvents be-
sides the high separation efficiency that it provides among
other advantages. Despite its high efficiency, CE presents
relatively low sensitivity because of the small volume of in-
jected sample (2-10 nL) and the short optical-path length (25—
100 pm). This problem can be overcome by in-column pre-
concentration techniques such as field-amplified sample in-
jection (FASI), stacking, and sweeping [9-11]. These tech-
niques combined with off-line preconcentration procedures
provide LODs capable of fulfilling current legislation.

To the best of our knowledge, for the analysis of ampro-
lium only an electrophoretic method based on isotacophore-
sis has been reported in the literature [12]. The purpose of the
work presented here was to develop and validate an easy and
cheap CZE method for the determination of amprolium. The
present paper reports the optimization of the experimental
conditions. The influence of different parameters such as the
concentration and pH of the aqueous buffer on the analysis
was studied and the applicability of FASI was evaluated. Ad-
ditionally, the challenge that represents dealing with difficult
matrices is hereafter commented since an interfering com-
pound was identified as thiamine and separated. Finally, the
FASI-CZE method was validated for the analysis of ampro-
lium in egg samples.

2 Materials and methods
2.1 Chemicals and consumables

All the reagents used in this work were of analytical grade.
Amprolium hydrochloride was provided by Riedel-de-Haén
(Seelze, Germany). Methanol and ACN were supplied by
Sigma-Aldrich (Steinheim, Germany). Formic acid (98-
100%), acetic acid (100%), ammonium acetate, hydrochloric
acid (25%), and sodium hydroxide were obtained from Merck
(Darmstadt, Germany), and ammonium formate from Fluka
(Buchs SG, Switzerland). A stock solution of amprolium
(1 mg/mL) was prepared in Milli-Q water and was stored
at 4°C for a maximum of 4 weeks.

SPE cartridges ENVI-Carb (500 mg, 3 mL) were pro-
vided by Supelco (Bellefonte, PA, USA). Nylon-syringe filters
0.45 wm were obtained from Tecknokroma (Barcelona,
Spain). Water was purified using an Elix 3 coupled to a Milli-Q
system (Millipore, Bedford, MA, USA).

2.2 Instrumentation

CZE experiments were performed on a Beckman P/ACE

MDQ CE instrument (Fullerton, CA, USA) equipped with
a diode array detection system. Uncoated fused-silica capil-
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laries (Beckman) with a total length of 57 cm (effective length
50 cm) x 50 pm id and a 150 mM acetic acid-ammonium
acetate buffer (pH 4.5): methanol (60:40 v/v) solution as BGE
was used. Capillary temperature was held at 25°C. The buffer
was filtered through a 0.45 pm membrane filter, and de-
gassed by sonication before use. Samples were loaded by us-
ing electrokinetic injection (+10 kV, 35 s), and FASI as in-line
preconcentration was used. FASI was performed as follows:
the capillary was filled with the BGE and a water plug (40 s,
3.5 kPa) was hydrodinamically introduced, then the samples
were electrokinetically injected (410 kV during 50 s) into the
capillary. The electrophoretic separation was performed by
applying +30 kV through the capillary. Direct UV detection
was carried out at 234 nm. The CE instrument was controlled
using a Beckman P/ACE station software version 1.2.

New capillaries were pretreated using 0.1 M hydrochloric
acid for 30 min, water for 30 min, 1 M sodium hydroxide for
30 min, and finally were washed with water for 30 min. At
the beginning of each session, the capillary was rinsed with
sodium hydroxide, water, and with the carrier electrolyte for
30 min each. The capillary was rinsed with carrier electrolyte
for 5 min between runs and stored after rinsing with water at
the end of each session.

For MS experiments, the CE instrument was coupled to
an LCQ Classic mass spectrometer (Finnigan, San Jose, CA,
USA) equipped with a tricoaxial pneumatically assisted ESI
source and with an ion-trap mass analyzer. A standard solu-
tion of 10 wg/mL of amprolium was used to optimize CE-MS
coupling parameters. This solution was infused into the ESI
source applying simultaneously an electrophoretic voltage of
420 kV and an over-imposed pressure of 5 kPa on the CE
inlet vial and 44 kV as electrospray needle voltage. A solution
of methanol:BGE (80:20 v/v) at a flow rate of 10 wL/min was
used as sheath liquid. The ESI was pneumatically assisted
using nitrogen as sheath gas at a flow rate of 8 arbitrary units
(a.u.) The heated capillary temperature was held at 25°C. The
CE capillary protrudes 0.1 mm from the electrospray needle,
and the distance to the heated capillary was 1.5 cm.

CE-MS data acquisition was carried out in positive full-
scan mode from m/z 50 to 300 in centroid mode using a
maximum injection time of 50 ms and performing 1 pscan.
For the product ion-scan experiments, an isolation width of
m/z 1.5 was applied and the trapping ratio frequency voltage
(AQ) was set at 0.300 while the activation time (AT) was
30 ms. MS data were processed with an Xcalibur 2.1 software
version.

2.3 Sample preparation and clean-up procedure

Whole egg samples were homogenized using an Ultratur-
rax T25 basic (IKA-Werke, Staufen, Germany) and stored at
—18°C until analysis. Subsamples of 0.5 g were weighted into
2 mL eppendorfs and 1.5 mL of ACN was added. The sam-
ples were first vortex mixed for 1 min and then they were
set in a Sonorex RK100 ultrasonic bath (Bandelin Electronic,
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Berlin, Germany) for 20 min; finally they were vortex mixed
again for 1 min. After that, they were centrifuged at 4000
rpm for 5 min using a Selecta Centronic centrifuge (Selecta,
Barcelona, Spain). A 1 mL portion of the supernatant lig-
uid was transferred into a 15 mL Falcon tube and 9 mL of
water was added. For cleanup, ENVI-Carb cartridges were
conditioned with 3 mL of methanol followed by 3 mL of wa-
ter:/ACN (90:10) using a Supelco Visiprep vacuum manifold
(Supelco, Gland, Switzerland). Then the extract was passed
through the sorbent material, washed with 3 mL of water,
and finally eluted with 1 mL of methanol. The methanol so-
lution was evaporated to dryness and finally reconstituted in
500 pL of water. Each extract was filtered through 0.22 pm
pore size Ultrafree-MC Centrifugal Filters (Millipore, Bed-
ford, USA) before injection into the CE system using the FASI
procedure.

3 Results and discussion
3.1 Electrophoretic conditions

To determine the optimum conditions for the analysis of
amprolium by CZE, two acidic buffers were tested as BGE.
Formic acid-ammonium formate (3.0 < pH < 4.5) and acetic
acid-ammonium acetate (4 < pH < 5.5) were selected and the
effect of their concentration from 25 to 200 mM as well as
the pH were studied. For these tests, hydrodynamic injection
(15 s, 3.5 kPa) of a 20 pg/mL standard solution prepared in
water was used and a capillary voltage of 420 kV was ap-
plied to perform the electrophoretic run. This systematic op-
timization provided very similar results for both electrolytes
showing the worst sensitivity at low pHs and concentrations
and the best results at higher values of both studied parame-
ters. As an example of the effect of the buffer concentration
on the amprolium response Fig. 1A shows the electrophero-
grams obtained when using the acetic acid-ammonium ac-
etate buffer at pH 5.0 at increasing concentrations. As can
be seen, the amprolium signal improved considerably with
the buffer concentration despite an increase in the analysis
time. The increase in the analysis time is easily explained by
the rise in the ionic strength that lowers the effective electric
field and hence the ion velocity, while the improvement of
the amprolium signal is due to a higher stacking effect at this
buffer concentration since the injected sample is prepared in
pure water giving as a result a narrowing of the peak. Since
signal improvement at concentrations higher than 150 mM
was not noteworthy, this value was chosen as the optimum
in order to avoid high capillary currents. The effect of pH
was then studied from 3.0 to 5.5 with formic/formate and/or
acetic/acetate buffers ata concentration of 150 mM. The elec-
tropherograms obtained at each tested pH condition for the
acetic acid-ammonium acetate buffer are shown in Fig. 1B
where it can be observed an important increase in the am-
prolium signal and also a slight increase in migration time
when pH raised up to 5.0. Since a pH value over 5 did not
significantly improve the response of amprolium and yielded
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Figure 1. (A) Buffer concentration optimization (ammonium ac-
etate/acetic acid pH = 5.0). (B) Buffer pH optimization (150 mM
ammonium acetate/acetic acid).

to high capillary current values, pH 5.0 was chosen as the
optimum. In general, slightly better peak shapes, signal in-
tensity and lower current values were obtained when using
acetic acid-ammonium acetate, so, this buffer, (150 mM, pH
5.0) was selected as optimum BGE for the CZE determina-
tion of amprolium. Finally, injection time for electrokinetic
injection was evaluated and as expected, an increase in the in-
jection time yielded to higher responses up to a certain value
from which peak broadening was observed. The optimum
value was then established at 35 s for electrokinetic injection
mode.

To increase sensitivity, the use of an in-line preconcen-
tration method, FASI, was investigated. This technique takes
advantage of the difference in mobility and conductivity be-
tween the sample matrix and the BGE to preconcentrate the
analyte. The effect of two high-resistivity solvents, water, and
methanol was studied. To perform these tests, a 100 ng/mL
amprolium standard solution prepared in water was used.
Although a significant increase in the response of ampro-
lium was observed for both solvents, methanol caused the
electrophoretic voltage to frequently fail, probably due to the
formation of bubbles in the capillary. For this reason, a plug
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Table 1. Instrumental quality parameters

CZE Electrokinetic FASI-CZE
injection
LOD (/L) 1 0.25
Sensitive enhancement - 4
LOQ (ng/L) 3 0.75
Run-to-run precision
(%RSD, n=6)
Migration time 0.4 0.5
Concentration
Low level (LOQ) 12 "
Medium level 7 70
Day-to-day precision
(% RSD, n=13 x 6)
Migration time 1.6 3.0
Concentration
Low level (LOQ) 18 13
Medium level 149 100
Working range (jug/L) 3.2-480 0.9-470
Correlation coefficient (r) >0.999 >0.999
a) 55 pg/L.
b) 27 pg/L.

of water was used. Injection times for both the plug of water
(hydrodynamic mode) and the sample (electrokinetic mode)
were simultaneously optimized. Hydrodynamic injection
(3.5 kPa) of a water plug from 5 to 40 s, and electrokinetic
sample injection (10 kV) from 5 to 60 s were tested. The
best results were obtained with a water plug hydrodynamic
injection time of 40 s and a sample electrokinetic injection
time of 50 s. Under these conditions, an instrumental sensi-
tive enhancement of 1600-fold with respect to hydrodynamic
injection was achieved. Obviously, when increasing injection
time an enhancement of the response was observed; however,
peak broadening occurred at sample injection times higher
than the selected value.

3.2 Instrumental quality parameters

Instrumental quality parameters using electrokinetic injec-
tion and FASI under optimal conditions were calculated and
the figures of merit are given in Table 1. The LOD and the
LOQ, based on an S/N of 3:1 and 10:1, respectively, were cal-
culated using standard solutions at low concentration levels.
The use of CZE with electrokinetic injection provided a LOD
of 1 ng/L. When FASI-CZE was applied, a four-fold enhance-
ment was achieved obtaining a LOD of 0.25 pg L~ '. The low
LODs achieved with both electrokinetic injection and FASI
would allow the analysis of amprolium at the levels required
by the current legislation.

Run-to-run and day-to-day precisions for amprolium
quantification were calculated at two concentration levels, a
low level (LOQ) and medium level (55 pg L' for electroki-
netic injection, and 27 pg L~ for FASI). In order to obtain
the run-to-run precision, six replicate determinations for each
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concentration level were carried out using the two injection
modes under optimal conditions. On the other hand, day-to-
day precision was calculated by performing 18 replicate de-
terminations of each concentration level on 3 nonconsecutive
days (six replicates each day). The RSDs obtained for run-to-
run and day-to-day precisions with CZE using injection were
7.6 and 14.9%, respectively, at the medium concentration
level. The values increased to 12.8 and 18.8% when the low
concentration level was evaluated, as expected, being RSDs
values quite acceptable for CZE methodologies. For both,
electrokinetic and FASI injection modes, the RSDs obtained
for run-to-run and day-to-day precisions were quite similar.
This is explained by the great dependence of the electrokinetic
injection mode on the EOF and the electrophoretic mobility
of the solute [13]. In terms of migration times good run-to-run
and day-to-day precisions were obtained in all cases (Table 1)
with RSDs values from 0.4 to 3%.

Calibration curves based on amprolium peak area at the
working ranges indicated in Table 1 were obtained showing
good linearity, with correlation coefficients (r?) higher than
0.999.

3.3 Sample treatment and clean-up procedure

In a previous study carried out in our research group, ampro-
lium was extracted from egg samples using 10 mL of ACN
and the extracts were directly analyzed by LC-MS/MS [7]. The
same procedure was tested for the FASI-CZE method, how-
ever the direct injection of the ACN-based extract did not pro-
vide good results since current leakage occurred when elec-
trokinetic injection was being performed. Another approach,
evaporation of the extract to dryness and subsequent recon-
stitution in water was neither effective, probably due to the
presence of other cationic species such as sodium or calcium
in the final extract that prevented the appropriate preconcen-
tration of the analyte under FAST conditions. These facts high-
lighted the need of a proper clean-up procedure in order to
obtain extracts clean enough to be submitted to the FASI-CZE
method. For this purpose SPE was used, however, most of the
sorbent materials require the loading of a water-based solvent
to retain the analytes, which means that the solvent extract
must be changed before the loading step. This was performed
by the addition of water (9 mL) up to a 90% in the final extract.
Two different cartridges were tested; a graphitized carbon
material, ENVI-Carb (Supelco) that presents quite important
retention for aromatic compounds due to -7 interactions,
and a polymeric column, Oasis MCX (Waters) (mixed mode
cation exchange). In the first stage of the optimization, stan-
dard solutions prepared in ACN:H,0 (10:90) were used. For
the elution of amprolium from the ENVI-Carb cartridge just 1
mL of methanol was necessary to obtain a recovery over 90%.
However, Oasis MCX could not be used for the analysis of
amprolium since ammonium hydroxide must be used to re-
lease this compound from the cationic exchanger, remaining
in the final extract and preventing the entrance of amprolium
into the capillary by electrokinetic injection. So, the Envi-Carb
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Figure 2. Electropherogram of thiamine and its MS and MS/MS spectra.

cartridges were selected for the off-line preconcentration of
egg samples.

3.4 Validation

Blank egg samples previously analyzed by LC-MS/MS in our
laboratory [7] were used in order to evaluate the applicability of
the FASI-CZE method for the determination of amprolium.
Sample treatment was performed following the procedure
described in Section 2.4. However, in the electropherograms
corresponding to the nonspiked blank samples a peak with
a very similar UV spectrum appeared at the migration time
of amprolium that indicated the presence of a matrix inter-
ference with characteristics similar to amprolium that must
be separated from our analyte in order to avoid false posi-
tives and errors in the quantification. In the literature, it is
described that amprolium is actually a thiamine (Vitamin B1)
analogue that blocks the transport of this vitamin preventing
the carbohydrate synthesis in the coccidia. Concentration val-
ues of thiamine in eggs around 0.1 mg/100 g product have
been reported (http://nutritiondata.self.com/facts/dairy-and-
egg-products/111/2, 18/07/12), so, in a first attempt to iden-
tify the observed interference, thiamine was considered as
a candidate. A standard solution of this product as well as
a mixture of thiamine and amprolium were prepared and
injected in the electrophoretic system. In both cases only
one peak was observed at the migration time of amprolium
and identical UV spectra were obtained that were consistent
with the formulated hypothesis. However, in order to con-
clude unequivocally that the interference of the egg matrix
was thiamine some more evidence of identity was necessary.
For this purpose, the electrophoresis was coupled to a mass
spectrometer provided with an IT mass analyzer. ESI-MS in-
strumental parameters such as sheath liquid and sheath gas
flow rates, sheath liquid composition, and electrospray volt-
age were optimized in order to obtain the highest response
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for thiamine and are indicated in the experimental section. To
check the optimum operation of the CE-MS system, a stan-
dard solution of thiamine was injected and data were acquired
in both, full scan and product ion scan modes. The full scan
spectrum showed as base peak the ion at m/z 265 that cor-
responds to the thiamine cation and in the product ion scan
spectrum, two fragment ions at m/z 144 and 122 (Figure 2)
corresponding to each of the moieties resulting from the
cleavage of the N-C bond were present [14, 15]. Under these
conditions, a blank egg sample extract was also injected and
both full scan and product ion-scan spectra were acquired.
Although the signal intensity of the interference was quite
low, its full-scan spectrum showed as base peak an ion at m/z
265 while the product ion scan spectrum of this ion provided
the same two fragments observed before for the thiamine
standard (m/z 144 and 122). Considering the cationic nature
of the compounds analyzed by CZE, the data provided by
the mass spectrometric analysis and the information available
in the literature this interference was identified as thiamine
(Vitamin B1).

Once the interference was identified, CZE conditions
were reoptimized to achieve the separation of both ampro-
lium and thiamine. For this purpose, the addition of an or-
ganic solvent into the BGE was evaluated to achieve the com-
plete separation of amprolium and thiamine. Methanol was
added to the BGE from 10% to 40%. The addition of methanol
had direct consequences on the separation, on one hand it al-
lowed the baseline separation of amprolium from thiamine,
but on the other, a substantial increase in the analysis time
was observed. In order to reduce analysis time the separation
was then performed at a higher voltage (+30 kV) without los-
ing the separation previously achieved while the sensitivity
was improved because of the narrowing of the amprolium
peak (Fig. 3A).

In order to evaluate the method-quality parameters,
blank egg samples were spiked at different known concen-
trations of amprolium, they were homogenized, and left to
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Figure 3. (A) Separation of Amprolium and Thiamine with
150 mM acetic acid-ammonium acetate pH 5.0: 40% MeQOH buffer
at 30 kV separation voltage. (B) Blank egg sample spiked at
100 pg/kg overlayed to a blank egg sample.

stand for an hour before they were submitted to the sam-
ple treatment. Following this procedure, a method limit of
quantitation (MLOQ), based on an S/N ratio of 10, of
75 pg/kg was obtained. This MLOQ would make this method
suitable for the determination of amprolium in egg samples
in all the countries with established MRLs considering that
these values are well over the obtained MLOQ. Figure 3B
shows an electropherogram of a blank egg sample spiked
at 100 pg/kg. To assess the recovery of the method as well,
blank extracts were spiked at the same concentrations as be-
fore and an overall recovery value of 85% was obtained. Since
amprolium was not detected in any of the commercial egg
samples analyzed, in order to check the precision and accu-
racy of the proposed method a blank egg sample was spiked
at two concentration levels, low and medium (75 pg/kg and
1000 pg/kg), and quantified using matrix-matched calibra-
tion. This quantitation method was preferred since the slopes
of external calibration and matrix-matched calibration curves
were significantly different mainly due to the variability of the
amount of sample injected when using electrokinetic injec-
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tion. Considerably low relative errors were obtained for the
quantification of both concentration levels, 13.1% for the low
level and 4.3% for the medium, while for run-to-run preci-
sion, of 14.2 and 9.5% were achieved, respectively. From these
results, we can conclude that the FASI-CZE method showed
good accuracy and precision, and it can be proposed as a
suitable methodology for the screening and determination of
amprolium in egg samples below the levels established by the
different countries that have set an MRL for this compound
in hen eggs.

4 Concluding remarks

In this study, it is demonstrated that FASI-CZE can be used
for the determination of amprolium in egg samples. A quick
and efficient sample treatment based on SPE using ENVI-
Carb cartridges is proposed providing extracts suitable for
the analysis of eggs by CE. However, an interference from
the matrix eluting at the same migration time as amprolium
prevented quantification. This compound was identified as
thiamine (Vitamin B1) by coupling CZE to MS. The addition
of MeOH to the BGE up to a 40% allowed the separation of
the two compounds and to propose the method as a simple
and cheap procedure for the determination of amprolium in
egg samples. Under these new conditions, we were able to
quantify amprolium in egg samples at concentrations above
75 ng/kg, which would fulfil the current legislation of non
European countries. Good results in terms of run-to-run pre-
cision (%RSD <14) and accuracy (<13%) were also obtained.
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In this work the atmospheric pressure ionization behavior and the tandem mass spectrometry fragmen-
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for using this method for routine analysis.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Helminthic parasites are considered one of the most economi-
cally important constraints in rearing livestock since the infections
they provoke result in reductions in milk yields and weight gain
[1]. Confined and pasture based animals are generally exposed
to worms at some point of their lifetime, so they are regularly
dewormed with commercial anthelmintics [2]. Benzimidazolic
compounds are one of the most common drugs used for the treat-
ment and prevention of helminthic parasites and are administered
orally to farm animals at relatively high concentrations (milligrams
per kg of body weight). These drugs undergo extensive metabolism
[3] and as a result several metabolites, in addition to the parent
compound, can be found in animal tissues for human consumption.
To protect consumers from risks related to continuous exposure to
benzimidazole residues, which may involve teratogenicity or con-
genic malformations, maximum residue limits (MRLs) have been
set for marker residue (the sum of a parent drug and/or their
metabolites) in animal products [4,5].

Serving this purpase, several analytical methods have been pub-
lished for the determination of one or several benzimidazoles in

* Corresponding author, Tel.: +34 934039277, fax: +34 934021233.
E-mail address: encarna.moyano@ub.edu (E. Moyano).
1 Tel: +34 934039277; fax: +34 934021233.

0021-9673/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.chroma.2013.08.073

different food matrices [6-34]. Most of these methods are based on
liquid chromatography [6-23] although capillary electrophoresis
methods [25-28] have also been developed for the determina-
tion of thiabendazole as fungicide in fruits and vegetables [25-27]
and more recently for the determination of ten benzimidazoles in
egg samples [28]. The ELISA test [24] has been also proposed in
the literature for qualitative analysis only. However, due to the
spread of ultra-high performance liquid chromatography (UHPLC),
this is becoming the most extended technique [22,31-34], that
produces narrower peaks than the classical UHPLC, thus increas-
ing sensitivity and reducing chromatographic run time [35] which
are definitely great advantages. Regarding detection systems, UV
was the detector used in the early years [6-10] but mass spectrom-
etry is gradually becoming the technique of choice [12-23,30-36],
especially for multi-residue analysis of veterinary drugs, including
some benzimidazoles. The vast majority of the published meth-
ods commonly used tandem mass spectrometry (MS/MS) with
triple quadrupole (QgqQ) mass analyzers [12-16,36] that operated
in selected reaction monitoring (SRM) mode, thus providing high
sensitivity and selectivity for quantitative confirmatory analysis, as
it is required to fulfill the current legislation that calls for at least
three identification points when analyzing these substances in food
matrices [37]. However, some authors applied high-resolution MS
using time of flight (TOF) analyzers, mainly for screening purposes
[31-33]. Regarding ionization sources, electrospray (ESI) is the
most frequently chosen since it is considered as the most efficient
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for the ionization of these compounds with both, positive and nega-
tive ionization modes, although some authors observed significant
ion suppression problems in the analysis of real samples [13,30,34].
Only one reference has been found in the literature, compar-
ing thermospray and atmospheric pressure chemical ionization
(APCI) for the analysis of thiabendazole and its major metabolite,
5-hydroxythiabendazole [23]. In relation to sample treatment, dif-
ferent strategies were followed depending on the sample matrix
(liver, muscle, eggs, feed, plasma or milk) and the detection sys-
tem to be used (MS or UV). The spectrophotometric detection is
usually more demanding in terms of extract cleanliness, requiring
multi-stage extractions with several organic solvents and exten-
sive clean-up steps [8,10]. For instance, for the analysis of milk
samples by HPLC-UV, De Ruyck et al. [10] performed sequential
liquid-liquid extractions using acetonitrile, ethyl acetate, iso-
octane, methylene chloride, di-sodium hydrogen phosphate and
sodium 1-octanesulphonate solutions. In contrast, due to the high
selectivity of the MS/MS methods, more simple strategies based
on solid phase extraction (SPE) [7-9,12,14,16,18] or QuEChERS
[14,22,28] were followed when LC-MS was used, making the anal-
ysis more reliable and less time-consuming. Recently, an on-line
sample preparation system coupled to HPLC has also been applied
for the analysis of eleven benzimidazoles in milk samples [36],
offering the advantage of minimum sample handling prior to the
analysis, although the use of conventional HPLC leads to long chro-
matographic run time (>30 min).

Among the different target tissues and samples in which ben-
zimidazoles are regulated, milk is one of the most important
commodities that must be controlled. Milk is widely consumed
during the childhood and it is also used as raw material for many
other processed products, what makes milk one of the most con-
sumed farmer commodities around the world. Taking these facts
into account, quality control of this product is an issue of con-
cern for authorities, so reliable analytical methodology must be
available in order to guarantee product safety. Until now, few meth-
ods were available for the analysis of these compounds in milk
[13,14,19,22,36], and very few of them were fast, provided the con-
firmatory information required nowadays, and included the whole
set of compounds of this family of veterinary drugs.

In this work the ionization of 10 benzimidazoles and 9 metabo-
lites with different API sources (ESI, APCI and APPI) have been
evaluated to select the most sensitive one for the analysis of the
whole set of compounds by UHPLC-MS. Tandem mass spectromet-
ric behavior of the benzimidazole family has been also studied to
characterize the product ions and to select the most abundant and
selective ones that can be used for the quantitative confirmatory
method. The final objective of the work has been to propose an
UHPLC-MS/MS method selective and sensitive enough to analyze
these compounds in milk samples.

2. Experimental
2.1. Chemicals and materials

Thiabendazole (TBZ), oxfendazole (OFZ), oxibendazole (OXI),
fenbendazole (FBZ), febantel (FEB), triclabendazole (TCB), meben-
dazole (MBZ) and mebendazole-d; (MBZ-d3) were purchased
from Sigma-Aldrich (Steinheim, Germany). Albendazole (ABZ),
albendazole 2-aminosulfone (ABZ-NH,-SO,) and cambendazole
(CAM) were supplied by Dr. Ehrenstorfer (Augsburg, Germany).
Flubendazole (FLU), 5-hydroxythiabendazole (TBZ-OH), alben-
dazole sulfone (ABZ-S03), albendazole sulfoxide (ABZ-SO), 5-
hydroxymebendazole (MBZ-OH), fenbendazole sulfone (FBZ-505),
aminoflubendazole (FLU-NH>), keto-triclabendazole (KETO-TCB),
mebendazole amino (MBZ-NH;) were obtained from WITEGA

Laboratorien Berlin-Adlershof GMBH (Berlin, Germany). Chemi-
cal structures, acronyms and some physicochemical properties are
given in Table 1.

LC-MS grade water, methanol (MeOH), acetonitrile (MeCN) and
HPLC-grade N,N-dimethylformamide, acetone, toluene, chloroben-
zene, anisole, and tetrahidrofuran were purchased from Riedel-
de-Haén. Formic acid (98-100%) and acetic acid (99%) as well
as ammonium hydroxide solution (25%, wfw), ammonium for-
mate and ammonium acetate (>99.0%) were purchased from
Merck (Darmstadt, Germany). Sodium chloride (NaCl) and anhy-
drous magnesium sulfate (MgSO4) (=99.0%) were obtained from
Sigma-Aldrich (Steinheim, Germany) while Primary Secondary
Amine (PSA) and octadecylsilane (C;g) sorbents were provided by
Supelco (Bellefonte, PA, USA).

Stock standard solutions (1 mgmL-') were prepared in N,N-
dimethylformamide and stored at 4°C while 1 pgmL~! working
standard solutions were prepared weekly by dilution in acetoni-
trile:water (5:95, v/v).

Nitrogen (99.8%) supplied by Claind Nitrogen Generator N, FLO
(Lenno, Italy) was used for the atmospheric pressure ionization
(API) source. High-purity argon (Ary) (>99.999%) were used as frag-
mentation gas in the Collision Induced Dissociation (CID) cell of
the QqQ instrument and helium (>99.999%) was the damper gas in
the ion trap analyzer. Both gases were purchased from Air Liquide
(Madrid, Spain).

2.2. Instrumentation

An ultra-high liquid chromatograph Accela (Thermo Fisher Sci-
entific, San Jose, CA, USA) equipped with a quaternary pump, a
Photo Diode Array (PDA) detector, an autosampler and a column
oven was used. Reversed-phase separation of analytes was per-
formed on an Ascentis Express C18 column (150 mm x 2.1 mmi.d.,
2.7 pum particle size, superficially porous particles) from Supelco
(Bellefonte, PA, USA). The mobile phase consisted on solvent A0.1%
formic acid and solvent B acetonitrile working in gradient elution
mode. The gradient program was as follows: first an isocratic step
at 5% solvent B was held for 0.7 min and then the organic modifier
percentage increased to 25% during 1.3 min, in a third stage solvent
B was raised to 40% in 2 min and to 100% in 4 min more and held
for 1 min at this percentage before returning to the initial settings.
The flow rate was set at 500 wL min=', the column temperature was
25°C, and the sample volume injected was 10 L.

The ultra-high liquid chromatography system was coupled to a
TSQ Quantum Ultra AM (Thermo Fisher Scientific, San Jose, CA, USA)
mass spectrometer equipped with electrospray (ESI), atmospheric
pressure chemical ionization (APCI) and atmospheric pressure
photoionization (APPI) and a triple quadrupole as mass analyzer.
Nitrogen (purity >99.98%) was used as sheath gas, auxiliary gas
and sweep gas at flow rates of 20, 10 and 6 a.u. (arbitrary units)
respectively. lon-transfer tube temperature was set at 200 °C; APCI
current discharge and vaporizer temperature were set at 15 pA
and 300°C, respectively; ESI voltage was 4kV while a krypton
lamp (10eV) was used for APPIL. Data were acquired in MS/MS
using selected reaction monitoring (SRM). Two transitions were
monitored for each compound using 50ms of dwell time and
1 scan/scan and argon as collision gas at 1.5mTorr. Collision
energy (CE) was ranged between 5 and 35 eV to select the optimum
value for each transition. The chromatogram was segmented into
four time windows and polarity switching was applied between the
two last ones. The Xcalibur software version 2.0 (Thermo Fisher Sci-
entific) was used to control the UHPLC/MS system and to process
data.

For fragmentation studies, a LCQ Classic instrument (Ther-
moFinnigan, San Jose, CA, USA) equipped with an ion trap mass
analyzer and APCI source was also used. The APCI working
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Table 1 (Continued)

piG?

Monoisotopic mass

Molecular
formula

Chemical Structure

Name (acronym)
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Cl
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2 pk; values were obtained from SPARC v4.6 (http://ibmlc2.chem.uga.edu/sparc).
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conditions were: sheath gas and auxiliary gas (N) flow rates at 40
and 12 a.u. (arbitrary units) respectively, heated capillary temper-
ature, 200°C, current discharge, 8 pA and vaporizer temperature
300°C. Product ion spectra for multi-stage mass spectrometry
(MS") experiments were acquired (m/z 50-500) in profile mode
using and isolation width of 1.5m/z units and 3 pscans/scan. The
maximum injection time and activation time were 200 ms and
30ms, respectively. The trapping radio-frequency voltage (AQ) as
well as the normalized collision energy (NCE) was adjusted for
each compound and for every MS stage.

Tuning and multi-stage mass spectrometry experiments were
performed by infusing 1 wg mL-! individual standard solutions of
each compound using a built-in syringe pump at a flow rate of
10 L min~! in an LC flow of 200 L min~! using a Valco zero dead
volume tee piece (Supelco, Alcobendas, Spain).

2.3. Sample analysis

A sample treatment, previously developed in our laboratory,
was applied to the analysis of milk samples [38]. Milk samples
of different fat content were purchased in local supermarkets in
Barcelona (Spain). Sub-samples of 10g were weighted into 50 mL
tubes, fortified with analytes and/or internal standard (MBZ-d3,
20 L, 10 wgmL-")and let to stand for 15 min. Extraction was per-
formed by adding 10 mL of acetonitrile with 0.1% NH3 followed by
5g of MgS04:NaCl (4:1,w/w). Samples were immediately shaken
for 1 min in order to prevent the formation of agglomerates during
MgS04 hydration and centrifuged at 5000 rpm for 5 minon a Selecta
Centronic centrifuge (Selecta, Barcelona, Spain). For sample clean-
up, 1mL of supernatant was transferred into a 2mL eppendorf
containing MgS04 (150 mg), C1g (50 mg) and PSA (50 mg). The sam-
ple extract was vortex mixed for 1 min and centrifuged at 3000 rpm
for 2 min. An aliquot of the supernatant (500 pL) was evaporated
to dryness under a nitrogen stream and reconstituted in ace-
tonitrile:water (5:95). Each extract was filtered through 0.22 um
pore size Ultrafree-MC Centrifugal Filters (Millipore, Bedford, USA)
before injection into the UHPLC-MS/MS system.

Internal standard matrix-matched calibration was used to
quantify samples. Matrix-matched calibration standards were
prepared by spiking blank whole milk samples at 6 concentra-
tion levels (1-500 pgL-1), adding mebendazole-d; as internal
standard (25 pgL~"). These blank spiked samples were analyzed
by UHPLC-MS/MS after applying the above described sample treat-
ment.

3. Results and discussion
3.1. Mass spectrometry

Mass spectrometry behavior of benzimidazoles under atmo-
spheric pressure ionization was studied. Three different ionization
sources (ESI, APCI and APPI) were tested along this study using ace-
tonitrile:water (0.1% formic acid) (50:50, v/v). When working with
ESI and APCI in positive ionization mode, all the compounds gave
as base peak the protonated molecule [M+H]" with the exception
of KETO-TCB which did not provide any stable ion. When switching
to negative ionization mode the whole set of compounds, includ-
ing KETO-TCB, showed the deprotonated molecule [M—H]~ as the
most intense ion of the spectrum. In general, a similar behavior
was observed for benzimidazoles in both ESI and APCI, but with
slightly higher responses in APCI (up to 10% increase), except for
KETO-TCB that showed an important signal improvement in APCI,
providing signal intensity 20 times higher than in ESI without a sig-
nificant increase in the background noise. In positive mode higher
signal intensity was obtained for most of the compounds except
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for those with chlorine atoms in their structure, TCB and KETO-TCB,
for which negative ionization provided better sensitivity due to the
electronegativity of the chlorine that stabilized the negative charge.
FEB provided very similar ion intensities in both positive and neg-
ative modes, so the polarity for this compound could be chosen
depending on the chromatographic separation. APPI was also eval-
uated for the ionization of this family of compounds. The 10%
post-column addition of several dopants (toluene, acetone, tetrahy-
drofuran, anisole and chlorobenzene) was evaluated to improve the
ionization. The best results were obtained with anisole, although
the responses were always lower than those found with APCIL. In
addition to a low response, in some cases the ion signal, [M+H]* or
[M—H]~, decreased because of the additional generation of radical
molecularions ([M]**,[M]~*)(relative abundances up to 40-100%).
So, the use of APPI was discarded. Since, among the three ionization
sources tested, APCI provided the best signal intensity and it was the
only one that allowed the analysis of all benzimidazoles, including
the metabolite KETO-TCB, APCI was selected for the determination
of benzimidazoles by UHPLC-MS/MS.

With the aim of characterizing the product ions obtained in
tandem mass spectrometry and selecting the most abundant and
selective ones for quantitation and confirmation purposes, experi-
ments were performed using two mass analyzers, an ion trap and
a triple quadrupole. The ion trap provided the progeny of product
ions by studying the multiple-stage mass spectra (MS") through the
sequentialisolation of the most abundant ions, and this information
was used to assign product ions observed in the triple quadrupole
system that can be generated by multiple collisions. Table 2 sum-
marizes the most important product ions observed in the ion trap
up to MS2. The spectra of the compounds were obtained in posi-
tive mode except for FEB, TCB and KETO-TCB that were acquired
in negative mode. In positive mode, the MS/MS spectrum of ben-
zimidazoles with a methyl carbamate group in the imidazole ring
was dominated by the product ion generated by the loss of CH3;0H
(32 Da) due to the carbonyl a-cleavage of the carbamate group.
The third generation ions (MS?) of this group of compounds can
be explained by the characteristic fragmentations of the functional
groups on the phenyl ring, for instance propylthio [M+H-CH30H-
C3HgS]**, and propylsulfone [M+H-CH30H-C3HgSO2**. When the
carbamate group is bound to the phenyl ring, the main MS/MS frag-
mentation follows another pathway, as can be seen in the spectrum
of CAM, which has an isopropyl carbamate group. In this case the
loss of the isopropyl [M+H-C3Hg]" is observed together with the
subsequent fragmentation of the carbamate moiety in the MS3.
On the other hand, some of the carbamate compounds (ABZ-SO
and OFZ) have a sulfoxide group in the phenyl ring of the benz-
imidazole and this fact favored the sulfur a-cleavage to produce
intense ions [M+H-C3Hg]™ and [M+H-C3HgSO]* for ABZ-SO and
[M+H-CgHs]** and [M+H-CgH5SO]** for OFZ. The metabolite ABZ-
NH;-S0, showed an MS/MS fragmentation pattern similar to that
observed for ABZ-SO, in MS? where after losing CH30H further
fragmentation took place in the sulfone moiety. Finally, it must be
pointed out that, among the carbamate compounds, MBZ-OH was
the only one that showed one unique intense product ion at mod-
erated collision energies. When increasing collision energy in MS3
was possible to observe other product ions (Table 2), but with very
low intensity. This is in agreement with the behavior of this com-
pound in the triple quadrupole where very high collision energy
has to be applied to obtain these additional product ions. However,
their very poor signal and the important increase in the background
noise prevented the use of these product ions for confirmation.

In contrast to the general behavior of this family of compounds,
where the charge is always on the benzimidazole moiety, FLU-
NH; yielded the carbonyl a-cleavage as base peak of the MS/MS
spectrum with the charge remaining in the fluorobenzoyl moiety.
In addition, those compounds that have a thiazolyl group in the
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imidazol ring such as TBZ and its metabolite TBZ-OH, produced
intense product ions due to the breakage of the thiazolyl ring at the
heteroatoms, for instance [M+H-CHN]* in the MS/MS and [M+H-
CHN-CS]* in the MS3.

In negative mode, the characteristic fragmentation of benz-
imidazole compounds with chlorine atoms, TCB and KETO-TCB,
was based on the ether a-cleavage, [M—H-CgH3Clz]~* and [M—H-
CgH30Cl,]=*, and the subsequent loss of HCl in the MS3.
Nevertheless, for TCB the presence of the methylthio group favored
the loss of CH3 being this fragmentation the base peak of the spec-
trum. For FEB the loss of the carbamate group provided the base
peak of the MS/MS spectrum while the breaking of the nitrogen-
C&rl})onyl bond of the methoxyacetyl amino group was observed in
MS-.

As commented before, product ions observed in the triple
quadrupole could be generated by fragmentation through multiple
collisions, while in the ion trap ions are generally fragmented in one
collision step. For this reason, in the MS/MS spectra obtained in a
triple quadrupole, second and third generation ions can be found
and used for the analysis. As an example, Fig. 1 shows product ion
spectra obtained in the triple quadrupole for ABZ and its metabo-
lites, ABZ-SO, ABZ-SO; and ABZ-NH;-S05. In these mass spectra
the progeny of the ions, according to the ion trap results obtained
previously for these compounds, and the product ions selected for
quantitation and confirmation purposes (quantifier and qualifier
ions) are indicated. For quantitation the second-generation ions
(MS/MS) have been selected, while as qualifier ions those of third-
generation (MS3) have generally been chosen. This pattern was
followed for most of the studied compounds.

3.2. Ultra-high performance liquid chromatography-mass
spectrometry

Although all benzimidazoles have the same essential chemi-
cal structure, with a benzene ring and an imidazole group, they
show quite different chemical properties, especially in terms of
pK; (Table 1) and polarity depending on the substituent, and these
differences are more acute between parent compounds and their
metabolites. These facts hamper the optimization of the chromato-
graphic separation when developing methods for the simultaneous
analysis of the whole benzimidazole family and their metabolites.
As preliminary study, an analytical column packed with super-
ficially porous particles Ascentis Express C18 (150 mm x 2.1 mm,
2.7 pm) was tested using acetonitrile:water or methanol:water as
mobile phase, gradient elution (from 10 to 100% organic modifier in
10min) and photodiode array detector (PDA). Coelution between
some compounds was observed with both organic solvents, but
acetonitrile provided the shortest retention times and the lowest
column backpressure, so this solvent was chosen for further studies.

In order to improve resolution, the effect of the aqueous
phase pH on the chromatographic separation was studied. Sev-
eral buffers such as formic acidfammonium formate and acetic
acid/ammonium acetate and also 0.1% formic acid aqueous phase,
were tested. The pH was 2.65 for the formic acid solution and var-
ied from 2.75 to 5.75 for the evaluated buffers. As an example Fig. 2
shows the chromatograms obtained at pH 2.65, 3.5 and 4.0. As the
pH increased, most of the compounds were more retained due to
the displacement of the acid-base equilibrium to the formation
of the neutral species. This effect was more important for those
compounds with low pK; value and could explain the decrease in
resolution observed between TBZ-OH (peak 1) and AZB-NH,-50,
(peak 2) that coeluted at pH values higher than 3.50. In contrast,
those compounds eluting at the highest percentages of ACN, such
as KETO-TCB (peak 17) and FEB (peak 18), were not affected by
changes in the pH range studied and as a result, the run time was
similar. In general, a loss in resolution was observed at high pH; for
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Fig. 1. Fragmentation spectra of albendazole and its metabolites in the triple quadrupole mass analyzer.

instance TBZ (peak 3) and ABZ-SO (peak 5) coeluted at pH 4.00, so a
mobile phase with 0.1% formic acid was selected for the separation.
In addition, at these conditions the best separation between ABZ-
SO; (peak 10)and MBZ-OH (peak 7) was obtained, which s required
since they are isobaric compounds that gave the same quantitation
transition (Table 3). After optimizing the pH, the elution gradient
was adjusted to get the best chromatographic resolution. The slope
of the ACN gradient, in the first minutes of the run, was increased
to reduce the retention times of the first eluting compounds up to
two times the dead-time. Then the slope was decreased to obtain
an acceptable resolution for the rest of compounds, mainly those

Table 3

eluting in the middle of the chromatogram. For the last part of
the chromatogram, the percentage of ACN was rapidly increased
up to 100% since no resolution problems were observed with the
three last eluting compounds. This UHPLC separation was cou-
pled to the triple quadrupole mass spectrometer using APCI as
ionization source and selected reaction monitoring as acquisition
mode. The two most intense, characteristic and selective transitions
were selected for each compound to fulfill the European legisla-
tion that requires 3 identification points to unequivocally identify
the compounds. These transitions and their corresponding collision
energies are given in Table 3. The chromatogram was segmented to

Transitions followed and their corresponding collision energies (CE) for quantification and confirmation purposes in the triple quadrupole analyzer,

Schedule Compound tg (min) Quantification Confirmation lon ratio
Precursorion  Production  CE(eV) Precursorion  Production  CE(eV)
APCl+ Segment 1 TBZ-OH 1.95 218.0 147.0 29 218.0 191.0 31 2.1
AZB-NH;S0; 233 240.0 133.0 27 240.0 198.0 20 14
TBZ 2.59 202.0 175.0 32 202.0 131.0 32 14
Segment 2 [O4] 3.27 250.0 218.0 25 250.0 176.0 25 1.2
ABZ-S0 3.29 282.0 240.0 20 282.0 208.0 20 1.6
MBZ-NH, 3.35 238.0 105.0 28 238.0 77.0 33 1.2
MBZ-OH 3.45 298.0 266.0 25 - - - -
FLU-NH; 352 256.0 95.0 35 256.0 123.0 25 14
CAM 3.66 303.0 217.0 26 303.0 261.0 20 1.6
ABZ-50; 3.77 298.0 266.0 25 298.0 159.0 30 2.1
OFZ 3.86 316.0 159.0 30 316.0 191.0 27 1.6
Segment 3 FBZ-S0O; 455 332.0 300.0 24 3320 159.0 30 5.8
MBZ 476 296.0 264.0 25 296.0 105.0 30 10.2
MBZ-d3 4.77 299.0 264.0 25 299.0 105.0 30 10.1
ABZ 4.83 266.0 234.0 22 266.0 192.0 20 54
FLU 5.03 314.0 282.0 24 314.0 95.0 30 79
FBZ 5.68 300.0 268.0 22 300.0 159.0 28 5.0
APCl— Segment 4 KETO-TCB 6.33 327.0 182.0 30 327.0 146.0 30 8.1
FEB 6.84 445.0 3702 10 445.0 298.0 12 1.4
TCB 7.12 357.0 197.0 29 357.0 342.0 29 1.1
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Fig. 2. Chromatograms obtained at pH: 2.65, 3.50 and 4.0 for the 19 benzimidazoles (1: TBZ-OH, 2: ABZ-NH;-5S0,, 3: TBZ, 4: OXI, 5: ABZ-S0O, 6: MBZ-NH;, 7: MBZ:0H, 8:
FLU-NH;, 9: CAM, 10: ABZ-S0,, 11: OFZ, 12: FBZ-50;, 13:MBZ, 14: ABZ, 15: FLU, 16: FBZ, 17: KETO-TCB, 18: FEB, 19: TCB).
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enhance sensitivity by reducing the number of simultaneous tran-
sitions to be acquired and to enable polarity switching, since two
(KETO-TCB and TCB) of the three last eluting compounds provided
better response in negative mode.

3.3. Method performance

Before applying the developed method to the analysis of milk
samples, instrumental quality parameters such as limit of detec-
tion (LOD), limit of quantitation (LOQ), precision and linearity
were estimated for the UHPLC-MS/MS method using selected reac-
tion monitoring (SRM) as acquisition mode. Instrumental limits
of detection, based on a signal-to-noise (S/N) ratio of 3:1, and
limits of quantitation, based on S/N of 10:1, were estimated by
injecting 10 L of standard solutions at low concentration levels
(down to 50 ngL~') and ranged from 1 to 10 pg injected. Generally,
parent compounds provided better LODs, while sulfoxide as well
as hydroxilated metabolites provided slightly poorer results with
LODs from 2 to 5 times higher. The values obtained for each com-
pound are given in Table 4. Internal standard calibration curves (6
concentration levels ranging from 1 to 500 pgL~!) based on peak
area ratio (Acompound/Astandard) and using mebendazole-d; as inter-
nal standard (25 pugL~!) showed good linearity with a correlation
coefficient (r2) better than 0.999. Run-to-run (n=6) and day-to-day
(n=6, 3 days) precisions were evaluated at two concentration lev-
els (10 pgL! and 100 pg L") and the % RSD values were always
lower than 13%.

In order to demonstrate the applicability of the developed
method, the nineteen benzimidazoles were analyzed in commer-
cial milk samples. Three milk samples of different fat content
(whole, semi-skimmed and skimmed) were purchased in local
supermarkets of Barcelona and analyzed following the method
described in Section 2. All the samples were proved to be free of
the analytes; therefore these blank samples were spiked with the
compounds of study and used to evaluate the effect of the different
fat content on the reproducibility of the quantitation method and
the effect of the matrix in the response. First, internal standard
matrix-matched calibration curves were prepared using the three
blank milk samples. Aliquots of these blank samples were spiked
at 6 concentration levels and they were left to stand for 1 h before
the analysis. The matrix-matched calibration curve slopes were
compared among them to see if the fat content had any effect in the
total recovery. No significant differences were observed among the
three matrix-matched calibration curves (whole, semi-skimmed
and skimmed milk); RSD% values for the slopes ranged from 2 to 9%
and for the y-intercept were always lower than 10%. These results
suggested that the clean-up was quite effective reducing the
importance of the fat content in the reproducibility of the method
and making possible the use of any milk matrix for the calibration-
validation of the method. To evaluate sample treatment recovery
values corresponding to the QUEChERS stage, two concentration
levels for the three types of milk samples were studied by compar-
ing matrix-matched calibration standards with standards prepared
in blank matrix extracts. Recovery values between 75% and 100%
were obtained for most of the compounds, with the exception of
TCB and KETO-TCB that showed slightly lower values, 65% and 71%
respectively, indicating that this procedure is acceptable for routine
analysis of this family of compounds in milk samples. Moreover,
to evaluate matrix effects the two internal standard calibration
curves (solvent-based standards and spiked blank milk extracts)
were compared. TBZ, ABZ-SO,, OXF and FLU did not suffer from any
matrix effect while the rest of compounds only presented a slight
signal suppression of about 10% which is consistent with the use
of an APCI source, less prone to suffer from matrix effects than ESI,
where matrix suppression (up to 70%) has been reported for these
compounds in milk samples [34]. Only TBZ-OH, the first eluting
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Table 4

Instrumental and method quality parameters obtained for the UHPLC-APCI-MS/MS method.

Method quality parameters

MLOQ (pgkg™')

Instrumental quality parameters

Compound

Ton ratio relative
error + RSD (%)

Accuracy (relative error %)

=6)

Repeatability (% RSD, n

=6)

Run-to-run (% RSD, n

LOD (pg inj)

High

Medium

High MLOQ

Medium

MLOQ

Medium

Low (10 pgL™")

(100 pgkg™")

(10pgkg™)

13

(100 pgkg™")

4.6

(10pgkg™)

2.1

(100 pgL™")
3.0
24
33

84+20
28425
29422
3.3+6.1

9.5
13
13
12

15
1.5
1.5

0.9

29
2.1

10

TBZ-OH

9.8 21

92
10

7.5
5.0

10

ABZ-NH;-S0;

TBZ
OXI

16
22

6.2

4.1

7.7
13

8.9

33

5.6

4.4

74+46
42423

11

6.4
73

09

1.8
31

2.6
7.7

7.5
2.5
2.5
5.0
1.0
5.0
5.0
1.0
2.5
2.5
1.0
1.0
5.0
5.0

10

ABZ-SO

16
18
20
21

9.1

1.5
0.9

MBZ-NH,

15
10

4.5

43

6.0

43

6.0

MBZ-0OH

0.1+7.0

9.9

6.8
38

6.8

0.9

3.9

09
13
1.7

3.1

6.3

FLU-NH;
CAM

3.7+28
0.1+15
6.3+4.7
50+5.6

79
3.2

17

1.5
0.9

22

18
12
23

9.9

12
15

1.6
39
8.6

2.7

ABZ-50,
OFZ

14
12

22

5.1
12

0.9

39
23

95

0.6

FBZ-SO,
MBZ
ABZ
FLU

1.0+£1.2
0.6+35
28+12
0.8+12
09+8.7
07+13
19+13

13
13
13
16
21

4.6
14

4.6
13

0.6
0.6

1.7
1.0

2.1

5.4
33

14
12
14
13
15

6.0

8.2
15

76
16

0.6

4.7

0.6

1.6
37
5.3
2.5

44
9.8

FBZ

7.3
4.1

7.8
3.2

16

1.5
15
3.0

KETO-TCB

FEB
TCB

5.9
18

9.6

129

16

19

9.9
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Fig. 3. UHPLC-APCI-MS/MS chromatogram of a blank milk sample spiked at 5 ugkg-!.

compound, presented a signal suppression of 22% which could be
explained by the more significant co-elution of co-extractives of
the matrix in this part of the chromatogram. For quantification
purposes internal standard matrix-matched calibration using a
blank whole milk is proposed to overcome both the observed slight
matrix effect and the analyte losses due to the clean-up process.

To finally evaluate the method quality parameters, a blank
whole milk sample was used since it was considered the potentially
more complex matrix. Method limits of quantitation (MLOQ) were
evaluated by spiking aliquots of this sample at very low concentra-
tion levels down to 0.1 g kg~! and based on a signal-to-noise (S/N)
ratio of 10:1 in the confirmation SRM transition. Under these con-
ditions the estimated MLOQ values were lower than 3 pgkg! for
all the compounds (Table 4) and they were 7-30 times lower than
the MRL values. lon ratio relative errors were also lower than 10%
for all compounds, indicating that matrix interfering compounds
that could co-elute with the monitored analytes were not present.
Repeatability was checked by analyzing six replicates of a blank
whole milk sample spiked at three concentration levels, MLOQ,
medium (10 pgkg~1) and high (100 pgkg'). For retention times,
the RSD% values ranged from 0.1 to 0.9%, while for concentration
the RSD% values were below 10% for all the analytes at medium and
high concentration and slightly higher (up to 18%) for the MLOQ
level. The accuracy of the method was also examined at the same
three concentration levels and the relative errors ranged from 1 to
15% for medium and high level and up to 23% at the MLOQ. Quality
parameters that summarize the method performance are gathered
inTable 4, showing that the UHPLC-APCI-MS/MS method proposed
can be applied to the analysis of milk samples down to 3 pgkg='.
Ten milk samples purchased at local supermarket were analyzed,
but benzimidazoles were not detected above MLOQ in any of them.
As an example, Fig. 3 shows a blank whole milk sample spiked at
5ugkg ! in which it can be seen that these compounds can be
determined at this low concentration level.

4. Conclusions

In this study a fast UHPLC-APCI-MS/MS method using a Cig
column (superficially porous particles) was developed for the
determination of 19 benzimidazoles in less than 7 min. Among
the API sources tested, atmospheric pressure chemical ionization
(APCI) was demonstrated to be the best choice for the ionization
of these compounds since it is the only one capable of ionizing
effectively the whole group of benzimidazoles. Positive mode pro-
vided the highest responses for most of the analytes except for
TCB and KETO-TCB that ionized better in negative mode and FEB
that provided similar results in both ionization modes. The use of
polarity switching allowed the efficient analysis of all compounds
in asingle chromatographic run. Multiple-stage mass spectrometry
ion trap permitted the assignment of the product ions previously
observed in tandem mass spectrometry. Benzimidazoles with a
methyl carbamate group in the imidazole ring generally showed
the loss of CH30H as the most common cleavage, while the other
characteristic fragmentations involve the side chains of the ben-
zimidazolic ring. Second-generation product ions (MS/MS) were
selected for quantitation in the triple quadrupole analyzer while
third-generation product ions (MS?), generated by multiple col-
lision, were used for confirmation purposes. The application of
modified version of the QUEChERS method assured a fast sample
treatment with low MLOQ (<3 pgkg!), allowing the determina-
tion of these compounds at concentration levels considerably lower
than the established EU MRL values.
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Direct analysis in real time high-resolution mass spectrometry for

high-throughput analysis of antiparasitic veterinary drugs in
feed and food

Anna Martinez-Villalba'?, Lukas Vaclavik', Encarnaciéon Moyano?, Maria Teresa Galceran?
and Jana Hajslova'*

'Institute of Chemical Technology Prague, Faculty of Food and Biochemical Technology, Department of Food Chemistry and
Nutrition, Technicka 5, 16628 Prague 6, Czech Republic
2University of Barcelona, Faculty of Chemistry, Department of Analytical Chemistry, Marti i Franqués 1-11, 08028 Barcelona, Spain

RATIONALE: Direct analysis in real time (DART) is a novel ionization technique that has been demonstrated in numerous
applications as a useful tool for fast and convenient mass spectrometry (MS)-based analysis of complex samples. In this
study, the feasibility of DART ionization coupled to a high-resolution mass spectrometer utilizing an orbitrap mass
analyzer (orbitrap MS) for high-throughput analysis of antiparasitic veterinary drugs was explored.

METHODS: To obtain the best DART-orbitrap MS performance, stepwise optimization of instrumental parameter
settings, such as ionization gas temperature and mass resolving power, was performed. The optimized method was
applied to feed and bovine milk samples previously extracted following a QuEChERS-like strategy.

RESULTS: Most antiparasitic drugs could be analyzed following the described method. Positive DART ionization provided
the protonated molecules [M+H]"; in negative DART ion mode, deprotonated molecules [M-H] were observed. As an
exception, polyether ionophores could be observed as the sodiated adducts [M+Na]*. Samples of milk and feed were
extracted using a modified QUEChERS method for the determination of benzimidazoles and coccidiostats respectively
and quantification was carried out by matrix-matched calibration curves.

CONCLUSIONS: The combination of an analysis time of less than 1 min per sample and the possibility to acquire accurate
masses under high mass resolving power (HR) makes the DART-HRMS technique an effective tool for rapid qualitative
screening of antiparasitic veterinary drugs. Additionally, the results obtained in this study demonstrated the feasibility of
this approach to quantify target analytes at levels down to 1 pg kg™ for benzimidazolic compounds in milk and
0.25 mg kg ! for coccidiostats in chicken feed. Copyright © 2012 John Wiley & Sons, Ltd.

Multiresidue analysis is becoming the major trend in the field
of determination of contaminants in environmental ™! and
food™! matrices. Nowadays, more straightforward sample
pre-treatment procedures as well as simpler analytical
methods are being applied to control multiple target analytes,
thanks to the recent developments of mass spectrometry
(MS). The use of more efficient and robust ion sources, which
are less sensitive to matrix effects, in combination with
powerful and versatile mass analyzers capable of providing
high resolution (HR) and high mass accuracy at extremely fast
acquisition rates, have made possible the analysis of slightly
processed samples. The coupling of ultra-high-performance
liquid chromatography (UHPLC) to MS!*'"! has contributed to
the reduction in the time needed for residue analysis in complex
samples, through significant increase of the chromatographic

|
* Correspondence to: ]. Hajslova, Institute of Chemical Technol-
ogy Prague, Faculty of Food and Biochemical Technology,
Department of Food Chemistry and Nutrition, Technicka 5,
16628 Prague 6, Czech Republic.
E-mail: jana.hajslova@vscht.cz

resolution and peak capacity. Considering other techniques
enabling high-throughput analysis, also ambient mass spectro-
metry represents an option that became recently available.!"'~*!
Since the introduction of the first ambient ionization sources in
2004,"" this area has undergone a rapid development. Until
now, more than 20 different ambient ionization techniques have
been reported in the literature and, among them, direct analysis
in real time (DART) has been probably one of the most wide-
spread, due to its commercial availability. The DART ionization
process that takes place in the open atmosphere is based on the
similar principles that apply for atmospheric pressure chemical
ionization (APCI), following a mechanism of gas-phase
ionization.!"”* Beside other application areas such as drug
analysis,!"* 2" in food control, the DART-MS technique can be
used as a simple and high-throughput tool making easier
both qualitative and quantitative analysis of low molecular
weight food components including some trace organic
contaminants,”>2* as well as fingerprinting /profiling for food
authenticity assessment.”>?%" As mentioned above, several
DART applications have been developed for determination
of various food contaminants, such as melamine and cyan-
uric acid in milk and baby milk formula,* strobilurin fungi-
cides in wheat,”” or mycotoxins in cereals.!”*! Most of the
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available applications present the DART source coupled to a
time-of-flight (TOF) mass analyzer of medium-high mass
resolving power,?*2%2431-31] yhich does not always enable
the extraction of analyte signal from isobaric noise coming
from the background or from interfering signals originating
from the sample matrix. Recently, a DART source coupled
to an orbitrap mass spectrometer (orbitrap MS), providing
an improved selectivity and accurate elemental composition
assignment through ultra-high mass resolution measurements,
has become available.!**!

In this particular study, the DART-orbitrap MS technique
was utilized for the analysis of frequently used veterinary
drugs, namely coccidiostats in feed and benzimidazoles
in bovine milk. It is worth noticing that, with regard
to coccidiostats, the European Union (EU) has recently
established maximum residue levels (MRLs) in non-target
feed at low mg kg levels while benzimidazoles are
routinely controlled in milk and other animal food products
(ppb levels).P>3®! Therefore, reliable DART-HRMS-based
method for monitoring of the above-mentioned antiparasitic
drugs would be extremely useful for food/feed quality
control laboratories.

EXPERIMENTAL

Chemicals and materials

The benzimidazoles thiabendazole (TBZ), oxfendazole (OFZ), oxi-
bendazole (OXI), fenbendazole (FBZ), febantel (FEB),
triclabendazole (TCB), mebendazole (MBZ) and mebendazole-i;
(MBZ-d5) were purchased from Sigma-Aldrich (Steinheim,
Germany). Albendazole (ABZ), albendazole 2-aminosulfone
(NH>ABZ-50,) and cambendazole (CBZ) were supplied by
Dr. Ehrenstorfer (Augsburg, Germany). Flubendazole (FLU),
5-hydroxythiabendazole  (TBZ-OH), albendazole  sulfone
(ABZ-50,), albendazole sulfoxide (ABZ-S0O), 5-hydroxymeben-
dazole (MBZ-OH), fenbendazole sulfone (FBZ-50,), aminoflu-
bendazole (NH-FLU), keto-triclabendazole (KETO-TCB) and
mebendazole amino (NH;-MBZ) were obtained from
WITEGA Laboratorien Berlin-Adlershof GmbH (Berlin,
Germany). The polyether ionophore coccidiostats monensin
(MON), narasin (NAR), salinomycin (SAL), lasalocid (LAS)
and maduramicin (MAD) and the chemical coccidiostats
robenidine (ROB), diclazuril (DIC), ethopabate (ETH), nicar-
bazin (NIC), clopidol (CLO) and toltrazuril (TOL) were
purchased from Sigma-Aldrich (Steinheim, Germany).
HPLC-grade methanol (MeOH) and acetonitrile (MeCN)
were supplied by Merck (Darmstadt, Germany). Water used
for extractions was purified with a Milli-Q purification sys-
tem (Millipore, Eschborn, Germany); an aqueous ammonia
solution (25%, w/w) was supplied by Penta (Chrudim,
Czech Republic) while anhydrous magnesium sulphate,
sodium chloride, ammonium formate (=99.0%) and formic
acid (98-100%) were from Sigma-Aldrich (Steinheim,
Germany). Primary secondary amine (PSA) and C18 sor-
bents were obtained from Varian (Harbor City, CA, USA);
formic acid (=98% purity) was from AppliChem GmbH
(Darmstadt, Germany).

Stock standard solutions (1 mg mL ') were prepared in
MeOH and stored at 4°C while 1 ug mL™! working standard
solutions were prepared weekly by dilution in MeCN.

Instrumentation

For the experiments, a DART-orbitrap MS system consisting
of a DART-SVP ion source with a 12 Dip-It " tip scanner
autosampler (IonSense, Saugus, MA, USA) coupled to an
Exactive mass spectrometer (Thermo Scientific, San Jose,
CA, USA) was used. To hyphenate the ion source and the
mass spectrometer, a Vapur  interface (IonSense, Saugus,
MA, USA) was used and a membrane pump (Vacuubrand,
Wertheim, Germany) was connected to maintain the low
vacuum in the chamber. The operating conditions of the
DART ion source were as follows: (i) positive ion mode;
helium flow, 4.0 L min '; discharge needle voltage, 3.0 kV;
grid electrode potential, 250 V; (ii) negative ion mode; helium
flow, 4 Lmin}; discharge needle voltage, 3.0 kV; grid
electrode potential, ~150 V. Conditions of orbitrap MS were
the following: cone voltage, +20 V; monitored mfz range,
m/z 50-1000; The acquisition rate was set according to the
desired resolving power of the orbitrap mass analyzer, and
was 10 spectra s at 10 000 FWHM (full width at half
maximum), 4 spectra s at 25 000 FWHM, 2 spectra st at
50 000 FWHM and 1 spectrum s at 100 000 FWHM.
Accurate mass calibration was performed every 48 h in
positive and negative ionization mode using a calibration
solution consisting of caffeine, MRFA (met-arg-phe-ala)
peptide, and Ultramark 1621 in an acetonitrile/methanol/
water solution containing 1% acetic acid. The distance
between the DART gun exit and the mass spectrometer
inlet was 10 mm. About 5 pL of sample were placed on
the glass rod and transferred to the optimized position in
front of the DART gun exit and the gas beam temperature
was set at 450 °C. The sample was then desorbed from
the glass rod surface within 10 s, while the spectral data
were recorded.

Sample treatment

The feeding materials used in this study were obtained
from a local supplier from Barcelona, while bovine milk
samples were purchased at a Czech retail market. A modified
QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe)
approach was employed for sample treatment. Samples
(10 g) were weighed into 50 mL tubes, fortified with the
analytes and/or the internal standard (MBZ-ds, 20 pL,
10 pg mL™) and allowed to stand for 15 min. Prior to
extraction of feed samples, 10 mL of deionized water were
added in order to dampen the matrix. The extraction was
performed by adding 10 mL of either MeCN (feed) or MeCN
with 0.1% NH; (milk), followed by 5 g of MgSO,/NaCl (4:1,
w/w). Samples were immediately shaken for 1 min in order
to prevent the formation of agglomerates due to MgSO,
hydration and centrifuged at 10 000 rpm for 5 min using an
Universal 320 centrifuge (Hettich, Tuttlingen, Germany). For
sample cleanup, 1 mL of supernatant was transferred into a
1.5 mL Eppendorf vial containing MgSO, (150 mg), Cig
sorbent (50 mg), which is useful for removing fats and
hydrophobic compounds, and primary secondary amine
(PSA) sorbent (50 mg) used for the removal of organic acids.
The sample extract was vortex-mixed for 1 min and
centrifuged at 11 000 rpm for 2 min. The supernatant was
placed into an autosampler vial and kept in the fridge until
the analysis.
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RESULTS AND DISCUSSION

Ionization of antiparasitic veterinary drugs

In the initial stage of this study, the applicability of DART
technology for ionization of the selected antiparasitic agents
was evaluated. For this purpose, two standard solutions,
one containing coccidiostats and the other benzimidazoles,
were prepared in pure acetonitrile at a concentration of
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1 pg mL™ and analyzed under various working conditions.
First, the ionization gas temperature, which represents one
of the key parameters influencing the outcome of DART-MS
analysis, was optimized in the range of 100-500°C in order
to maximize the thermal desorption of the analytes. Figure 1
shows as an example the extracted chronograms for
some veterinary drugs at different gas temperatures and the
full scan mass spectra obtained at 450°C for the 1 pg mL™

standard mixtures of coccidiostats (Fig. 1(A)) and
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Figure 1. Effect of gas temperature on DART-HRMS sensitivity for (A) coccidiostats and

(B) benzimidazoles.

Rapid Commun. Mass Spectrom. 2013, 27, 467475

Copyright © 2012 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal /rem

125



0LY

Capitol 2

Rapid
Communicationsin
~ Mass Spectrometry

A. Martinez-Villalba et al.

benzimidazoles (Fig. 1(B)). As can be seen, a significant
increase in the signal intensity of the studied compounds
was obtained at gas temperatures above 400°C. Both positive
and negative polarities were applied for the ionization of the
antiparasitic drugs. Table 1 provides an overview of ions
observed on DART ionization. While under the positive
DART ionization mode setting it was possible to ionize most
of the target benzimidazoles used in this study, negative
mode was required for the ionization of the benzimidazole
K-TRI, the coccidiostats DIC, DNC, TOL and its metabolites.
For all benzimidazoles, the observed ions corresponded to
the protonated molecules [M+H]" or the deprotonated
molecules [M-H]", depending on the polarity used. Analo-
gously, both [M+H]" and [M-H]" were observed for most of
coccidiostats, with the exception of amprolium, a quaternary
ammonium compound, which could not be thermally
desorbed into the gas phase and DART ionized. Rather
unexpectedly, sodium adducts [M+Na]" were observed in
DART mass spectra when analyzing the coccidiostatic
polyether ionophores (monensin, narasin, salinomycin,
lasalocid, and maduramicin). This type of adduct ions, which

is usually observed in LC/MS when using electrospray
ionization, is generally reported not to be formed under
conditions of DART ionization."?) However, considering
the structure of these ions,”” "1 which resembles rather a
macrocycle with a sodium ion completely coordinated and
stabilized in the molecule, than a regular adduct, these
observations may entail an exception to the general ionization
rule of the DART source. In the literature,”” >°! it has been
reported that, in addition to sodium adducts, also ammonium
adducts [M+NH4]" of the polyether ionophores can be
formed. For this reason, in order to induce the formation of
ammonium adducts and improve ionization yield, dopant
vapors of ammonia were introduced into the region between
the ion source exit and the Vapur“l interface ceramic tube
inlet. No relevant results were obtained in this experiment,
as no abundant [M+NH,4]" ions were observed and the
sodium adducts kept being the predominant ions for
polyether ionophores. This could be explained by the differ-
ences between the electrospray and DART ionization
processes. While the ionization of analytes in electrospray
(ESI) takes place in the liquid phase, DART needs analytes

Table 1. Molecular formulas of the studied compounds, exact masses and detected ions under DART-MS analysis. Experimental
data based on replicate analysis (n=3)
Detected ions
Molecular Ionization Ion Exact Accurate Mass

Compounds formula mode assignment mass (Da) mass (Da) error (ppm)
ABZ C;H5N30,8 Positive [M+H]* 266.0958 266.0950 -3.01+1.75
ABZ-50, C2Hi5N5048 Positive [M+H]" 298.0857 298.0849 -2.68+1.25
ABZ-SO C1oH15N5055 Positive [M+H]" 282.0907 282.0897 -3.54+1.32
NH,-ABZ-50; C1oH13N;0,8 Positive [M+H]" 240.0802 240.0793 -3.75+0.86
TBZ C1oH,NSS Positive [M+H]* 202.0434 202.0433 ~0.49 +1.35
TBZ-OH C;oH7N,0S Positive [M+H]" 218.0383 218.0376 -3.21+£1.07
FBZ Cy5H13N5055 Positive [M+H]" 300.0802 300.0795 -233+1.36
FBZ-SO, C1sH3N;0,8 Positive [M+H]* 332.0700 332.0693 ~2.10+1.86
MBZ C1oH1aN2O;5 Positive [M+H]* 296.1030 296.1022 ~2.70 4+ 0.94
NH>-MBZ C14H;1N;O Positive [M+H]" 238.0975 238.0966 =377 +1.07
MBZ-OH C16H15N;05 Positive [M+H]" 298.1187 298.1183 -1.344+0.54
FLU C16H2FN;0, Positive [M+H]* 314.0936 314.0928 ~2.55+0.93
NH,-FLU C,4H;oN;OF Positive [M+H]* 256.0881 256.0872 -3.51+1.18
OFZ Cy5H13N5055 Positive [M+H]" 316.0751 316.0756 1.58 £ 0.66
OX1 CisHisN-O5 Positive [M+H]* 250.1187 250.1178 -3.60 4+ 1.04
CBZ C1aHN,O-S Positive [M+H]* 303.0911 303.0901 ~330+1.35
TCZ C4HsC;3N,0S Negative [M-H]~ 356.9428 356.9434 1.68 +0.59
KETO-TCZ C13H;N,O,Cly Negative [M-H]~ 326.9500 326.9489 -3.36 £0.84
FEB CopH2oN4O6S Positive [M+H]" 4471333 447.1326 -1.56+0.87
LEV CiHiN:S Positive [M+H]* 205.0794 205.0791 ~1.46+1.39
MON CasHeOy Positive [M+Na]* 693.4185 693.4182 ~0.43 +0.52
NAR C43H7:01 Positive [M+Na]* 787.4967 787.4964 -0.38 £0.68
SAL C4oH7001 Positive [M+Nal* 773.4811 773.4807 -0.51+£049
LAS C34Hs5,05 Positive [M+Na]" 613.3711 613.3705 -0.98 +£0.63
MAD C47HgoOq7 Positive [M+Na]* 939.5288 939.5282 -0.64+0.49
AMP C4HioNj Positive n.d.

ROB C15H15CLN5 Positive [M+H]" 334.0621 334.0614 -2.09+1.21
CLO C;H;CLLNO Positive [M+H]" 191.9978 191.9984 3124137
ETH C,HsNOy Positive [M+H]" 238.1074 238.1080 2.514+0.87
DIC C1,HyClLN,LO, Negative [M-H] 404.9718 404.9723 123+ 0.85
DNC Cy3H;oN,O Negative IM-H] 301.0578 301.0571 2324124
TOL Ci5H14F3N5045 Negative [M-H] 424.0584 4240589 1.18 +1.06
TOL-SO, C,5H1:F5N50:8 Negative [M—H] 440.3737 440.3741 0.91+0.56
TOL-SO C1sH;4FaN3OS Negative [M-H] 456.3731 456.3733 0.44 4+ 0.74
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to be first in the gas phase before ionizing them. Since no
ammonium adducts were observed for coccidiostats in
DART, this could indicate that the neutral complex is formed
before the ionization step and that the pseudo macrocycle
with the coordinated sodium cation is stable in solution,
while the possibility of observing both adducts (sodium and
ammonium) in ESI is due to the presence of both ions in
the electrospray droplets. Regarding the signal intensity,
maduramicin provided the lowest signal; this can be due to
the high molecular mass of this compound (m/z 939.5288) that
could make difficult its thermal desorption. All the mass
spectral data obtained are summarized in Table 1. Mass error
values below 5 ppm were obtained for all the detected
compounds, backing up the technical specifications of the
instrument. Identification of target compounds was based
on the accurate mass and confirmation was performed taking
into account the mass isotope pattern.

The mass spectrometer employed in this study was able
to provide mass resolving powers between 10 000 and
100 000 FWHM. Sensitivity was almost constant through
the whole mass resolving power range studied but this
parameter was closely related to spectra acquisition rate.
Therefore, although the use of an ultra-high mass resolution
is recommended when working with direct analysis
techniques, a compromise between acquisition rate and mass
resolving power had to be found in order to achieve
analyte/interference resolution and sufficient data points
across the chronographic peak. To optimize the mass
resolving power, albendazole sulfone (CjoH;504N55) and
5-hydroxymebendazole (CysH;505N3) were selected as model
compounds, since the m/z values of their protonated
molecules differed only by 0.033 Da. The four mass resolving
power settings offered by the instrument, ie. medium
(10 000 FWHM), enhanced (25 000 FWHM), high (50 000
FWHM) and ultra-high (100 000 FWHM) were tested,
concluding that the use of a minimum mass resolving power
of 25 000 was compulsory to separate both spectral peaks.
To ensure satisfactory separation of target signals from
sample matrix, a mass resolving power of 50 000 FWHM
was selected for further experiments. Above 50 000 FWHM
the acquisition speed was lower than 2 spectra s™' that was
too slow to obtain an high enough number of scans per
chronographic peak.

Determination of benzimidazole compounds in milk

To evaluate the applicability of the DART technique to the
analysis of real samples, benzimidazoles were determined in
bovine milk. The presence of these compounds in milk is
regulated by the EU, which has established maximum residue
levels (MRLs) ranging from 10 to 100 pg kg’] for the sum of
the parent drug and their metabolites. Therefore, any method
proposed for the determination of these substances should be
able to detect benzimidazole-related compounds below
these limits. The direct analysis by DART-MS of blank milk
samples spiked with the target analytes at 100 pg kg™' was
performed. However, under these conditions extremely high
signal suppression occurred due to sample matrix effects.
For this reason, an extraction step employing MeCN was
performed to remove as much sample matrix as possible,
but only partial removal of the matrix components occurred
preventing the detection of benzimidazoles. At this point, a
QUuEChERS-like strategy was applied to clean up the
extracts.***? First of all, to enhance the transfer of the
analytes into the organic phase, 0.1% of NH,OH was
added to the extraction solvent (MeCN). At pH above 9 all
benzimidazoles remain neutral and are more prone to
transfer from the aqueous into the organic layer. For the
dispersive solid-phase extraction (SPE) cleanup, the addition
of PSA (50 mg) or of both PSA and C18 (50 mg each) to
1 mL of MeCN sample extract was studied. Figure 2
compares analyte DART signal intensities obtained for spiked
sample (500 ug kg™') without any pre-treatment and after the
QuEChERS procedure employing different dispersive SPE
sorbents. As can be seen, dispersive SPE has a substantial
impact on the signal intensity indicating an important degree
of matrix removal. The combination of PSA and C18 sorbents
could remove both polar and non-polar matrix components
providing even higher signal intensities for some of the
compounds (as compared to using PSA only). Considering
these results, the procedure using a combination of PSA and
C18 sorbents was further used. It is noteworthy that since
no solvent evaporation step was required in the employed
sample preparation workflow, the whole procedure was
considerably fast. To determine lowest calibration levels
(LCLs) of the method, blank milk samples were spiked at
low levels (down to 1 pg kg '), processed as described in
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the Experimental section, and analyzed by DART-MS. The
values estimated for each compound are shown in Table 2.
As can be observed, all the LCLs were under the MRLs
established by the EU in milk, which range from 10 to
100 pg kg '. Although the sample cleanup provided clean
enough extracts to achieve the required LCLs, an important
matrix effect was still observed making impossible the
quantification of the samples by an external calibration curve.
For this reason, matrix-a matched calibration curve was used
as quantification strategy since it would also overcome the
recovery effect. The method reproducibility was evaluated
at two spiking levels: 10 and 100 ug kg'; quantitation was
performed through matrix-matched calibration standards
with and without internal standard (surrogate). Slightly
better results were obtained when using the deuterated
mebendazole as internal standard, always providing
acceptable linearity (R? =0.99), relative standard deviations
(RSDs) below 20%, and low relative errors in the quantifica-
tion (<10%) (Table 2). Although the effect of recovery was
already corrected by the matrix matched calibration curves,
these were estimated comparing the samples spiked before
the clean-up with blank sample extracts spiked at the
theoretical concentration of the final extract, regardless the
analyte, the obtained values were higher than 65%.

Determination of coccidiostats in feed

The EU has recently established MRLs for coccidiostatic
compounds in non-target feed due to unavoidable carry-over
in the line production. Legal limits for these compounds are
rather permissive (mg kg‘J levels); therefore, DART-HRMS
could be considered as a conceivable technique for analysis

of coccidiostats in such matrices. Initially, an extraction with
MeCN was performed, but the suppression of the analyte
signals was strong, causing poor detectability of respective
ions even at mg kg‘1 levels. Due to these disappointing, but
expectable, results, a similar strategy to that applied to
the determination of benzimidazoles was followed. The
QuEChERS-like extraction procedure was applied without
addition of ammonia, since the polyether ionophore coccidio-
stats are carboxylic acids with pKa values around 5. Instead,
the addition of 0.1% formic acid was used to favor the
analyte transfer into the acetonitrile phase through minimiza-
tion of analytes dissociation. No significant differences
were observed between DART-HRMS chronograms when
analyzing samples prepared with and without the addition
of formic acid; thus no acid addition was preferred to keep
the method as simple as possible. For the dispersive SPE of
the crude acetonitrile extract, an identical mixture of PSA
and Cg sorbent as for benzimidazoles was used. Considering
both the alkaline nature and high ion-exchange capacity of
the PSA sorbent,**4! the possibility of polyether ionophores
(carboxylic acids) interacting with this sorbent was studied
by using base standard solutions in MeCN. No losses of the
analytes were observed indicating that the ionophores were
not interacting with the sorbent. So a ratio of PSA/C18 1:1
(100 mg total amount) was used. However, when dealing
with feed extracts, only monensin, salinomycin, narasin and
robenidine could be detected in the final extract without
significant losses, while matrix effects still seemed to be too
strong for some compounds such as dinitrocarbanilide. Blank
chicken feeding materials were used to validate the method,
thus the blank samples were spiked at known concentrations
levels ranging from 0.25 to 100 mg kg . For the quantitation

Table 2. Quality parameters of the method for the determination of benzimidazoles in milk and authorized MRLs in milk
Run-to-run (% RSD)
Linearity (r) [Accuracy (rel. error %)]
LCL
Recovery  External Internal standard Low level Medium level MRL

Compound (ug kg") (% RSD)  calibration calibration (10 pg kg’l) (100 pg kg’1) (ug kg’1)
ABZ 1 92 (5.1) 0.9968 0.9993 19 [2.5] 11]2.0] 100
ABZ-50, 5 87 (3.4) 0.9949 0.9986 25[8.3] 22[5.4] 100
ABZ-SO 1 86 (6.3) 0.9911 0.9991 21[8.5] 13[6.1] 100
NH,-ABZ-50, 5 82 (5.7) 0.9920 0.9994 25[7.9] 18[6.3] 100
TBZ 1 95 (2.4) 0.9937 0.9960 17[5.3] 14[3.3] 100
TBZ-OH il 89 (4.8) 0.9969 0.9997 15[6.2] 13[4.2] 100
FBZ 1 82 (6.2) 0.9960 0.9978 13[5.4] 9[4.2] 10
FBZ-SO, 5 84 (5.7) 0.9942 0.9970 20[9.3] 15[6.8] 10
MBZ 1 88 (4.3) 0.9991 0.9990 18[6.2] 16[5.3] -
NH,-MBZ 5 85 (6.7) 0.9937 0.9985 25[9.2] 20[7.6] -
MBZ-OH 1 84 (5.4) 0.9968 0.9984 22[6.8] 5[4.2] -
FLU il 79 (3.4) 0.9953 0.9979 10[7.4] 6[3.7] -
NH,-FLU 10 77 (7.2) 0.9957 0.9961 22[7.7] 18[5.3] -
OFZ 5 89 (5.6) 0.9952 0.9980 23[8.1] 17]6.4] 10
OXI 1 87 (6.1) 0.9981 0.9995 19[6.5] 13[5.2] -
CBZ 1 90 (3.4) 0.9994 0.9998 12[7.9] 11[5.3] -
TCZ 1 76 (7.2) 0.9994 0.9998 18[7.2] 12[6.4] -
KETO-TCZ 1 65 (8.6) 0.9977 0.9988 15[8.4] 14[7.5] -
FEB 1 92 (3.5) 0.9968 0.9998 14]6.5] 14]3.8] 10
LEV 1 94 (2.2) 0.9979 0.9999 19[8.6] 16[5.4] -
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Table 3. Quality parameters of the method for the determination of coccidiostats in feed

Run-to-run (% RSD)
[Accuracy (rel. error %)]

Recovery Low level Medium level
Compound LCL (mg kg™) (% RSD) Linearity (r) (1 mg kg™ (10 mg kg™
MON 05 92 (5.1) 0.9974 19[9.2] 15(6.3]
SAL 0.25 87 (3.4) 0.9991 20[8.5] 18[6.7]
NAR 0.25 84 (6.2) 0.9989 24[9.1] 17[8.1]
ROB 0.5 72 (7.5) 0.9992 19[10.6] 14[9.4]
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Figure 3. Extracted ion chronogram and mass spectrum of a monensin-medicated feed at

100 mg kg".

of the samples, matrix-matched calibration curves were used
for the same reason as exposed in the determination of
benzimidazoles in milk. Method lowest calibration levels
were established by spiking the blank samples at low
mg kg™ levels and matrix-matched calibration curves were
prepared along the specified range with replicates at two
different concentration levels (1 and 10 mg kg'l) to evaluate
the run-to-run precision. Recoveries were estimated follow-
ing the same strategy as in the benzimidazole method and
values higher than 72% were achieved for the studied
coccidiostats. Data reporting method performance are
summarized in Table 3. As can be seen, acceptable results
were achieved in terms of linearity and run-to-run precision
and accuracy even without the use of an internal standard.
Additionally, to assess the applicability of the method, a
feed medicated with monensin at a declared concentration
of 100 mg kg was subjected in triplicate to the whole
QuEChERS and DART-orbitrap MS analysis. Figure 3 shows
the extracted ion (m/z 693.4168) chronogram, the mass
spectrum obtained for the medicated feed and a zoom of
the isotopic cluster ion [M+Na]'. From the isotopic pattern
it can be observed that the [M+1]" ion shows a relative
abundance close to 40%, which is in agreement with an
elemental composition containing around 40 carbon atoms.
A good match of experimental and model isotopic clusters

(generated by the software using the respective elemental
formula) was obtained. Besides the characteristic isotopic
distribution, the observed mass of each ion was compared
to the theoretical one, concluding that the identity of the
compound could be confirmed with an observed mass
error of 2.5 ppm. For the quantification of the sample the
matrix-matched calibration curve was used providing a
concentration value of 94 mg kg™ of monensin in the
medicated feed.

CONCLUSIONS

This study has demonstrated that the combination of a
simple and fast QuEChERS-like sample treatment with
DART-orbitrap MS can be a useful tool for the screening of
antiparasitic veterinary drugs in edible matrices. The ioniza-
tion of coccidiostats and benzimidazoles was successfully
accomplished enabling the observation of the protonated
(IM+H]") or deprotonated ([M-H]) ions for most of the
studied compounds with the exception of the polyether
ionophores which provided the sodium adducts ([M+Na]")
as the most intense peaks in the DART mass spectra. The
use of a high-resolution mass spectrometer allowed accurate
mass measurements of the analyte signals and their isotopic

Rapid Conumun. Mass Spectrom. 2013, 27, 467-475
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clusters provided higher confidence in identification of the
target drugs. The optimization of the QUEChERS procedure
allowed an improvement in the ionization of the compounds
once they were found in the real matrix, the combination of
PSA and C;; the best sorbents for the dispersive SPE cleanup.
The study demonstrates that it is possible to quantify the
analytes even if no internal standard is used; however, it is
still recommended to employ an appropriate internal
standard (preferably isotope labeled) in order to compensate
signal variations encountered during repeated sample
introductions and to improve method recoveries. Following
this strategy, coccidiostats in chicken feed and benzimida-
zoles in milk could be analyzed by the DART-orbitrap MS
technique within seconds by performing two analyses for
each polarity and matrix. The developed methods allowed
the quantification of a wide range of antiparasitic veterinary
drugs at the levels established by the EU legislation (ranging
from 10 to 0.5 mg kg ™).
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La discussid dels resultats obtinguts en aquesta tesi que s’han inclos en les publicacions
del capitol 2, s’"ha organitzat en quatre arees tematiques diferenciades: tractament de
mostra, separacié dels compostos d’estudi, espectrometria de masses i parametres de
gualitat dels metodes d’analisi desenvolupats. Aquesta agrupacié permet discutir de
forma conjunta i valorar de forma global el treball dut a terme aixi com posar en relleu

les fites més rellevants assolides en cada etapa del procediment analitic.

3.1 Tractament de mostra

En la present tesi s’han desenvolupat metodes d’analisi de coccidiostats en aigua,
productes carnis, ous i pinsos aixi com de benzimidazoles en llet. El tractament de
mostra emprat en cada cas s’ha ajustat a les families de compostos a analitzar aixi com

a la matriu en estudi.

En linies generals, el métode emprat, tant per a I'extraccid dels coccidiostats com de les
benzimidazoles, ha estat una extracci6 amb acetonitril modificant, en cas que fos
necessari, el pH del medi d’extraccié mitjancant I'addicié d’acid formic o bé de solucions
aquoses d’amoniac o bé afegint sals com per exemple NaCl i MgSOa en el metode
QUECHERS. Ara bé, per a 'analisi de coccidiostats (monensina, salinomicina, narasina,
lasalocid, maduramicina, robenidina, diclazuril i 4,4’-dinitrocarbanilida) en mostres
d’aigua s’"ha emprat un procediment d’extraccid en fase solida qué en una Unica etapa,
permet I'extraccidé dels analits de la matriu i la purificacid dels extractes a més de la
concentracié dels mateixos. Aquesta metodologia de tractament de mostra va permetre
obtenir uns valors de recuperacié superiors al 85% per a la majoria dels compostos
estudiats tal com es mostra a la taula 3 de I'article | (capitol 2). Només la robenidina va
presentar una recuperacioé inferior (60 %) probablement degut a una baixa retencié en
el rebliment de C18 durant I'etapa de carrega de mostra que es pot explicar per la
protonacié del grup amino de la robenidina en les condicions de treball (mostra
acidificada amb acid formic al 0,1%). Aquests valors de recuperacié dels coccidiostats
son molt similars als obtinguts per altres autors; per exemple, Iglesias i cols. (2012) i
Herreroi cols. (2012) emprant adsorbents de base polimérica van obtenir valors d’entre

el 88% i 110% per als polieters ionofors. Aquests autors (Iglesias i cols., 2012) indiquen
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gue tant la robenidina com el lasalonicid queden poc retenguts en aquests tipus

d’adsorbents al pH de treball (acid) utilitzat per la qual cosa els han eliminat de I'estudi.

Per a la resta de mostres estudiades, totes elles de tipus alimentari (ous, productes
carnis, llet i pinso), es va seguir en tots els casos el mateix patré d’extraccié emprant
com a solvent d’extraccio I’ acetonitril que és el més utilitzat per a I'extraccié d’aquests
compostos com ja s’ha comentat a l'apartat 1.4 d’aquesta memoria. A vegades
I’extraccid s’ha pogut dur a terme sense afegir cap reactiu addicional com per exemple
en l'extraccido d’amprolium (articles 11l i IV del capitol 2). Tot i aixi, altres vegades ha
calgut afegir algun additiu, com per exemple, per a I'extraccié de les benzimidazoles de
la llet (métode QUEChERS, article Vi VI) on es proposa I'addicio d’amoniac amb |'objectiu
de tenir la majoria dels grups ionitzables de les benzimidazoles en estat neutre i aixi
millorar la transferéncia dels analits a la fase organica. Seguint el mateix raonament i
per tal d’afavorir la seva extraccid, es va provar d’addicionar un 0,1% d’acid formic a
I'acetonitril per a I'extraccid dels coccidiostats dels pinsos mitjancant el métode
QUEChERS (article VI) ja que els polieters ionofors son acids carboxilics. Ara bé, en no
observar diferencies significatives pel que fa a la recuperacid es va optar per no
addicionar acid formic i simplificar aixi el procediment d’extraccid. La formacié de
pseudomacrocicles amb un id sodi en la cavitat interior que interacciona amb els grups
polars de la molecula, com s’ha descrit al capitol 1 d’aquesta tesi, pot explicar aquest
fet, ja que en aquest cas no és necessari addicionar un acid per a mantenir la molecula
neutra atesa la preséncia del catié sodi que compensa la carrega negativa del grup
carboxilic desprotonat. A més, I'estructura quimica resultant amb multiples éter ciclics

enllagats és relativament poc polar.

Pel que fa referencia a l'etapa de purificacié i/o concentracid, els meétodes
desenvolupats en aquesta tesi es poden agrupar en els qué empren la metodologia
QUEChERS i els basats en extraccié en fase solida (SPE). Excepcionalment, el métode
desenvolupat per a la determinacié d’amprolium en pollastre, ous i pinsos mitjangant
cromatografia de liquids acoblada a I'espectrometria de masses (article Ill), no inclou
cap etapa de purificacié de I'extracte. En aquest cas i amb la finalitat de disminuir el
temps d’analisi, es proposa emprar |'estrategia d’extract-and-shoot en la qual |'extracte

obtingut s’injecta directament en el sistema LC-MS/MS. Tot i la simplicitat del
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tractament de mostra proposat que és evidentment un avantatge a tenir en compte, la
manca d’una etapa de purificacid6 va comportar problemes en |'etapa d’analisi
instrumental atesa la coextraccié d’altres compostos presents a les matrius d’estudi tal
i com es discutira en apartats posteriors. Les recuperacions van ser logicament elevades
(80%-90%), tenint en compte que el procediment d’analisi no inclou etapes en queé es
pugui produir la pérdua d’analit, i per tant només s’avalua I'eficiéncia de I'extraccié. De
fet, la necessitat d’ una etapa addicional de purificacié es va posar de manifest en la
determinacié d’amprolium utilitzant electroforesi capil-lar de zona amb preconcentracio
en linia FASI (Field Amplified Sample Injection) ja que la injeccié dels extractes obtinguts
mitjancant el procediment d’extract-and-shoot emprat anteriorment no proporcionava
cap senyal d’amprolium en I'electroferograma ni tan sols amb extractes addicionats amb
elevades concentracions d’aquest compost. Aquest fet es degut a que I’elevat contingut
de components coextrets de la matriu impedeixen la introduccio en el capil-lar de I'analit
d’interés. En aquest cas per solucionar aquest problema es proposa addicionar una
etapa de clean-up amb SPE. A I’ article IV (apartat 2) es comenten els experiments
realitats en I'avaluacid de dos tipus d’adsorbents, I'Oasis MCX (Mixed-mode Cation
Exchange, Waters) i el carbd grafititzat (Envi-Carb, Supelco). Els primers retenen els
analits per interaccio de bescanvi cationic i els segons per interaccions de tipus m-m, es
a dir entre electrons dels anells aromatics, en aquets cas de I'amprolium, i els electrons
sp? dels atoms de carboni que conformen I'estructura de grafit, aixi com per interaccions
de tipus m-catid entre el grafit i I'amina quaternaria. Cal esmentar que va ser necessari
diluir I'extracte inicial (100% acetonitrill amb aigua desmineralitzada fins a una
proporcié del 90% d’aigua per tal d’assegurar la retencié de 'amprolium en el cartutx
corresponent. En el cas d’emprar els cartutxos Oasis MCX, malgrat I'evaporacio de
I’extracte a sequedat i posterior reconstitucié en aigua desmineralitzada, la preséncia
de traces d’amoniac en I'aliquota d’injeccié (I'elucio es duu a terme amb 5% d’amoniac
en MeOH) va impedir la preconcentracid en linia de I'amprolium en la injeccié en mode
electrocinétic de la mostra rad per la qual la utilitzacié dels cartutxos Oasis MCX va ser
descartada. En canvi, els resultats obtinguts amb els cartutxos de carbd grafititzat van
ser satisfactoris amb bona repetibilitat, valors de desviacid estandard relativa (RSD %)
d’entre el 9,5% i el 14,2% en funcié del nivell de concentracid, i una recuperacio global

del 85%. Si aquest valor de recuperacid es compara amb I'obtingut amb el métode
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d’extraccié basat en la metodologia d’extract-and-shoot (90%) proposada I’Article Ill es
comprova que malgrat I’etapa de purificacid i concentracio afegides, tan sols es perd un
5% addicional respecte a I'etapa d’extraccié amb acetonitril, per tant es pot considerar

que I'optimitzacié del tractament de mostra ha estat exitosa.

En aquesta tesi també es proposa la utilitzacié d’'SPE com a etapa de purificacid per ala
determinacio de toltrazuril i els seus principals metabolits en productes carnis (article Il,
apartat 2). En aquest cas, els dos tipus de cartutxos avaluats, els Oasis HLB de base
polimerica i els de C18, van proporcionar unes bones recuperacions, tot i que les
obtingudes amb els de C18 (86%-94%) van ser lleugerament superiors als de I’Oasis HLB
(72%-77%), motiu pel qual es proposa emprar els primers en detriment dels polimérics.
Si es compara aquesta metodologia amb la disponible a la literatura per a I'analisi de
productes derivats carnis (Hormazabal i cols. (2003), veure taula 1.6) la qual esta basada
en multiples extraccions amb solvents com |'acetona, el tetrahidrofura, el diclormeta i
I’hexa, es posa de manifest que el métode proposat en aquesta tesi és significativament

més rapid i senzill i a més empra dissolvents més segurs i menys contaminants.

Finalment, en el desenvolupament d’aquesta tesi es va aplicar la metodologia
QUEChERS, descrita ja en I'apartat 1.4.2 del Capitol 1, per a la determinacio dels farmacs
antiparasitaris en matrius alimentaries (articles V i VI del capitol 2). La optimitzacié
d’aquesta metodologia per a la determinacié de benzimidazoles en llet i de coccidiostats
en pinsos es descriu a I'article V del capitol 2. En I’etapa inicial de I’extraccié (extraccié
amb acetonitril i addicié de NaCl + MgSQ0a4) es va seguir sense modificacions el metode
original. Ara bé, per a la purificacid de I'extracte de llet en I'analisi de benzimidazoles es
va avaluar I'addicié de PSA (Primary-Secondary Amine) i la combinacié de PSA i C18 en
una proporcié 1:1 com a sorbents d’eliminacié de matriu. A la Figura 2 de l'article V on
es compara el comportament d’aquests dos sorbents en la purificacié dels extractes es
pot observar una millora substancial en la resposta de la fenbendazole i la cambendazole
en emprar PSA+C18, mentre que per a la resta de benzimidazoles estudiades les
diferéncies no sén significatives. Aquesta mescla de sorbents ha estat emprada en
I’analisi de benzimidazoles en mostres de llet tant utilitzant UHPLC-APCI-MS/MS (article
V1) com DART (article V) obtenint-se recuperacions superiors al 75% per a tots els analits

en estudi excepte per a la triclabendazola i la ketotriclabendazola que donen valors una
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mica inferiors (65% i 71% respectivament). Atesos els bons resultats obtinguts en la
recuperacié de les benzimidazoles en mostres de llet es va avaluar I'aplicabilitat de la
mescla de PSA:C18 (1:1) per a 'extraccié de polieters ionofors de pinsos. L'estudi del
comportament de patrons de polieters ionofors (acids carboxilics) amb el PSA de
naturalesa alcalinaiamb una moderada capacitat d’intercanvi ionic va posar de manifest
gue aquests compostos no interaccionen amb el sorbent, la qual cosa indica que es pot
emprar per eliminar interferencies de la matriu. No obstant aixo, la posterior analisi dels
extractes de pinso emprant DART-HRMS només va permetre determinar monensina,
salinomicina, narasina i robenidina, compostos que van ésser detectats amb una
recuperacié superior al 74%, mentre que compostos com la 4,4’-dinitrocarbanilida o la
maduramicina no van ser detectats probablement degut a un efecte de supressié de la

ionitzacio produida per la presencia de components de la matriu a I'extracte.

Els diversos tractaments de mostra desenvolupats en aquesta tesi han proporcionat en
tots els casos resultats satisfactoris per als requeriments dels metodes d’analisi
posteriors, assolint-se els objectius de desenvolupar tractaments de mostra rapids,
senzills i efectius. Els métodes basats en I'estratégia QUEChERS son més senzills i rapids
qgue els d’extraccié en fase solida, si bé segons els resultats obtinguts en I'analisi de
coccidiostats poden ser sensiblement menys efectius pel que fa a I|'eliminacid
d’interferencies de la matriu la qual cosa cal tenir especialment en compte si la técnica
d’analisi emprada posteriorment prescindeix de I'etapa de separacié cromatografica
habitual en I'analisi d’aquests compostos, com és el cas del DART-HRMS que s’ha utilitzat
en aquesta tesi. Pel que fa als metodes basats en |'extraccié en fase solida desenvolupats
per a la determinacié de coccidiostats en aliments i aiglies, en tots els casos s’ha
demostrat que sén metodes reproductibles i efectius atesos els bons resultats obtinguts

en termes de percentatges de recuperacié dels analits estudiats.
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3.2. Separacio dels analits

La técnica de separacio utilitzada en la major part de les metodologies optimitzades en
aquesta tesi ha estat la cromatografia de liquids de fase invertida emprant columnes
amb fase estacionaria d’octadecilsila (C18) atesa la naturalesa apolar de la majoria dels
compostos analitzats, tant coccidiostats com benzimidazoles. L'Unica excepcio ha estat
la determinacido d’amprolium per a la qual s’ha emprat cromatografia de liquids
d’interaccid hidrofilica (HILIC) utilitzant una columna amb un rebliment de silice pura
especialment dissenyada per a la retencié de compostos amb un marcat caracter polar
(article 11l del capitol 2). Per aquest compost i atesa la seva naturalesa cationica, també
s’ha optimitzat un métode de determinaci6 emprant I'electroforesi capil-lar com a

tecnica de separacio (article 1V del capitol 2).

Pel que fa referencia als metodes de cromatografia de liquids optimitzats, tots ells
presenten un denominador comu que és la utilitzacié de columnes de cromatografia de
liquids de nova generacid amb particules de petit diametre, <2um, o de nucli solid
(Fused-Core), amb la finalitat de treballar en condicions de cromatografia de liquids
d’ultra-elevada eficacia (UHPLC, Ultra-High Performance Liquid Chromatography). En
aquest sentit els treballs inclosos en aquesta tesi mostren I'evolucié que la
instrumentacid i les columnes de cromatografia de liquids ha sofert en els Ultims anys.
Aixi, en el primer treball inclos en el capitol 2 (article 1) on es desenvolupa un métode
per a la separacié dels coccidiostats quimics, robenidina, diclazuril i 4,4'-
dinitrocarbanilidai els polieters ionofors, es va utilitzar una columna d’octadecilsila d’1,9
um de diametre de particula (Hypersil Gold C18) amb una fase mobil d’aigua i acetonitril
pero en un equip de cromatografia de liquids convencional. En aquestes condiciones es
generava una elevada sobrepressié que superava el valor maxim de pressidé que podia
suportar el sistema utilitzat, problema que es va resoldre treballant a una temperatura
de 50°C que va permetre reduir la pressio ja que en aquestes condicions la viscositat de
la mescla acetonitril-aigua es menor. Com ja s’ha comentat a la introduccio del capitol 2
I'aparicié de les noves columnes amb particules de nucli solid va permetre obtenir
prestacions similars a les de les columnes sub-2um en termes d’eficacia sense generar

les sobrepressions que aquestes produeixen i poder emprar en conseqiiéncia,
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instruments convencionals. Aixi, en aquesta tesi, s’ha desenvolupat un metode per a
I’analisi de toltrazuril i els seus dos principals metabolits, toltrazuril sulfona i toltrazuril
sulfoxid, (article Il del capitol 2) emprant una columna C18 de nucli solid (Ascentis
Express C18, 150 x 2,1 mm, 2,7um) i una fase mobil de metanol/aigua en mode gradient
gue ha permeés obtenir una separacié a linia de base dels tres compostos en menys de
dos minuts. Aguesta mateixa columna cromatografica ha estat utilitzada per a la
separacio de 19 benzimidazoles, entre compostos parentals i metabolits en menys de 7

minuts (article VI del capitol 2).

En relacio a les fases mobils utilitzades en els tres meétodes optimitzats cal esmentar que
sempre s’ha emprat gradient d’elucid i acetonitril o metanol com a solvent organic. Aixi,
per a la separacio dels coccidiostats quimics i els poliéters ionofors (article | del capitol
2) es proposa emprar acetonitril i un gradient de separacié molt rapid (del 40% al 70%
de ACN en 0,75 min) amb el qual s’aconsegueix una separacié optima dels 9 compostos
en aproximadament 5 minuts. Aquest és també el dissolvent emprat per a la separacio
de les de 19 benzimidazoles (article VI del capitol 2) ja que en presentar un poder
eluotropic major que el del metanol permet disminuir el temps d’analisi. Cal esmentar
gue en aquest ultim cas i degut a la diversitat de pKa dels diferents compostos, ha estat
necessaria una acurada optimitzacioé del pH de la fase mobil. Els valors de pKa de les
benzimidazoles (veure taula 1, article VI del capitol 2) indiquen que a pH inferiors a 2,8
totes les substancies es troben ionitzades, mentre que per sobre d’aquest valor es
comencen a trobar compostos en estat neutre que per tant, es retindran millor en la
fase estacionaria de C18. Els resultats experimentals confirmen aquest fet ja que en
augmentar el pH de 2,65 (acid formic) a 3,75 (acid formic/acetat d’amoni) i 4,75 (acid
acetic/acetat d’amoni) s’observa un augment de la retencié de la majoria dels
compostos. Aquest augment té en alguns casos, un efecte contraproduent; per exemple,
els dos primers compostos en eluir, la hidroxi-tiabendazole i la 2-amino-albendazole
estan totalment separats a pH 2,65, amb uns temps de retencié de 1,9 min i 2,3 min
respectivament, mentre que arriben a coeluir a pH 4,0 amb un temps de retencié de 2,7
min (veure Figura 2, article VI). Aquest, no és un cas aillat ja que la variacio del pH de la
fase aquosa afecta en major o menor mesura a tots els compostos de manera que |'ordre

d’elucio es veu alterat respecte a I'observat a pHs més baixos tot i que el temps total de
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separacio no es veu gairebé afectat. Aixo Ultim es deu a que els compostos que elueixen
amb un major temps de retencié (febantel i ceto-triclabendazole) practicament no
s’endarrereixen; la ceto-triclabendazole (pKa: 11,84) perque a l'interval de pH estudiat
no es modifica la ionitzacié de la moléecula, i el febantel (pKa: 5,83) perqueé a més de tenir
un pKa una unitat per sobre del pH estudiat, és el compost de major pes molecular. Ates
que a pH 4,0 s'observa la coelucid de tres parelles de compostos, I'esmentada
anteriorment, la tiabendazole amb I'albendazole sulfoxid i I'aminoflubendazole amb la
cambendazole, es proposa treballar al pH més baix (2,65) ja que a aquest pH, obtingut
mitjangant |’acidificacio de la fase aquosa amb un 0,1% d’acid formic, s’obté la separacié
de les 19 benzimidazoles estudiades. Per a la separacid dels coccidiostats quimics i els
polieters ionofors (article | del capitol 2) també es proposa addicionar acid formic (0,1%)
a la fase mobil, perd en aquest cas concret, aquesta addicié no respon a criteris
cromatografics sind espectrometrics ja que aixi s’afavoreix la ionitzacio dels analits en

polaritat positiva a la font d’electrosprai.

Pel que fa a l'ordre d’elucié dels compostos estudiats en aquesta tesi, aquest esta
directament relacionat amb la seva polaritat i pes molecular com correspon a una
columna de C18. Per exemple, en el metode optimitzat per a I'analisi del totrazuril i els
seus metabolits (article Il del capitol 2), els compostos elueixen seguint I'ordre de
polaritat, el toltrazuril sulfoxid en primer lloc atesa la major polaritat del grup sulfoxid
respecte al grup sulfona, en segon lloc la toltrazuril sulfona i finalment el toltrazuril. Per
altra banda, els coccidiostats quimics, més polars presenten una menor retencié (article
| del capitol 2) que els polieters ionofors i I'elucié d’aquests ultims segueix un ordre basat
en el pes molecular tot i que s’ha observat alguna excepcié com per exemple, la
maduramicina que tot i ser el compost de pes molecular més elevat, no és I'Gltim
compost en eluir probablement degut a que la formacié d’'una estructura macrociclica
amb l'ié6 sodi (interaccido del catié sodi amb 6 atoms d’oxigen a l'interior de la
macroestructura) deixa encara un elevat nombre d’atoms d’oxigen a la part externa de
la molécula, conferint-li aixi un caracter lleugerament més polar, que fa disminuir la

capacitat de retencio.

En relacid als métodes optimitzats amb cromatografia de fase invertida, cal esmentar

qgue fins la data de publicacid del treball sobre la separacid del totrazuril i els seus
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metabolits inclos en aquesta tesi, no s’havia publicat a la literatura cap metode d’analisi
gue permetés I'analisi dels tres compostos alhora i a més, les metodologies descrites
empraven separacions cromatografiques convencionals, amb uns temps d’analisi molt

superiors al proposat en aquesta tesi.

L'amprolium, com ja s’ha comentat repetidament en aquesta memoria, és un compost
amb una amina quaternaria que tal i com s’ha comprovat experimentalment, no es reté
en columnes de tipus C18 emprant fases mobils convencionals de cromatografia en fase
invertida. Per aquest motiu en aquesta tesi s’han optimitzat dos metodes especialment
adequats per a I'analisi de compostos cationics, la cromatografia de liquids d’interaccio
hidrofilica (HILIC) i la electroforesi capil-lar. En HILIC s’ha escollit una columna de nucli
solid (Fused-Core) de silice purai en electroforesi capil-lar de zona s’"ha emprat FASI (field
amplified sample injection) com a mode d’injeccié. En el metode cromatografic s’ha
utilitzat acetonitril (60%) com a modificador organic a la fase mobil ja que en les
columnes HILIC de silice pura no sdn recomanables els solvents protics, com el metanol,
mentre que en electroforesi capil-lar aguest ultim solvent organic més polar és el que
finalment s’ha addicionat al tampé electroforétic (40%) per aconseguir la separacié de
I'amprolium de les substancies coextretes de la matriu. En ambdds casos s’ha estudiat
I’efecte que produeix la concentracid i el pH del tampd en la forma dels pics i en el temps
d’elucié i sempre s’ha observat que un augment de la concentracio del tampd comporta
una millora de la forma del pic de I'amprolium que es fa més estret, encara que I'efecte
sobre el temps d’analisi és diferent en les dues técniques. Aixi, mentre que en HILIC
I'amprolium queda menys retingut, probablement degut a que en augmentar la forca
eluotropica del dissolvent s’afavoreix el desplacament de I'equilibri de bescanvi ionic
qgue té lloc amb la fase estacionaria, en electroforesi capil-lar el temps de migracio
augmenta. En aquest ultim cas I'augment s’explica perque a forces idniques més
elevades es produeix una disminucié del camp eléectric efectiu i per tant, una menor
velocitat lineal de les espécies carregades. L’estretament del pic en electroforesi capil-lar
amb la concentracié del tampd tot i que el temps de migracié augmenti (veure figura 1,
article IV), esta lligat a un efecte de preconcentracié entre el medi d’injeccié (aigua
100%) i el de separacid electroforetica (tampd) durant la injeccid FASI. Aquesta

diferéncia produeix la rapida migracio de I'analit cap a la interficie entre els dos medis
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de forma que es crea una banda estreta que en aplicar la diferencia de potencial de la
separacio, migra pel capil-lar cap al detector i com més gran és la diferéncia entre els
dos medis, major és 'efecte de preconcentracid i més estret és el pic. Pel que fa al pH,
s’observa un efecte similar en les dues técniques, en augmentar el pH, millora la forma
del pic mentre que a pHs baixos es produeix un eixamplament. Aquesta millora es pot
observar a la Fig. 3.1 on es mostra la variacio dels pics corresponents a I'amprolium
obtinguts en HILIC (A) i en electroforesi capil-lar de zona (B) en variar el pH del tampd

de 3,25a 4,0 en el primer caside 4,0a5,5 en el segon.

A) B)
10
pH 3.25
ca-d, AM
5 mAU

4]
o

AMP

Relative Abundance

&
o
o
ES
o

20 3.0 5.0
Time (min)

' i pH 3.75 pH 5.5
cQ-d, AMP \

o

8

&

B j———————‘——-——-'%

a

2 50 AMP

(]

E

©

@ pH 5.0
) 1.0 2.0 30 4.0 5.0

Time (min)
10 100 163 'm

g | cad, pH 4.0 AMP

‘é’ AMP

jo- |

<50 pH 4.5

2

E " AMP {\ pH 4.0
%.0 1.0 20 (min)s.o 4.0 50 2 & Time (min) 6 3 10

Figura 3.1. A) Cromatogrames obtinguts per a una solucid estandard d’amprolium i
clormequat-d, (patré intern) amb fase mobil ACN:tampd formiat d’amoni (50 mM) (60:40) a
diferents pHs. B) Electroferogrames obtinguts per a una solucié estandard d’amprolium amb
tampo electrolitic d’acetat d’amoni (150 mM) a diferents pHs.

En tots dos casos s’observa un eixamplament de banda en disminuir el pH del tampd
gue ddna lloc a pics amb cues molt importants en HILIC i en aquest cas, amb un augment
significatiu del temps de retencié mentre que en electroforesi capil-lar també s’observa
eixamplament pero els temps de migracid disminueixen a baixos pHs. Aquest
comportament coincideix amb I'observat en augmentar la concentracio del tampd i esta
directament relacionat amb I'augment de la forca idonica. A pH elevat la forca ionica és

més gran ja que augmenta la dissociacié de la forma acida del tampé i aixo afavoreix
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d’una banda I'elucio de I'amprolium en la columna HILIC i de I'altra, la disminucid de la

velocitat de migracié en electroforesi capil-lar.

Per a l’analisi de 'amprolium en una columna HILIC es proposa emprar com a fase mobil
acetonitril/formiat amonic a pH 4 ja que a valors superiors, el patré intern CQ-ds4 queda
poc retingut i coelueix amb els components de la matriu. D’altra banda, i atés que es
desaconsella emprar concentracions elevades de sals en |'acoblament LC-MS, es
proposa per al tampd una concentracié 50 mM com a compromis. Un altre avantatge
important a esmentar d’aquest metode esta relacionat amb I'extraccié de les mostres
ja que es poden extreure amb acetonitril i ser injectades directament en el sistema LC-
MS sense haver d’addicionar aigua a |’extracte. De fet, la injeccié de la mostra al 100%
d’acetonitril resulta avantatjosa quan es treballa en cromatografia HILIC, cosa que no
succeeix quan es treballa en cromatografia de fase invertida. En HILIC I'acetonitril és el
dissolvent de la fase mobil de menor forca eluotropica i produeix un efecte de
preconcentracié dels analits en el cap de la columna cromatografica que contribueix a
I’obtencié de pics estrets. Justament I’efecte contrari es produeix quan es treballa amb
columnes de C18 en les quals es recomana injectar en solvent amb una proporcio

d’aigua el més elevada possible.

Per a I'analisi d’amprolium amb el metode d’electroforesi capil-lar les condicions
optimes s’han obtingut en emprar tampo aquds acid acétic/acetat amonic 50 mM a pH
5. De fet, a pHs superiors a 5,0 no s’aprecia una millora significativa pel que fa a
I'amplada dels pics i a més, augmenten considerablement els valors del corrent eléctric
generat, fet que també es va observar a concentracions superiors a 150 mM. Tot i aixi,
aquestes no van ser les condicions definitives del metode, ja que en aplicar el métode
a I'analisi de mostres d’ou es va detectar una interferéncia amb el mateix temps de
migracido que l'amprolium la qual posteriorment va ser identificada com a tiamina
(vitamina B1). Per tal de separar aquests dos compostos, es va re-optimitzar la
composicio de I'electrolit de separacid afegint metanol com a modificador organic fins
a un 40% de la composicio final del dissolvent electroforétic. El pH del component aquds
format pel tampd d’acid acétic/acetat es va baixar fins a un valor de 4,5, ja que en
mesclar-se amb el component organic, el pH efectiu final de la mescla s’incrementa de

manera que el valor final es proper a 5,0 que és el proposat amb anterioritat. L’addicié
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de metanol a I'electrolit de separacio, va fer augmentar el temps d’analisi degut a una
disminucié de la conductivitat del medi, fet que es va minimitzar incrementant el

potencial aplicat fins a +30 kV.

Ambdds metodes desenvolupats per a I'analisi d’amprolium representen una aportacio
innovadora en relacié als métodes que es troben a la literatura. Cal destacar, pero, que
el camp d’aplicacid d’aquests metodes és clarament diferent, especialment si hom té en
compte el tipus de deteccié emprada, la seva selectivitat i sensibilitat i el cost economic
de I'analisi. El métode d’HPLC (deteccid per espectrometria de masses en tandem) esta
pensat per a la deteccié de residus a una concentracié de ppb (ng/g) mentre que el
metode d’electroforesi capil-lar de zona (deteccid UV) és una técnica més economica

pero tan sols és capacg d’analitzar mostres a una concentracié un ordre de magnitud

superior (ppm (ug/g)).

3.3. Espectrometria de masses

Un aspecte important del treball desenvolupat en aquesta tesi ha estat I'estudi dels
compostos a analitzar mitjancant espectrometria de masses, técnica que s’ha emprat no
tan sols com a eina de deteccid acoblada a la cromatografia sind també per a la
caracteritzacio i identificacio dels analits. Aixi, en aquest apartat es discuteixen els
resultats obtinguts des d’aquests dos punts de vista. Es posa especial @mfasi en aspectes
rellevants d’aquesta técnica com sdn els avantatges de la utilitzacié d’espectrometres
gue permeten fragmentar els analits en multiples etapes (tandem en el temps) que sén
especialment adequats per a la identificacié d’ions producte en estudis de fragmentacio,
aixi com en la utilitzacio de I'espectrometria de masses d’alta resolucié. Aquesta uUltima
tecnica permet confirmar amb seguretat les assignacions dels ions i fornir suficient
informacié per a la identificacio dels compostos. Aquestes caracteristiques de
I’espectrometria de masses d’alta resolucié han permes I'optimitzacié en aquesta tesi
de metodologia per a I'analisi directa de farmacs veterinaris utilitzant el DART. La
discussid, s’ha subdividit en dos apartats, el primer dedicat a comentar els resultats

obtinguts en I'estudi del comportament dels compostos estudiats en espectrometria de
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masses (ionitzacié i fragmentacid) i el segon que fa referencia a les condicions

d’acoblament de la cromatografia de liquids a I'espectrometria de masses.

lonitzacid i fragmentacio dels compostos estudiats

Les diferents fonts d’ionitzacio utilitzades en aquesta tesi han estat I’electrosprai (ESI),
la ionitzacié quimica a pressio atmosfeérica (APCI) i la fotoionitzacid a pressié atmosferica
(APPI) gue s’han emprat en sistemes acoblats a la cromatografia de liquids, aixi com el
direct analysis in real time (DART), técnica d’ionitzacié que s’ha emprat per avaluar
I'aplicabilitat de I'analisi directa sense separacid cromatografica. Les técniques a utilitzar
en cada cas concret s’han escollit a partir de la informacid bibliografica disponible o a
partir de la comparacié de les respostes obtingudes per als farmacs antiparasitaris en
les fonts avaluades. En concret, per als poliéters ionofors s’ha emprat una font d’ESl en
mode positiu i en aquestes condicions s’ha obtingut com a pic base de I'espectre
I'adducte de la moléecula amb sodi ([M+Na]*) que és el descrit a la literatura com a
majoritari per aquests compostos (Volmer i cols., 1998; Lopes i cols., 2002). La capacitat
d’aquestes molécules de formar aquests adductes rau en la conformacio
pseudomacrociclica que adopten en solucid i que dona lloc a estructures estables en
afavorir les interaccions per pont d’hidrogen entre el grup carboxilic i I’hidroxil terminal
de la molécula (veure figura 1.2 del Capitol I). Aquesta estabilitat explica que aquests
adductes també s’hagin observat en DART(+) (article V), tot i que en aquesta font
d’ionitzacido habitualment no es generen aquest tipus d’ions. Els polieters ionofors
també es ionitzen en ESI(-) atés que sén acids carboxilics i en aquest mode d’ionitzacid
generen I'ié [M-H], encara que la resposta és molt menor que I'obtinguda en polaritat
positiva. En canvi, la polaritat negativa és I'0ptima per als coccidiostats quimics diclazuril
i 4,4’-dinitrocarbanilida, atesa la capacitat d’estabilitzar la carrega negativa que tenen
els grups carbonil adjacents a les amines de les seves estructures (Fig. 1, article ). Els
altres coccidiostats quimics es ionitzen en polaritat positiva generant la molecula
protonada. Polaritat positiva és també I'adequada per a I'amprolium (articles Il i V) com
correspon a una sal d’amoni quaternari. Aquest compost déna en conseqiiéncia com a

pic base de I'espectre tan en ESI com en APCI, I'ié de m/z 243, que correspon a la massa
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monoisotopica del catié amprolium. El toltrazuril i els seus metabolits, toltrazuril sulfona
i toltrazuril sulfoxid (article Il) es ionitzen tan en ESI com en APCI generant com a pic
base dels espectres els ions [M+H]* o [M-H] segons correspongui a la polaritat de treball
seleccionada. Ara bé, en APCl en polaritat negativa el pic base de I'espectre del totrazuril
i la totrazuril sulfona no correspon a I'iéd molecular desprotonat sind que és el [M-69]
qgue prové d’una fragmentacié a la font deguda a la pérdua del fragment CFs,
fragmentacié que també fou observada per Li i cols. (2006). El mateix fenomen s’ha
observat per al totrazuril sulfoxid que déna com a pic base de |'espectre I'ié [M-70]"
resultat de la perdua del fragment CHFs'. Cal esmentar perd que I'ié corresponent a la
molecula desprotonada també s’observa en els espectres d’aquestes substancies amb
una abundancia que va del 5% per al totrazuril al 60% per al totrazuril sulfoxid. Pel que
fa al comportament dels coccidiostats quimics a la font DART, i a diferencia dels polieters
ionofors, els compostos que es ionitzen en polaritat positiva generen I'ié [M+H]* com a
pic base de I'espectre i no s’observa la preséncia d’adductes. A mode d’exemple a la
figura 3.2 es mostra |'espectre obtingut per a una mescla de patrons de coccidiostats en
DART(+)-HRMS on es pot observar la presencia dels adductes amb sodi per als poliéters
ionofors monensina, salinomicina i narasina i els ions protonats per als coccidiostats
quimics clopidol i robenidina. Cal destacar la baixa senyal observada per a Ia
maduramicina deguda probablement al seu elevat pes molecular que dificulta la seva
desorcio de la vareta de vidre que s’utilitza per introduir la mostra a la font d’ionitzacio
DART. L'amprolium no va ser detectat en aquestes condicions possiblement per la
mateixa rad, ja que en trobar-se com a catid en la solucio és dificil la transferencia a la

fase gas.
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Figura 3.2. Espectre de masses obtingut en DART(+)-HRMS d’una solucié patré de coccidiostats
de concentracié 1 pg/mL

L’establiment d’'un metode per a 'analisi de les benzimidazoles (article VI) ha permés
comparar el comportament de tres fonts d’ionitzacié convencionals APCI, ESI i APPI,
estudi que s’"ha completat amb la utilitzacié d’una tecnica ambient, el DART (article V).
Els resultats posen de manifest que les benzimidazoles poden ser ionitzades tan en ESI
com en APCI i DART en els dos modes d’ionitzacié (positiu i negatiu) proporcionant com
a Unic i6 de I'espectre de masses el [M+H]* o [M-H] corresponent. Aquesta capacitat és
deguda a la nombrosa preséncia de nitrogens a I'estructura que tenen propietats acides
o basiques en funcid de la seva posicié a la molecula i I'aromaticitat de la mateixa.
Unicament la ceto-triclabendazole no proporciona cap i6 estable en mode positiu
mentre que si que ho fa en mode negatiu ja que |'electronegativitat dels atoms de clor
en la seva estructura (Taula 1, article VI) estabilitza la carrega negativa. Per aquesta rad
es proposa analitzar aquesta molécula aixi com el seu compost parental la
triclabendazole en polaritat negativa. En general, les respostes obtingudes per a les
benzimidazoles en APCI sén superiors (10-20 %) que en I'ESI. Pel que fa referéncia a

I'aplicabilitat de I'APPI amb I'addicid post-columna de dopants (tolue, acetona,

149



Capitol 3

tetrahidrofura, anisol i clorbenze) per tal d’afavorir la fotoionitzacio de les
benzimidazoles, els resultats obtinguts no van ser satisfactoris en cap cas, ja que els
senyals registrats varen ser de baixa intensitat per tots els analits. A diferencia de les
altres fonts d’ionitzacié estudiades, en APPI a més d’obtenir-se els ions corresponents a
la protonacié (+) o desprotonacio (-) de les molécules en estudi també es va observar en
emprar clorbenze i lI’anisol com a dopants, la formacié dels cations o anions radicals amb
abundancies relatives entre el 40% i el 100%. La coexistencia de I'i6 radical i la molécula
protonada o desprotonada és desfavorable des del punt de vista de la resposta, ja que
aquesta s’ha de dividir entre els dos ions originats. Com s’ha comentat en la introduccio
del capitol 2, I'APPI és una font d’ionitzacié indicada per a I’analisi de compostos apolars
amb un elevat grau d’aromaticitat. En aquest cas, les benzimidazoles no sén compostos
amb una certa polaritat i tot i que tenen I'anell benzimidazol a la seva estructura,
probablement aquesta aromaticitat no és suficient per ser uns bons candidats a ésser
analitzats per APPI. Atesos els resultats obtinguts amb les diferents fonts d’ionitzacio
estudiades, es va seleccionar I’APCl en mode positiu o negatiu en funcié de la millor
resposta observada per a cada analit per a la posterior analisi. Aquesta conclusié
contrasta amb la metodologia disponible a la literatura que majoritariament empra
fonts de tipus ESI per a I'analisi d’aquests compostos, probablement degut a la major
disponibilitat d’aquesta font en els laboratoris d’analisi. Només una publicacio de I'any
1998 de Cannavan i cols. empra una font d’APCI per a I'analisi de tiabendazole i el seu

metabolit majoritari, la hidroxitiabendazole en mostres de teixit animal.

En aquesta tesi s’ha aprofundit en l'estudi de la fragmentacié dels compostos
antiparasitaris en espectrometria de masses en tandem (MS/MS) per tal d’identificar els
ions fragment, establir la relacid genealogica entre els ions generats i seleccionar els ions
més abundants i selectius i per la posterior analisi (quantificacié i confirmacié) en LC-
MS/MS. Per aquests estudis s’ha utilitzat un analitzador de trampa d’ions (IT) que
permet dur a terme fragmentacions successives en I'espai dels ions generats, mentre
que el triple quadrupol (QgQ) s’ha emprat per a la quantificacié ja que permet disminuir

els limits de deteccio en treballar en SRM.

En els estudis de fragmentacio s’han utilitzat les fonts d’ionitzacid i els ions precursors

més abundats dels espectres obtinguts en full-scan. Per exemple, per als polieters
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ionofors s’ha utilitzat I'adducte amb sodi, [M+Na]*, mentre que per als coccidiostats
guimics i les benzimidazoles s’ha emprat I'id molecular protonat, [M+H]*. Cal esmentar
gue en intentar fragmentar els ions moleculars protonats o desprotonats obtinguts en
ESI per al toltrazuril i els seus metabolits no es va obtenir cap i6 estable, motiu pel qual
es va treballar en APCI(-) seleccionant com a i precursor el [M-CFs] per al toltrazuril i la
toltrazuril sulfona i el [M-CHF3]" per a toltrazuril sulfoxid. En relacié als ions producte
obtinguts, s’ha constatat que en alguns casos, sén poc especifics com per exemple, els
dels polieters ionofors per als quals majoritariament el pic base de I'espectre d’ions
producte és I'id provinent de la pérdua d’una molécula d’aigua (m/z -18). En aquests
casos la fragmentacio successiva en una trampa d’ions ha permés d’obtenir informacio
sobre ions més selectius utilitzables per a la confirmacid. Per exemple, en I'espectre MS3
dels polieters ionofors que contenen un grup cetona (salinomicina, narasina i lasalocid)
obtingut seleccionant com a i6 precursor I'ié de segona generacié (MS?) [M+Na-H,0]*,
s’observen els ions provinents del trencament de I'enllag en posicio B respecte a aquest
grup. La figura 3 de l'article | mostra el mecanisme d’aquesta fragmentacio. Els altres
compostos de la familia (monensina i maduramicina) generen altres ions producte
generalment provinents de la fragmentacié dels eters ciclics. Les fragmentacions
obtingudes en MS3 en una trampa d’ions sén directament observables en els espectres
de MS/MS obtinguts en un equip de QqQ en el qual es poden produir col-lisions
multiples tal com reporten altres autors (Dubois i cols. (2005), Rokka i cols (2006), Jestoi
i cols. (2007)). En aquesta tesi s’ha proposat la utilitzacié d’ions de tercera generacié
(MS3) com ions de confirmacié en MS/MS per a 'analisi d’alguns coccidiostats (Fig. 5
article 1) aixi com de les benzimidaloles (Fig. 1 article VI). Un exemple interessant de
I'aportacio que pot comportar la utilitzacié d’analitzadors que fragmenten en el temps
com les trampes d’ions, ha estat la identificacié d’alguns dels ions de I'espectre de
masses de I"'amprolium obtingut en un triple quadrupol. Com es posa de manifest a la
figura 2 del article lll, els ions de baixa intensitat de I'espectre obtingut en el triple
quadrupol (m/z 122; 135 i 108) provenen de I'i6 producte majoritari (m/z 150) i es
generen per multiples col-lisions que afavoreixen el trencament de la cadena alquilica

de I'i6 fragment aminopirimidilic (m/z 150).
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Un fet a destacar dels estudis de fragmentacio duts a terme en aquesta tesi ha estat el
comportament de la maduramicina. El pic base de I'espectre d’ions producte obtingut a
partir de I'ié precursor [M+Na]* és I'ié [M+Na-62]* enlloc de la pérdua d’aigua com els
altres polieters ionofors (article I). Aquesta fragmentacid es pot explicar per la perdua
simultania de H;0 i CO,, que és possible per la conformacié pseudomacrociclica que
adopten aquestes molécules (veure figura 1.2 del Capitol 1). L’assignacio es va confirmar
utilitzant espectrometria de masses d’alta resolucié (HRMS) amb un analitzador
Orbitrap a un poder de resolucié de 60000. L’error en |'assignacio de la massa és més
baix per a aquesta proposta que per a d’altres possibles assignacions com per exemple
la perdua de dos grups metoxi que conseqiientment van ser descartades (Taula 2, article
). La perdua simultania de H,0 i CO; també ha estat observada, i confirmada per HRMS,

per a d’altres poliéters ionofors en MS3 (Taula 1, article 1)

En general, la fragmentacido dels compostos que contenen heteroatoms a la seva
estructura té lloc en els enllacos amb els heteroatoms. Per exemple, I'id base de
I’espectre MS/MS de I'amprolium correspon a una fragmentacio per I’enllag adjacent al
nitrogen quaternari (Fig. 2, article lll), el de la robenidina es genera pel trencament de
I’enllag N-N, la dinitrocarbanilida es trenca per I’enllag amida i el diclazuril per I'anell de
triazina (article 1). El pic base de I'espectre d’ions producte del toltrazuril i els seus
metabolits es deu també al trencament de I'anell de triazina (Taula 2, article Il). Les
benzimidazoles també segueixen aquest patrd de fragmentacié (Taula 2, article V), la
triclabendazole i la ceto-triclabendazole originen ions fragment provinents de la pérdua
de l'anell de diclorobenzé enllagat a un grup eéter, les que contenen un grup
metilcarbamat a I’anell imidazol normalment perden metanol pel trencament de I'enllag
en a del grup carbonil, les que contenen un substituent amb sofre en el grup fenil també
es fragmenten per l'enllag en a respecte al sofre. Aquesta ultima fragmentacio
s’afavoreix en les molécules que contenen un grup sulfoxid a I'estructura com es pot

observar a la figura 1 de l'article V.

Els metodes desenvolupats per a I'analisi de farmacs antiparasitaris mitjancant DART-
HRMS no utilitzen I'espectrometria de masses en tandem ateses les caracteristiques de
I'instrument utilitzat (Exactive, Orbitrap) que només permet realitzar una fragmentacié

no selectiva dels ions que s’introdueixen a la cel-la de col:lisi6 HCD ja que no es pot
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realitzar la seleccio dels ions precursors. Considerant a més, que en treballar en DART
es prescindeix de la separacié cromatografica dels compostos, no es recomana realitzar
aquest tipus de fragmentacio ja que és impossible correlacionar els ions precursors amb
els ions producte generats. Com a alternativa per a la quantificacio i identificacio dels
compostos s’utilitza la resolucid que l'analitzador d’aquest equip és capac¢ de
proporcionar. En el nostre estudi, per tal de definir el poder de resolucid minim a emprar
es van utilitzar dos compostos, I'albendazole sulfona i la 5-hidroximebendazole, els m/z
de les quals difereixen només en 33 mDa. Tal com es pot observar a la figura 3.3, es
requereix un poder de resoluciéd minim de 25.000 FWHM per tal de separar aquests dos
compostos en l'analitzador Orbitrap. Aixi mateix, la separacié obtinguda en emprar
100.000 FWHM si bé és molt bona, ofereix una baixa sensibilitat (el senyal de fons
d’escala disminueix unes 50 vegades) i una velocitat d’escombratge de tan sols 2
espectres/segon, que és massa baixa per poder reconstruir els cronogrames obtinguts
en DART que sén de tan sols uns pocs segons. Per aquest motiu, es va escollir com a

resolucié de compromis 50.000 FWHM.

Resolucié Resolucié Resolucio Resolucio
10000 FWHM 25000 FWHM 50000 FWHM 100000 FWHM

298,
NL:1.97E6 NL:1.33E6 16 NL:1.5E6 298.0840 NL:8.69E4
298.0886 298.08 298.0843
/\ 298.1172
298.1169

29800 298.05 29810 29815 29820 50800 2080 29310 298.15 29820 29800 298.05 z§§.10 20815 29820 298.00 298.05 20810 29815  298.20
m/z m/z

Figura 3.3. Efecte del poder de resolucié utilitzat en I’Orbitrap en la separacié de I’ABZ-SO,
(m/z 298,0857 i el MBZ-OH m/z 298,1187)
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Acoblament cromatografia de liquids-espectrometria de masses

Per a la quantificacio i confirmacié de la identitat dels analits en I'acoblament LC-MS/MS
s’han escollit les transicions més selectives i abundants. A la taula 3.1 s’inclouen els ions
seleccionats per a tots els compostos estudiats en aquesta tesi. Com es pot observar a
la taula, diversos ions de confirmacio (indicats amb *) corresponen a ions de tercera
generacio. En el cas dels metodes que empren com a analitzador de masses el QqQ
aquests ions de tercera generacid son observats en |'etapa de MS/MS i per tant la
confirmacié es fa seguint la transicido corresponent. En el cas d’emprar I'lT com a
analitzador de masses si el métode es configura Unicament amb 'etapa de MS? en cas
de trobar una mostra sospitosa de ser positiva per als compostos que requereixen ions
de tercera generacié (monensina, robenidina y 4,4’-dinitrocarbanilida) és necessari re-
injectar la mostra activant només el mode MS3. En aquest treball el procediment es va
establir d’aquesta manera degut a la limitacié de la velocitat d’escombratge de la trampa
d’ions utilitzada. Aquesta no era suficientment rapida i no permetia obtenir un nombre
de punts suficient per reconstruir el pic cromatografic si es duien a terme dues etapes
de fragmentacid successives. Les trampes d’ions de nova generacid sén suficientment
rapides i sensibles per permetre aplicar dues etapes de fragmentacidé successives sense

problemes.

Un tema a tenir en compte en I'acoblament LC-MS/MS és I’efecte matriu especialment
important en emprar electrosprai com a técnica d’ionitzacié. Es per tant necessari,
avaluar la resposta dels compostos en les mostres i comparar-la amb la dels patrons a la
mateixa concentracié per comprovar si existeixen diferéencies significatives entre
patrons i mostres. En aquesta tesi s’ha posat clarament de manifest que I'efecte matriu
depen tant de I'analit com de la mostra analitzada. Per exemple, en la determinacio de
coccidiostats en aigua (article 1) aquest efecte no fou significatiu, tot i que la font
d’ionitzacio és I'ESI especialment propensa a sofrir efectes matriu. El tipus de mostra,
relativament neta explica aquest comportament i va permetre proposar un metode de
calibratge extern per a la quantificacido sense que |'exactitud del metode es veiés

afectada.
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Taula 3.1. lons seleccionats per a I'analisi de farmacs antiparasitaris en I’acoblament LC-MS/MS

Compost Font ionitzaci6  Analitzador de 16 precursor 16 producte 1 16 producte 2

masses (quantificacid) (confirmacio)
Monensina ESI IT 693 ([M+Nal*) 675 ([M+Na-H,0]*) 657*([M+Na-H,0-H,0]*)
Salinomicina ESI IT 773 ([M+Nal*) 755 ([M+Na-H,0]*) 531 ([M+Na-Ci3H2204]%)
Narasina ESI IT 787 ([M+Nal*) 769 ([M+Na-H,0]*) 531 ([M+Na-C14H2404]%)
Lasalocid ESI IT 613 ([M+Na]*) 595 ([M+Na-H,0]*) 577([M+Na-2H,0]")
Maduramicina ESI IT 939 ([M+Nal*) 877 ([M+Na-(H,0+COO0)]*) 397 ([M+Na-C29Hs005]*)
Robenidina ESI IT 334 ([M+H]") 317 ([M+H-NHs]*) 263* ([M+H-NH3-CNs]*™)
Diclazuril ESI IT 405 ([M-H]) 335 ([M-H-C;H20Nz2]) 334 ([M-H-C;HO;N])
4,4’-Dinitrocarbanilida ESI IT 301 (M-HJ) 137 ([M-H-C7H40sN.]) 107*([M-H-C;H,03N,-NOJ™)
Amprolium ESI QgqQ 243 ([M]") 150 ([M-CeH7N]*) 94 ([M-CgH1,N3]"
Toltrazuril APCI QqQ 356 ([M-CFs]-) 256 ([M-CF3-C3H40;N,]) 124* ([M-CF3-C11H1003N3])
Toltrazuril sulfona APCI QqQ 388 ([M-CFs]) 288 ([M-CF3-C3H40;N,]) 248 ([M-CF3-C4H,03Ns])
Toltrazuril sulfoxid APCI QgqQ 371 ([M-CHFs]) 371 ([M-CHFs]) 271 ([M-CF3-C3H40,N,]*)
Albendazole APCI QqQ 266 ([M+H]) 234 ([M+H-CH30H]") 192* ([M+H-C4H100]%)
Albendazole sulfona APCI QqQ 298 ([M+H]Y) 266 ([M+H-CHsOH]) 159* ([M+H-C4H10S0s]*)
Albendazole sulfoxid APCI QqQ 282 ([M+H]Y) 240 ([M+H-CsHg]") 208* ([M+H-C4H100]")
Albendazole aminosulfona  APCI QqQ 240 ([M+H]Y) 133 ([M+H-C3HeS0,]) 198 ([M+H-CsHe¢]*)
Cambendazole APCI QqQ 303 ([M+H]Y) 217* ([M+H-C4Hs0,]") 261 ([M+H-CsHe]?)
Febantel APCI QaqQ 445 ([M-H]") 370 ([M-H-C;Hs0;NT) 298* ([M-H-CsHsO4N]")
Fenbendazole APCI QqQ 300 ([M+H]Y) 268 ([M+H-CH30H]") 159* ([M-H-CsH903S])
Fenbendazole sulfona APCI QqQ 332 ([M+H]Y) 300 ([M+H-CHs0H]") 159* ([M+H-C7H603S]*)
Flubendazole APCI QqQ 314 ([M+H]Y) 282 ([M+H-CHsOH]) 95 ([M+H-Cy0HsO3Ns]*)
Flubendazole amino APCI QqQ 256 ([M+H]*) 95* ([M+H-CgH;0Ns]Y) 123 ([M+H-CoHs02N3H]*)
Mebendazole APCI QqQ 296 ([M+H]*) 264 ([M+H-CH3;0H]") 105* ([M+H-CgH100,]"*)
Mebendazole amino APCI QqQ 238 ([M+H]Y) 105 ([M+H-CgH1002]*) 77* ([IM+H-CsH;0Ns]*)
Hidroximebendazole APCI QqQ 298 ([M+H]Y) 266 ([M+H-CHsOH]) -
Oxfendazole APCI QqQ 316 ([M+H]) 159 ([M+H-C7Hs0,S]*) 191 ([M+H-CeHs0S]*)
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Taula 3.1. lons seleccionats per a I’analisi de farmacs antiparasitaris en I’acoblament LC-MS/MS (continuacio)

Compost

Font ionitzacio

Analitzador de
masses

16 precursor

16 producte 1
(quantificacid)

16 producte 2
(confirmacio)

Oxibendazole
Tiabendazole
Hidroxitiabendazole
Triclabendazole
Ceto-triclabendazole

APCI
APCI
APCI
APCI
APCI

QqQ
QqQ
QqQ
QqQ
QqQ

250 ([M+H])
202 ([M+H])
218 ([M+H])
357 ([M-H])
327 ([M-H])

218 ([M+H-CH30H]")
175 ([M+H-CHN]*)

147* ([M+H-C;HNS]*)
197* ([M-H-C7HeCl2])
182 ([M-H-C6H3C|2]_')

131* ([M+H-C,HNS]*)
131* ([M+H-C,HNS]*)
191 ([M+H-CHNT)
342 ([M-H-CHs])
146* ([M-H-CHCls]™®)

*lons generats en etapa de MS2 en analitzador IT.
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En canvi, tan en la determinacié de benzimidazoles en llet (article V) com en la
determinacié de toltrazuril i els seus metabolits en productes carnis (article Il), es va
arribar a observar una supressié de la senyal de fins a un 22 % tot i utilitzar una font
d’ionitzacio d’APCI. Per aquest motiu, en aquests metodes es proposa emprar calibratge
en matriu (matrix-matched calibration) que permet evitar la quantificacid de les mostres
per defecte ja que tan els patrons com les mostres pateixen la supressio ionica en la
mateixa mesura. Ara bé, aquest meétode requereix disposar d’una matriu blanca de cada
tipus de mostra a analitzar. La determinacié d’amprolium mitjancant LC-(ESI)MS/MS
(article 1), representa un cas completament diferent ja que es va observar un importat
efecte d’augment de la resposta, que per als extractes addicionats és més del doble de
la obtinguda en les corresponents solucions patrd. Es produeix un increment del senyal
degut a la presencia de substancies coextretes de la matriu que coelueixen amb
I'amprolium. En aquest cas es posa clarament de manifest I'efecte de la matriu (pinso,
ous i muscul de pollastre). El procediment dut a terme per a la identificacié de la
substancia responsable d’aquest augment del senyal (enhancement) és una mostra de
la utilitzacid de les possibilitats que ofereixen les diferents técniques d’espectrometria
gue es troben a disposicio de I'analista en un moment donat. L'obtencié de I'espectre
de masses en mode full scan en la regié d’elucié de I'amprolium va permetre observar
la presencia d’un pic cromatografic al temps de retencié de I'amprolium corresponent a
un i6 de m/z 162,1 (veure figura 4, article Ill). A partir de I'espectre MS/MS d’aquest i9,
obtingut emprant un triple quadrupol que permet treballar a una relativa elevada
resolucid en el tercer quadrupol (Q3) (Am/z 0,1 FWHM), i de la utilitzacid de programes
d’elucidacié estructural i bases de dades d’estructures quimiques es va poder identificar
el compost responsable de |'efecte matriu que va resultar ser la L-carnitina, un compost
amb un grup amino quaternari que es sintetitza en el fetge i el ronyd dels animals.
Aquest compost competeix amb I'amprolium en la formacié de parells ionics amb els
components de la fase mobil afavorint 'augment de la concentracié d’amproélium en la
superficie de la gota de l'electrosprai i produint I'efecte d’augment del senyal
(enhancement). Aquest efecte ha estat utilitzat en aquesta tesi per controlar 'efecte
d’aquesta interferéncia de la matriu. Aixi, s’Tha proposat 'addicié de L-carnitina als
extractes fins a una concentraciéo 700 ng/mL de manera que I'efecte sigui el mateix en

totes les matrius amb independéncia de la concentracié de carnitina endogena ja que
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els patrons de quantificacio es preparen addicionant-hi aquest compost a aquesta
mateixa concentracid. Aquest efecte no ha estat descrit mai a la literatura relacionada
amb I'analisi d’amprolium, si bé tots els meétodes disponibles proposen tractaments de
mostra molt més exhaustius que el proposat en aquesta tesi i probablement eliminen
aquesta interferéncia. Tot i aixi, la preséncia d’aquest compost, acaba sent beneficiosa
per a la sensibilitat del métode ja que permet baixar els limits de deteccié i quantificacié
respecte als obtinguts per altres autors com Squadrone i cols. (2008) i Pietruk i cols.

(2015) els quals obtenen limits de quantificacid de 10 a 1000 vegades superiors.

En I'analisi d’amprolium en mostres d’ou per CZE-UV (article V), també es va trobar una
interferencia que impedia la seva quantificacid. En aquest cas, 'acoblament de
I’electroforesi capil-lar a un espectrometre de masses amb un analitzador de trampa de
ions va permetre obtenir els espectres en mode full scan i tandem d’aquest aquest
compost que va ser identificat com la tiamina o vitamina B1 (veure figura 2 de l'article
IV). Identificada la interferéncia, i tal com s’ha exposat a I'apartat 3.2, la separacio va ser
re-optimitzada per a separar els dos compostos i poder continuar proposant la deteccid

UV com a metode de deteccid sense necessitat de I'espectrometria de masses.

En aquesta tesi s’ha utilitzat espectrometria de masses en tandem tant emprant
analitzadors de trampa d’ions com triples quadrupols treballant en baixa resolucié. Tan
sols s’ha emprat alta resolucid (Orbitrap) en el DART i en la identificacio d’ions producte
com s’ha comentat a I'apartat anterior. Nogensmenys durant I'analisi de mostres de
productes carnis per a la determinacié de toltrazuril i es seus metabolits (article Il)
emprant un analitzador de triple quadrupol es van evidenciar dificultats a I'hora de
quantificar el toltrazuril a nivells propers al limit de quantificacid. Mentre que la
guantificacié i confirmacio de totrazuril sulfona es pot dur a terme sense problemes
emprant ambdds quadrupols en baixa resolucié (Q1 Am/z 0,7 FWHM i Q3 Am/z 0,7
FWHM) les traces de quantificacié (m/z 256) i confirmacid (m/z 124) del toltrazuril
presenten un elevat soroll de fons en aquestes condicions. Per solucionar aquest
problema es va aprofitar la possibilitat que presenta el QgQ utilitzat en aquesta tesi de
treballar amb una relativa alta resolucié. Aixi, si el primer quadrupol (Q1) treballa a una
resolucié de Am/z 0,1 FWHM, mode H-SRM (Highly selective Selected Reaction

Monitoring), s’aconsegueix reduir el soroll degut a I'eliminacio de possibles
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interferencies isobariques de I'id precursor. Aixo permet millorar substancialment la
sensibilitat del métode i quantificar i confirmar el toltrazuril fins a un nivell de 2,2 pg/kg

(veure figura 5, article Il).

3.4 Parametres de qualitat i aplicacio

Els parametres de qualitat de métode (limits de deteccio instrumental (LOD), limit de
guantificacié del metode (MLOQ), precisio i exactitud) aixi com la recuperacié dels
diferents analits de les matrius analitzades han estat avaluats per a cadascun dels
metodes desenvolupats en aquesta tesi doctoral. A la taula 3.4.1 es resumeixen els
valors obtinguts per a cada parametre i compost tot especificant el métode emprat per
a 'obtencid de cadascun dels valors aixi com les unitats en que s’expressa el limit de
guantificacié del métode atesa la diversitat de mostres analitzades. Els valors
d’exactitud i precisio recollits a la taula corresponen al nivell de concentracié més baix

avaluat per a cada metode.

Analitzant les dades recollides en la taula 3.4.1 s’observa en primer lloc una clara
diferéncia entre els LODs instrumentals obtinguts amb I'analitzador de trampa d'ions
(IT), indicats amb una “a” a la taula, i els obtinguts amb un triple quadrupol de QqQ
treballant en mode de SRM. Els valors obtinguts amb la trampa d’ions sén en general,
un ordre de magnitud superiors als del QqQ independentment del compost analitzat.
Aqui s’evidencia la diferéncia de generacions entre instruments a més de la major
sensibilitat dels instruments de QgQ treballant en mode SRM enfront de les trampes
d’ions. EI LOD més baix obtingut correspon a I'amprolium en emprar LC-ESI-MS/MS
(QgQ), probablement degut a I'efecte d’augment de la senyal produit per la preséncia
de L-carnitina que s’afegeix als patrons de calibratge, com ja s’ha indicat a I'apartat
anterior on es comenta I'efecte d’aquest compost en la resposta de I'amprolium en

electrosprai.
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Taula 3.4.1. Resum dels parametres de qualitat obtinguts per als diferents compostos analitzats i metodes desenvolupats en la present tesi

Compost Limit de deteccié Limit de quantificacio Recuperacié Exactitud Precisi6

Instrumental de meétode (%) (% error relatiu) (% RSD)

(LOD) (MLOQ)

(pg injectats)
Salinomicina 10° 33 ng/L?/0,25 mg/kg® 902 /87° 32/8,5° 5,82/20°
Narasina 152 54 ng/L?/0,25 mg/kg® 90°2/84" 323/9,1° 6,52/24°
Lasalocid 20° 69 ng/L? 85°? 42 6,72
Monensina 152 51 ng/L3/0,5 mg/kg® 922 /92" 323/9,2° 5,22/19°
Maduramicina 252 93 ng/L?® 80° 52 8,7°
Robenidina 30° 150 ng/L 3/0,5 mg/kgP 602 /72" 82/10,6 ° 12,12 /19"
Diclazuril 60°? 213 ng/L® 852 6?2 7,4°
4,4’ -dinitrocarbanilida 50° 168 ng/L? 90° 52 9,32
Toltrazuril 0,5¢/0,5¢ 3¢/1,5% ug/kg 94 5d 1,8¢/3,7¢
Toltrazuril sulfona 0,5¢/0,5¢ 3¢/1,5% ug/kg 92 5d 1,3¢/1,9¢
Toltrazuril sulfoxid 3¢/4¢ 24 °/15% ng/kg 86 14 ¢ 1,5¢/2,4¢
Amprolium 0,2¢/0,25 pg/Lf 0,6 ¢ /75 fug/kg 80¢/85f 7¢/13,1f 12,9¢°/14,2F
Albendazole 2,58 0,6 8/1" ug/kg 92" 138/19" 138/2,5"h
Albendazolesulfona 5,08 0,98/5" ug/kg 87" 188 /25" 9,98/8,3"
Albendazolesulfoxid 7,58 0,98/1"ug/kg 86" 98 /21h 118/8,5"
Albendazoleaminosulfona 7,58 1,58 /5" ug/kg 82h 138 /25" 218/7,9"
Tiabendazole 5,08 1,58 /1" pg/kg 95 h 138/17°h 168/5,3"
Hidroxitiabendazole 108 1,58 /1" pg/kg 89 h 9,58/15" 68/6,2"
Fenbendazole 1,08 0,68/1"ug/kg 82h 168/13"h 168/5,4"
Fenbendazolesulfona 1,08 0,68/5"ug/kg 84qh 238/20"h 158/9,3"
Mebendazole 2,58 0,68/1"ug/kg 8gh 138/18"h 4,68/6,2"
Mebendazoleamino 2,58 1,58 /5" ug/kg 85h 168 /25"h 9,18/9,2"
Hidroximebendazole 2,58 0,98/1" ug/kg 84qh 188 /22 b 6,08/6,8"
Flubendazole 1,08 0,68/1"ug/kg 79" 138/10"h 7,68/7,4"

Aminoflubendazole 5,08 0,98/10 " pg/kg 77" 208/22" 118/7,7"




Taula 3.4.1. Resum dels parametres de qualitat obtinguts per als diferents compostos analitzats i métodes desenvolupats en la present tesi (Continuacid)

Compost Limit de deteccié6  Limit de quantificaci6 Recuperacid Exactitud Precisio
Instrumental de metode (%) (% error relatiu) (% RSD)
(LOD) (MLOQ)
(pg injectats)
Oxfendazole 5,0¢ 0,98/5 "ug/kg 89h 128/23h 12¢8/8,1"
Oxibendazole 108 0,98/1 " ug/kg 87" 228/19h 128/6,5"
Cambendazole 1¢ 1,58 /1" ug/ke oot 218/12°h 17¢8/7,9"
triclabendazole 108 3,08/1 " ug/kg 76" 168/18"h 188/7,2"h
Cetotriclabendazole 5,08 1,58/1 Mug/ke 65" 218/15h 118/8,4"
Febantel 5,08 1,58 /1" ug/kg 92" 78/14"h 59¢8/65"
Levamisole - 1" ug/kg 94h 19" 86"

3LC-ESI- MS/MS (IT)-aigua de riu; PDART-HRMS-pinsos; °LC-APCIl- MS/MS (QqQ)(SRM)-productes carnis; “LC-APCI- MS/MS (QqQ)(H-SRM)-productes carnis;
5 SLC-ESI-MS/MS (QgQ)-ous, pinso i carn pollastre; fFASI-CZE-UV-ous; ELC-APCI-MS/MS(QqQ)-llet; "DART-HRMS-let
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D’altra banda, cal indicar que les unitats en que s’expressa el limit de deteccid
instrumental d’amprolium per FASI-CZE-UV sén de pg/L, la concentracio de la solucié
injectada, ja que amb aquesta teécnica no es pot determinar el volum efectiu de mostra
injectat atés que en treballar amb injeccioé electrocinética tan sols s’introdueixen en el
capil-lar els ions presents a la solucié. Si bé el limit de deteccid instrumental déna idea
de la capacitat de la tecnica i instrumentacio utilitzades, el parametre que té interés des
del punt de vista de l'aplicaci6 d’'una determinada metodologia és el limit de
guantificacié de métode (MLOQ) que doéna informacio sobre el méetode complert, tenint
en compte les etapes d’extraccid, purificacié i la propia analisi instrumental considerant
el possible efecte matriu. Aixi, malgrat que els LODs obtinguts per als coccidiostas amb
el métode LC-ESI-MS/MS (IT) no sén com ja s’ha comentat, gaire bons, els MLOQs
obtinguts en I'aplicacié d’aquest metode a mostres d’aigua superficial (riu) es troben en
I'interval de 33-213 ng/L (ppt) per als diferents coccidiostats estudiats atés |'efecte de
preconcentracio de la mostra que és d’un factor aproximat de 210, ja que el métode
parteix de 200 mL de mostra que es concentren fins a un volum final de 950 pL. Aquests
MLOQs son del mateix I'ordre que els obtinguts per Iglesias i cols. (2012) en un equip de
QgQ per a la monensina, salinomicina i maduramicina pero sén un ordre de magnitud
superiors als trobats per Herrero i cols. (2012) que proporcionen valors de 1,0 ng/L per
als polieters ionofors en mostres d’aigua superficial, encara que aquests ultims autors
realitzen una major preconcentracido de la mostra (1000 mL per a mostres d’aigua
superficial portats a un volum final d’1 mL). La resta de métodes optimitzats en aquesta
tesi i basats en espectrometria de masses en tandem emprant el mode SRM en un triple
quadrupol (QgQ) proporcionen valors de MLOQs de I'ordre dels baixos ppb (ug/kg) i per
tant, adequats per a la determinacié dels farmacs antiparasitaris en matrius d’aliments
per a les que s’ha establert un valor de MRL (10-1.000 pg/kg) (veure apartat 1.3.1). Pel
qgue fa referéncia a la determinacié de toltrazuril i els seus metabolits en productes
carnis, les dades recollides a la taula 3.4.1 posen de manifest que la utilitzacié del mode
H-SRM té una incidéncia directa en la millora dels MLOQs que en general baixen a la
meitat (de 3 pug/kg en SRM a 1,5 pg/kg en H-SRM per al toltrazuril i la toltrazuril sulfona
i de 24 pg/kg a 15 pg/kg per al toltrazuril sulfoxid) mentre que els LODs instrumentals
no es veuen practicament afectats pel fet de treballar a una resolucié superior. Aixo és

degut a que en treballar en H-SRM I"augment de la resolucié del primer quadrupol de
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m/z 0,7 FWMH a 0,1 FWMH permet una significativa reduccié del nombre d’ions de la
matriu que entren a la cambra d’ionitzacié millorant de la relacié senyal/soroll, com s’ha
comentat a l'apartat 3.3. Aquest efecte té incidéncia principalment en l'analisi de
mostres, on el soroll acostuma a ser superior respecte a |'observat en els patrons. Pel
que fa als metodes desenvolupats per a la determinacié de benzimidazoles en llet
mitjangant, DART-HRMS i LC-APCI-MS/MS (QgQ), els nivells de concentracié més baixos
de calibratge (LCL, lowest calibration level) obtinguts en DART (1-10 pg/kg) emprant
mostres blanques de llet addicionades sén lleugerament superiors als MLOQs obtinguts
amb el meétode LC-APCI-MS/MS (QgQ) (0,6-3 pg/kg), encara que ambdds sén molt
inferiors als nivells de MRL establerts per a aquests compostos en aquesta matriu (10-
100 pg/kg). Els valors corresponents al métode DART es donen com LCL
(concentracié/quantitat minima d’analit a partir de la qual I'instrument és capac de
guantificar mostres de forma precisa) ja que en treballar en HRMS no s’observa soroll i
per tant, no es pot avaluar la relacié senyal/soroll. S’aplica per tant, un criteri de
repetibilitat dels resultats obtinguts i d’exactitud dels mateixos per a establir els
denominats LCLs. En I’aplicacié desenvolupada per a la determinacié de coccidiostats en
pinso (indicats amb una b a la taula 3.4.1) i basada en aquesta mateixa técnica, els LCLs
obtinguts varen ser sensiblement superiors, de I'ordre dels mg/kg (ppm) degut als
efectes matriu. Tot i aixi aquests valors encara son inferiors als nivells maxims permesos
en pinsos no medicamentosos i deguts a contaminacio creuada (0,7-1,25 mg/kg, veure
apartat 1.3.2), per tant, el métode proposat compleix amb els requeriments minims d’un
metode desenvolupat amb aquesta finalitat. Relativament elevat és també el MLOD
obtingut en el metode FASI-CZE-UV proposat per a la determinacié d’amprolium (25
ug/kg) si es compara amb els resultats obtinguts pel metode de LC-ESI-MS/MS (QgQ)
(0,2 pg/kg). Aquest resultat esta pero d’acord amb la menor sensibilitat que sempre
s’obté en els meétodes d’electroforesi relacionats especialment amb la menor quantitat

de mostra injectada.

Pel que fa referéncia a les recuperacions dels meétodes de tractament de mostra s’han
obtingut valors entre el 72- 94 %. Ara bé, normalment s’han observat efectes matriu rad
per la qual la quantificacio de les mostres d’aliments s’ha dut a terme emprant el métode

matrix-matched. En el cas de la determinacié d’amprolium per LC-MS/MS, s’ha aprofitat
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I’efecte matriu com ja s’ha comentat a I'apartat 3.3, per proposar I'addicié L-carnitina
per millorar la resposta. Tan sols en el métode de determinacié de coccidiostats en aigua
de riu es va poder emprar calibratge extern degut a que no es van observar efectes
matriu i a que les bones recuperacions obtingudes no van fer necessaria I'aplicacio cap

factor de correccio.

L’exactitud dels metodes desenvolupats ha estat avaluada mitjancant I'error relatiu
comeés en la quantificacié de mostres dopades a diferents nivells de concentracié. La
taula 3.4.1 recull els valors d’error relatiu obtinguts per a cada compost i méetode emprat
per al nivell de concentracid més baix estudiat que en la majoria dels casos correspon
al limit de quantificacid. Es pot comprovar com en general s’obtenen errors inferiors al
20% tret d’alguna excepcid en que aquest valor es veu lleugerament superat, pero en
linies generals les exactituds dels metodes desenvolupats es poden considerar
satisfactories. Altrament, la precisié dels meétodes ha estat avaluada mitjancant la
desviacié estandard relativa (RSD, %) obtinguda en la determinacié per sextuplicat d’una
mostra dopada a diversos nivells de concentracié. Novament, la taula 3.4.1 recull els
valors obtinguts només per al nivell més baix estudiat atesos els diferents nivells de
concentracio que depenent del métode i mostres analitzades. Majoritariament els
valors de RSD (%) es troben per sota del 10% per a tots els métodes desenvolupats
independentment de la técnica emprada, si bé en algun cas poden ser superiors. El
disseny de la font d’ionitzacié DART va fer pensar inicialment que la repetibilitat podia
ser el punt feble de la técnica, i aquesta idea semblava confirmar-se en observar els
resultats de RSD (%) obtinguts per als coccidiostats (=20%). Tot i aixi, en validar el
meétode de determinacié de benzimidazoles en llet, es va comprovar que les precisions
obtingudes son similars a les aconseguides amb el métode de LC-MS/MS. Per aquest
motiu la relativament baixa reproduibilitat obtinguda en la determinacidé dels
coccidiostats no es pot atribuir a la font d’ionitzacid, sind a les dificultats que aquestes

molecules presenten per pasar a la fase gas atés el seu elevat pes molecular.

Respecte a I'aplicacio dels metodes desenvolupats a I’analisi de mostres de productes
comercials destinats al consum huma, s’ha de destacar que en el desenvolupament
d’aquesta tesi no s’han detectat farmacs antiparasitaris a les mostres analitzades, amb

la Unica excepciod del toltrazuril i els seus metabolits (article Il). En I'aplicacio del métode
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de LC-APCI-MS/MS a I’analisi de productes carnis es va detectar toltrazuril sulfona per
sota del MLOQ en 6 d’un total de 17 mostres analitzades i toltrazuril en una mostra. A
més, aquests dos compostos van poder ser quantificats a nivells entre 1,9-2,3 pg/kg en
dues mostres de salsitxes de frankfurt (veure Taula 4, article Il). Aquests resultats posen
de manifest que la legislacié referent al control de la presencia d’aquests compostos en
matrius alimentaries es segueix amb rigurositat i per tant el consumidor esta protegit

davant d’un posible frau d’aquest tipus.
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Conclusions

En aquesta tesi doctoral s’ha desenvolupat metodologia analitica per a la determinacié

de coccidiostats i benzimidazoles en matrius alimentaries i aiglies de riu. La metodologia

optimitzada es basa, en general, en la utilitzacié de I'espectrometria de masses tant

acoblada a la cromatografia de liquids com a una técnica d’analisi directa com és el

DART.

Dels estudis duts a terme en aquesta tesi se’n poden deduir dues conclusions generals:

¢

Els métodes de cromatografia de liquids acoblada a I'espectrometria de masses
en tandem proposats en aquesta tesi permeten I'analisi tan de coccidiostats com
de benzimidazoles a nivells inferiors als establerts per la legislacié europea vigent

en les matrius analitzades (MRLs 10-100 pg/kg).

Es demostra que la técnica d’analisi directa DART es pot emprar per al control de
la presencia de benzimidazoles en llet i coccidiostats en pinsos assolint uns limits
de quantificacido que permeten complir amb els requeriments de la legislacié
europea vigent. Tot i aixi, cal indicar que per tal de realitzar una correcta analisi
guantitativa és necessari reduir els problemes derivats de la supressié ionica. Per
evitar aquest problema es proposa realitzar un tractament previ de I'extracte

mitjancant el métode de QUEChERS.

A continuacié s’inclouen les conclusions especifiques del treball efectuat agrupades per

tematiques.

En relacié a la separacid dels analits,

*

S’han desenvolupat metodes de cromatografia rapids i eficagcos mitjancant dues
estrategies: (a) la utilitzacio de columnes amb rebliments de diametre de
particula sub-2um que s’han emprat per a la separacid dels coccidiostats
(quimics i poliéters ionofors) separacié que s’ha aconseguit en 6 minuts, i (b) la
utilitzacié de columnes de tecnologia de particula de nucli solid, que es proposen
per a I'analisi del toltrazuril i els seus metabolits i per al de les benzimidazoles.
Aquestes columnes de gran eficacia cromatografica han permés obtenir la
separacio de les 19 benzimidazoles, entre compostos parentals i metabolits, en
menys de 7 minuts i proposar per primera vegada un metode per a la separacid

conjunta del totrazuril i els seus metabolits que tan sols requereix dos minuts.
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S’ha posat de manifest que les fases estacionaries de C18 son adequades per a
la retencid i separacio de la majoria dels coccidiostats i benzimidazoles. Per a la
separacio de les dues families de compostos es proposa emprar acetonitril-aigua
com a fase mobil i treballar en gradient. Es recomana I'addicio d’acid formic fins
a una concentracio del 0,1% per tal assolir un pH de 2,65 imprescindible per
aconseguir una adequada separacio de la familia de les benzimidazoles amb un
important interval de valors de pKa. Per millorar la resolucié entre el totrazuril i
els seus metabolits, totrazuril sulfona i totrazuril sulfoxid, es proposa emprar

metanol/aigua (60/40 v:v) com a fase mobil.

La utilitzacié de cromatografia d’interaccié hidrofilica (HILIC) emprant un
rebliment de silice pura ha permés desenvolupar un metode per a I'analisi per
cromatografia de liquids de I'amprolium, compost que no es pot analitzar amb
la resta de farmacs veterinaris atesa la seva naturalesa cationica. Es proposa
treballar amb una fase mobil acetonitril/acid formic/formiat d’amoni (50 mM pH
4,0). L'estudi dels efectes de la forca ionica i el pH de la fase mobil ha posat de
manifest que el mecanisme de separacid en la columna HILIC és de bescanvi
ionic.

Per primer cop s’ha desenvolupat un meétode basat en I’electroforesi capil-lar de
zona amb preconcentracié on-line (FASI) consistent en una etapa d’introduccié
hidrodinamica d’aigua desmineralitzada (40 s) seguida de la introduccio
electrocinética de la mostra (50 s) i emprant un tampd de separacid
electroforéetica format per acid acétic/acetat d’amoni 150 mM pH 4,5:MeOH
(60:40). En aquestes condicions, s’ha demostrat que aquesta és una técnica

adient per a la determinacié d’amprolium en mostres d’ou.
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En relacid a I'aplicacié de I'espectrometria de masses,

*

Majoritariament els coccidiostats quimics i les benzimidazoles mostren com a
pics base als seus corresponents espectres de masses els ions
protonats/desprotonats independentment de la font d’ionitzacio utilitzada (ESI
o APCI). En canvi els polieters ionofors presenten una clara tendéencia a formar
adductes amb sodi i altres cations alcalins enlloc de les molécules protonades.
Excepcionalment, el toltrazuril i els seus metabolits en ésser ionitzats en una font
d’APCl en mode negatiu han mostrat un comportament diferenciat, mostrant
com a pic base de I'espectre un i6 corresponent a una fragmentacid a la font que

comporta la perdua del grup trifluorometil.

Els estudis del comportament dels farmacs veterinaris en diferents fonts
d’ionitzacié han permes proposar la utilitzacié de I'ESI per a la ionitzacié dels
polieters ionofors, amprolium i la major part dels coccidiostats quimics, essent
I’APCI la técnica a escollir per a I'analisi de totrazuril i els seus metabolits i les
benzimidazoles. La baixa resposta obtinguda amb la font d’ionitzacié d’APPI per
a I'analisi de benzimidazoles indica que no és una font d’ionitzacié recomanable

per a I'analisi d’aquests compostos.

L'estudi del comportament dels farmacs antiparasitaris emprant técniques
ambient en concret el DART ha posat de manifest en primer lloc la importancia
de la temperatura en aquesta font d’ionitzacid atés que es necessiten
temperatures superiors als 400°C per tal d’aconseguir una ionitzacio eficient. Els
resultats obtinguts sén satisfactoris especialment per a les benzimidazoles. Els
coccidiostats han presentat més dificultats obtenint-se eficiencies d’ionitzacié
més baixes la qual cosa es deu a la naturalesa dels analits, elevat pes molecular
(maduramicina) o naturalesa ionica (amprolium) que dificulten la desorcio

termica dels analits i el conseqiient pas a la fase gas on té lloc la ionitzacio.

La interpretacio de la informacié obtinguda en espectrometria de masses en
tandem en el temps amb un analitzador de trampa de ions ha possibilitat
I’establiment de patrons de fragmentacio per als diferents compostos estudiats
i 'ordre genealogic dels diferents fragments observats. En aquest context les

mesures de massa exacta obtingudes en un Orbitrap amb una resolucid de
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60.000 FWHM han estat decisives per a la correcta assignacio de I'idé producte
majoritari de la maduramicina en I'etapa de MS? i d’un dels ions producte
minoritaris en I'etapa d’MS? de la monensina, els quals corresponen a una
perdua simultania de CO; i H,0 només possibilitada per la conformacio

pseudomacrociclica d’aquestes molécules.

Les fragmentacions observades majoritariament per als polieters ionofors
corresponen a les perdues de molécules d’aigua a causa de |'elevat nombre de
grups hidroxil presents en aquestes estructures moleculars. Aquestes no poden
ser considerades fragmentacions especifiques, pero si que acostumen a ésser les
més abundants. Altres fragmentacions més caracteristiques observades per a
aquests compostos responen a trencaments en els enllagcos amb heteroatoms ja
sigui dels eters ciclics o en les posicions en [ respecte a un grup carbonil. Els ions
corresponents a aquests trencaments son identificats en les diferents etapes de
MS? i MS3 contribuint a la identificacié dels compostos d’estudi. En la
fragmentacio del toltrazuril i els seus metabolits tan sols la seleccié com a id
precursor de I'ié corresponent a la perdua del grup trifluorometil ha possibilitat
I’obtencié d’ions producte ja que els ions corresponents al [M-H] no donen lloc
a ions producte estables. Paral-lelament les benzimidazoles generen com a ions
producte els provinents de la perdua d’una molécula de metanol o bé els
originats per les perdues dels grups funcionals diferencials, transicions que

poden ser utilitzades per a la identificacié d’aquesta familia de compostos.

Les transicions més abundants i selectives observades han estat emprades per a
la posterior analisi quantitativa d’aquests compostos i la seva correcta
identificacio ja sigui en modes de ions producte en treballar amb analitzador de
trampa de ions, obtenint tot I'espectre en el rang de treball especificat, o en

mode SRM treballant amb equips de QgQ.

Els modes de treball en enhanced mass resolution, possibles en el triple
quadrupol emprat en aquesta tesi, H-SIM i H-SRM (Q3 a Am/z 0.04 FWHM i 5
mDa d’exactitud en la massa) han estat utilitzats per identificar un compost
interferent (la L-carnitina) que ha produit un important augment de la senyal en

analitzar amprolium en mostres d’aliments. L'augment de resolucid en
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espectrometria de masses que s’aconsegueix treballant en el mode H-SRM (Q1)
(Am/z 0,1 FWHM), ha permés millorar la sensibilitat dels métodes desenvolupats

gracies a una disminucid del soroll de fons produit per la matriu de les mostres.

L'espectrometria de masses d’alta resolucio (HRMS) ha possibilitat la
determinacié dels farmacs antiparasitaris fent Us de la font d’ionitzacié
“ambient” DART sense emprar una separacio cromatografica previa dels analits.
Per a aquesta finalitat, es requereix una resolucié minima de 25.000 FWHM. Ara
bé, pertal d’assegurar la separacié de compostos isobarics es proposa treballar

a una resolucio de 50.000 FWHM.

En relacié al meétode d’analisi de mostres d’aliments i aiglies de riu i als parametres de

gualitat obtinguts,

¢

S’han desenvolupat metodes de tractament de mostra rapids i senzills basats en
I’SPE, QUEChERS i I'estrategia d’extract-and-shoot la qual cosa ha permes reduir
notablement els temps d’analisi aixi com el volum de dissolvents i reactius
respecte d’altres metodes disponibles a la literatura. Tots els meétodes
desenvolupats permeten una adequada recuperacié dels compostos (65 % -
95 %) si bé I'estratégia d’extract-and-shoot en no implicar cap etapa d’eliminacié
de la matriu pot comportar, tal com s’ha pogut comprovar, la coextraccié de
substancies interferents en I'analisi dels compostos d’interés. En relacid als
metodes de clean-up proposats, els resultats obtinguts en ['analisi de
coccidiostats posen de manifest que els basats en I'estratégia QUEChERS, més
senzills i rapids que els d’extraccido en fase solida, son sensiblement menys

efectius pel que fa a I’eliminacié d’interferéncies de la matriu.

El meétode proposat per a la determinacié d’amprolium mitjancant LC-MS/MS
que utilitza una extraccié amb acetonitril (mostres d’ous i carn de pollastre) i
posterior dilucio, es proposa addicionar L-carnitina a I’extracte final a fi i efecte
d’aprofitar I'efecte d’augment de la senyal (enhancement) causat per la
presencia d’aquest compost a la matriu de les mostres i la seva coelucié amb

I’analit. Es proposa afegir L-carnitina a patrons i mostres fins a una concentracio
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gue permeti homogeneitzar I'efecte observat en totes les solucions analitzades

(1 pg/mL).

En I'analisi d’amprolium en mostres d’ou mitjancant FASI-CZE-UV s’ha detectat
una interferencia en el temps de migracié de I'amprolium que compromet
I'aplicabilitat del meétode a mostres reals. Aquesta interferéncia ha estat
identificada, mitjancant I'espectrometria de masses en tandem, com la tiamina.
Les condicions finals del metode han estat optimitzades per aconseguir la

separacio dels dos compostos, I'amprolium i la tiamina.

Els parametres de qualitat obtinguts per a tots els meétodes d’analisi
desenvolupats en el transcurs d’agquesta tesi demostren que aquests metodes
son: (a) sensibles, atesos els baixos nivells de quantificacié obtinguts en cada cas
(MLOQ per a coccidiostats i benzimidazoles en aliments 0,6-75 pg/kg,
coccidiostats en aigua de riu 33-213 ng/L i coccidiostats en pinsos 0,25-0,5
mg/kg), els quals es troben a nivells inferiors als limits establerts per la legislacid
europea (benzimidazoles en llet MRLs 10-100 pg/kg, coccidiostats en pinsos 0,7-
1,25 mg/kg), (b) selectius, ja que generalment es compleix amb la legislacio
europea 657/2002/EC que exigeix 3 punts d’identificacio per a cada compost
analitzat i (c) precisos, atesa la reproductibilitat obtinguda per als metodes
establerts (RSDs 1,3-18 %,). Per tant, els métodes desenvolupats poden ser
proposats per al control de la preséncia d’aquests compostos en les matrius

estudiades en cada cas.

Per a la quantificacié dels analits estudiats en les mostres de productes
alimentaris es proposa emprar de manera general el metode de quantificacié de
matrix-matched atesa la capacitat d’aquest métode de considerar els efectes
matriu en la quantificacid. Nogensmenys, es pot utilitzar calibratge extern en la
guantificacidé de coccidiostats en matrius senzilles com per exemple I'aigua de riu
en la qual I'efecte matriu és molt menor. Aquest metode de calibratge afegint L-
carnitina als patrons es proposa per eliminar I'efecte d’aquesta interferencia en
la quantificacié d’amprolium per LC-MS/MS. Els errors relatius obtinguts en la

guantificacié de mostres fortificades han estat d’entre el 3 i el 25%).
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Les analisis de mostres de productes comercials destinats al consum huma dutes
a terme han posat de manifest I'absencia dels farmacs antiparasitaris estudiats
en les mostres analitzades a un nivells de concentracié superiors als limits de
deteccid establerts (forca inferiors als MRL legislats). Tan sols s’ha detectat la
presencia de toltrazuril en una mostra de productes carnis i toltrazuril sulfona (<
1,5 pg/kg ) en algunes de les mostres analitzades. Aquests resultats posen de
manifest que la legislacid establerta i les mesures preses permeten garantir la

seguretat dels productes consumits.
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Abreviatures i acronims

AAFCO
ABZ
ABZ-NH2-S0:
ABZ-SO
ABZ-SO,
ACN
ADS
AEMPS
AMP
APCI
API
APPI
ASMS
BHT
CAM
CCa
CCB

CE

CEC
CLAZ
CLO
CQ-d4
CZE
DAD
DART
DCM
DEC
DESI
DIC
DMF
DNC
dSPE

Association of American Feed Control Officials
Albendazole

Albendazole aminosulfona

Albendazole sufoxid

Albendazole sulfona

Acetonitril

Silice alquil diol

Agencia espafiola del medicamento y productos sanitarios
Amprolium

lonitzacié quimica a pressio atmosférica
lonitzacid a pressio atmosférica
Fotoionitzacid a pressié atmosférica
American Society of Mass Spectrometry
Butil hidroxitolue

Cambendazole

Limit de decisio

Capacitat de deteccio

Electroforesis capil-lar
Electrocromatografia capil-lar

Clazuril

Clopidol

Clormequat deuterat

Electroforesis capil-lar de zona
Detector de xarxa de diodes

Direct analysis in real time

Diclormeta

Decoquinat

lonitzacid per desorcio per electrosprai
Diclazuril

Dimetilformamida

4,4’ -Dinitrocarbanilida

Extraccio en fase solida dispersiva
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Abreviatures i acronims

EDTA
EFSA
EMA
ESI
EtAc
ETH
EtOH
FASI
FEB
FEN-SO.
FLD
FLU
FLU-NH;
FWHM
GPC
HAc
HCD
HFG
HFor
HILIC
HLB
HPLC
HRMS
H-SIM
H-SRM
IT
K-TCB
LC

LCL
LEV
LLP
LOD

EtileIndiamintetraacetic

European food safety agency
European medicines agency
Electrosprai

Acetat d’etil

Etopabate

Etanol

Field amplified simple injection
Febantel

Fenbendazole sulfona

Detector de fluorescencia
Flubendazole

Aminoflufendazole

Full width half maximum
Cromatografia de permeacié en gel
Acid acétic

higher-energy collision dissociation
Halofuginona

Acid formic

Cromatografia d’interaccié hidrofilica
Balang hidrofilic-lipofilic
Cromatografia de liquids d’alta eficacia
Espectrometria de masses d’alta resolucio
Highly selective selected ion monitoring
Highly selective selected reaction monitoring
Trampa d’ions

Cetotriclabendazole

Cromatografia de liquids

Lowest calibration level

Levamisole

Particio liquid-liquid

Limit de deteccid
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Abreviatures i acronims

LoQ
LSE
MAD
MCX
MEB
MEB-NH;
MEB-OH
MeOH
MIP
MLOQ
MON
MRL
MRM
MS
MS/MS
Mms"
MSPD
NAR
NHsAC
NIC
NIG
OXF
oxXil

PLE
PSA

Q

QqQ
QUuEChERS
RNZ
ROB
RSD
SAL

Limit de quantificacio
Extraccio liquid-solid

Maduramicina

Mode mixt fase invertida-bescanvi cationic

Mebendazole

Mebendazole amino
Hidroximebendazole

Metanol

Polimer d’empremta molecular
Limit de quantificacié de metode
Monensina

Limit maxim de residu

Multiple reaction monitoring
Espectrometria de masses
Espectrometria de masses en tandem
Fragmentacid en etapes successives
Matrix solid phase dispersion
Narasina

Acetat d’amoni

Nicarbazina

Nigericina

Oxfendazole

Oxibendazole

Extraccié amb liquids pressuritzats
Amina primaria-secundaria
Quadrupol

Triple quadrupol

Quick, easy, cheap, effective, rugged and safe

Ronidazole
Robenidina
Desviacid estandard relativa

Salinomicina
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Abreviatures i acronims

SCX
SEM
SIM
SPE
SPME
SPR
SRM
TBZ
TBZ-OH
TCB
TEA
TFA
THF
TOF
TOL
TOLSO
TOLSO;
UASEME

UE
UPLC
UHPLC
uv

Bescanvi cationic fort

Semduramicina

Selected ion monitoring

Extraccid en fase solida

Microextraccié en fase solida

Ressonancia de plasmons en superficie
Selected reaction monitoring

Tiabendazole

Hidroxitiabendazole

Triclabendazole

Trietilamina

Acid trifluoroacétic

Tetrahidrofura

Temps de vol

Toltrazuril

Toltrazuril sulfoxid

Toltrazuril sulfona

Ultrasound-assisted surfactant enhanced emulsification
microextraction

Unid Europea

Ultra performance liquid chromatography (Waters trademark)
Cromatografia de liquids d’ultra-alta eficacia

Ultravioleta visible
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