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Resum

RESUM

L’administracié continuada d’antibiotics veterinaris genera recel en el consumidor degut
a Ilincrement de casos de resistencia microbiana en tractaments meédics en humans i
d’al-lergies a medicaments per la presencia de residus d’aquests medicaments en
aliments d’origen animal. Per aquestes raons, la Unidé Europea ha establert limits maxims
de residus (MRL) per a les drogues veterinaries permeses en aliments d’origen animal i
un nivell de concentracié minim a detectar (minimum required performance limit, MRPL)
als métodes analitics que determinen substancies prohibides (Reglament 37/2010).
Atesa la importancia del control de la presencia de residus d'antibiotics en aliments
d'origen animal, és necessari disposar de metodes d'analisi rapids, senzills i amb bona
selectivitat i sensibilitat. Les excel-lents prestacions de |'espectrometria de masses tant
pel que fa a sensibilitat, selectivitat i a la gran quantitat d’informacid estructural que
ofereix, especialment acoblada a tecniques de separacid, fan que avui dia sigui l'eina de
referéncia en molts laboratoris analitics per a la determinacidé de compostos organics
regulats. Per aquest motiu, aquesta tesi esta centrada en I'aplicacié de I'espectrometria
de masses a l'analisi de dues families d’antibiotics veterinaris, els fenicols i els

aminoglicosids.

En aquesta tesi s’ha estudiat, d’'una banda, la separacié cromatografica dels compostos
seleccionats (fenicols i aminoglicosids) mitjancant cromatografia de liquids amb
I'objectiu de desenvolupar meétodes d'analisi mitjancant cromatografia de liquids
acoblada a [l'espectrometria de masses en tandem. Lelevada polaritat dels
aminoglicosids i d’alguns dels fenicols comporta que presentin una baixa retencié en les
fases estacionaries convencionals d’octadecilsila. En aquest context, s’ha avaluat tant la
utilitzacié de fases estacionaries alternatives a les d’octadecilsila per a afavorir la
retencié de compostos polars, com els avencos en el desenvolupament de les particules
del rebliment cromatografic (particules sub-2 um i de nucli solid) per a millorar tant les
eficacies com les resolucions obtingudes. Per a la separacié dels fenicols, els millors
resultats es van obtenir amb la columna de particula de nucli solid fenil-hexil, que va

permetre aconseguir una bona separacio, rapida i eficac i amb una retencié suficient per
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Resum

al metabolit polar florfenicol-amina. Pel que fa referéencia als aminoglicosids, s’ha
proposat I'is d’una columna amb fase estacionaria multimodal que proporciona
adequada retencio i elucié dels analits sense necessitat d’emprar formadors de parell
ionic o concentracions elevades de sals en la fase mobil. Els métodes LC-MS/MS
desenvolupats, han demostrat bons parametres de qualitat i s'ha aconseguit arribar a la
sensibilitat necessaria per a determinar els analits al nivell de concentracid fixat pel MRL
de cada matriu. A més, els métodes desenvolupats es van aplicar a mostres d’aliments
com ara carns (porc, vedella i pollastre), peix, mel i fruites i verdures, inclosa una mostra
(material de control de qualitat) amb una concentracié coneguda de cloramfenicol,

obtenint també resultats satisfactoris.

D’altra banda, s’ha estudiat el comportament per espectrometria de masses de les
families de compostos esmentades, i s’han establert les rutes de fragmentacio per poder
determinar les transicions més sensibles i selectives. L'estudi de les rutes de
fragmentacié també ha permeés la identificacié d’un i6 caracteristic per als fenicols, que
pot ser emprat en métodes de cribratge per a la identificaci6 de compostos analegs.
També s’ha estudiat la formacié d'adductes en espectrometria de masses en tandem
amb diferents analitzadors de masses, fenomen que pot distorsionar els espectres de
fragmentacid i dificultar la identificaci6 de compostos en base a aquests. Aixi, s’ha
determinat que els factors clau en la formacié d’aquests adductes sén la configuracié de
I'instrument, especialment pel que respecta a la disposicié de la font d’ionitzacid, la
humitat del gas de col-lisi6 emprat i el temps de residéencia en I'analitzador, i s’han
avaluat les possibles estratégies que es poden dur a terme per a minimitzar aquest
efecte. Finalment, s’ha aplicat I'analisi per injecci6 en flux (FIA) acoblat a
I'espectrometria de masses d’alta resolucid pel desenvolupament d'un metode de
cribratge rapid per a I'analisi directa i global de nous productes estupefaents. En aquest
cas, s’han avaluat les estratégies d’identificacid per espectrometria de masses més
adients per a la identificaci6 de compostos desconeguts com ara I'is de llibreries
espectrals i programaris de fragmentacié in silico, que han permés identificar la
preséncia de medicaments humans i veterinaris (benzocaina, levamisol) com a
adulterants en mostres d’estupefaents aixi com la preséncia de metamizol en una

mostra fraudulenta de cocaina.
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ADI ingesta diaria admissible

ADN acid desoxirribonucleic

AGs aminoglicosids

AGC automatic gain control

AMIK amikacina

APCI ionitzacié quimica a pressié atmosferica
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CAP cloramfenicol

CAS chemical abstracts service

CCa limit de decisidé
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CID dissociacié induida per col-lisié

CZE electroforesi capil-lar de zona

DART analisi directe en temps real

DDA data dependent analysis

DESI ionitzacio per desorcié per electrosprai
DHSTR dihidrostreptomicina

DIA data independent analysis

DLLME microextraccio liquid-liquid dispersiva
DSPE extraccid en fase solida dispersiva
ECD detector de captura d'electrons

EDTA acid etilendiamintetraacétic

El ionitzacid electronica

EMEA agencia europea per a |'avaluacié de productes medicinals

ESI electrosprai
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electrosprai assistit térmicament
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alcada optima de plat teoric

espectrometria de masses d'alta resolucio
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isepamicina

trampa d’ions

Unid Internacional de Quimica Pura i Aplicada

factor de retencid

kanamicina

kasugamicina

cromatografia de liquids

cromatografia de liquids acoblada a espectrometria de masses en tandem
cromatografia de liquids acoblada a espectrometria de masses
fluorescencia induida per laser

trampa d'ions lineal
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LOD limit de deteccid

LOQ limit de quantificacio

MCX mode mixt fase invertida-bescanvi cationic
MeAoC 2-amino-3-metil-a-carbolina

MEKC cromatografia electrocinética micel-lar
MiNDEKC micellar nanoparticle dispersed electrokinetic chromatography
MIP polimer d'empremta molecular

MRL limit maxim de residu

MRM monitoritzacié de multiples reaccions
MRPL nivell minim de funcionament exigit
MS espectrometria de masses

MS/HRMS espectrometria de masses en tandem en alta resolucié
MS/MS espectrometria de masses en tandem
ms" fragmentacio en etapes successives
MSPD dispersio en fase solida de la matriu

N numero de plats

NEO neomicina

NET netilmicina

NFPA acid nonafluoropentanoic

NICI ionitzacié quimica negativa

NOAEL nivell sense efecte advers observable
NOEL nivell sense efecte observable

NQS acid 1,2-naftoquinona-4-sulfonic

OPA o-ftalaldehid

PARO paromomicina

PBS solucié tamponada de fosfats

PFP pentafluorofenil

PLE extraccié amb liquids pressuritzats
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Q quadrupol senzill

QgQ triple quadrupol
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QUEChERS quick, easy, cheap, effective, rugged and safe

RER reverse energy ramp

RIB ribostamicina

RSD desviacid estandar relativa (%)

SCX bescanvi cationic fort

SDS dodecilsulfat de sodi

SFE extraccié amb fluids supercritics

SIM monitoritzacid selectiva d'ions

SIS sisomicina

SPC espectinomicina

SPE extraccio en fase solida

SRM monitoritzacio de reaccions selectives
STR estreptomicina

SWATH sequential windowed acquisition of all theoretical fragment ion mass spectra
TAP tiamfenicol

TCA acid tricloroacetic

TFA acid triflluoroacetic

TLC cromatografia de capa fina

TOB tobramicina

TOF temps de vol

UHPLC cromatografia de liquids d'ultraalta eficacia
uv ultravioleta
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viii



OBJECTIUS | ESTRUCTURA







Objectius i estructura

OBJECTIUS | ESTRUCTURA

Avui dia el control de la presencia de residus d'antibiotics en aliments d'origen animal és
un tema de gran importancia social pels possibles efectes negatius sobre la salut
humana, fet que ha comportat que s’hagin d'establir metodes d'analisi adequats per a la
seva determinacio. Ara bé, algunes families d'antibiotics presenten unes caracteristiques
fisicoquimiques que dificulten I'establiment de metodologia analitica multi-residu per a
la seva determinacié i per als quals encara avui no existeixen procediments rapids,
senzills i amb bona selectivitat i sensibilitat adequats per al seu control. De fet, un dels
aspectes d’interés de la quimica analitica actual és el desenvolupament de metodes
multi-residu capacos de determinar conjuntament un gran nombre decompostos amb

propietats molt diferents.

Atesa aquesta problematica, els objectius generals plantejats en aquesta tesi sén:

e Desenvolupar metodologia robusta i selectiva basada en la cromatografia de
liguids acoblada a I'espectrometria de masses per a la determinacié en aliments
de compostos que presenten elevada dificultat analitica.

e Establir metodes multi-residu rapids i que requereixin un minim de manipulacioé
de la mostra, adequats per a la identificacid i quantificacié d’'un elevat nombre

d’analits.

Aquests objectius generals es poden desglossar en els seglients objectius concrets:

e Avaluar l'aplicabilitat de nous rebliments i noves fases estacionaries per a la
separacid per cromatografia de liquids d’antibiotics amb polaritat mitjana-alta;
en concret, els fenicols i els aminoglicosids.

e Establir les rutes de fragmentacié dels compostos estudiats en aquesta tesi.
Identificar les transicions més sensibles i selectives per a la seva determinacid i
avaluar possibles estrategies per a la identificacié d'analegs mitjancant metodes

non-target.

Xi



Objectius i estructura

Estudiar la formacié d'adductes ié-molecula en I'etapa de fragmentacié induida
per col-lisié (CID) en espectrometria de masses en tandem i avaluar I'efecte del
tipus d’analitzador i del disseny de |‘espectrometre de masses.

Estudiar 'aplicabilitat de I'acoblament de la injeccié en FIA amb espectrometria
de masses d’alta resolucié per implementar métodes d’analisi non-target; en
concret, per a la identificacié i determinacié de productes estupefaents.

Avaluar I'ds de diferents meétodes d'escombratge en espectrometres de masses
amb analitzadors hibrids de nova generaci6 i alta resolucié per al
desenvolupament de métodes d'analisi non-target, aixi com les estratégies de
tractament de dades més adients per a la identificaci6 de compostos

desconeguts.

La present memoria de tesi s'ha estructurat en tres apartats:

Una introduccio on es comenta la importancia de desenvolupar métodes analitics
per al control de la preséncia de residus de medicaments veterinaris en aliments
i que inclou informacié sobre dues families d'antimicrobians en les quals s'ha
centrat aquesta tesi: els fenicols i els aminoglicosids. Igualment, es comenta
breument la metodologia emprada habitualment per a I'analisi d'aquests
compostos en aliments.

El segon capitol esta dedicat al desenvolupament de metodes d'analisi dels
productes veterinaris estudiats mitjancant cromatografia de liquids acoblada a
I'espectrometria de masses en tandem. El treball experimental corresponent a
aquest capitol esta recollit en tres articles cientifics intitulats “Ultra-high
performance liquid chromatography-tandem mass spectrometry for the analysis
of phenicol drugs and florfenicol-amine in foods”, publicat a la revista The
Analyst, 137 (2012) 2486-2494; “Mixed-mode liquid chromatography coupled to
tandem mass spectrometry for the analysis of aminoglycosides in meat”, publicat
a la revista Analytical and Bioanalytical Chemistry, 406 (2014) 4941-4953 i

“Simultaneous analysis of kasugamycin and streptomycin in vegetables by liquid
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chromatography-tandem mass spectrometry”, publicat a la revista Analytical
Methods, 7 (2015) 3600-3607.

El tercer capitol esta dedicat a temes especifics d’espectrometria de masses. S'hi
inclou I'estudi de la fragmentacié de la familia dels fenicols en espectrometria de
masses en tandem, la formacié d'adductes en CID en diferents instruments amb
analitzadors de trampa d'ions, triple quadrupol i quadrupol-orbitrap, i el
desenvolupament d'un métode non-target per a l'analisi de nous productes
estupefaents per analisi per injeccié en flux (FIA) i espectrometria de masses
d’alta resolucié. Aquests estudis es troben recollits en els articles cientifics
intitulats “Atmospheric pressure ionization-tandem mass spectrometry of the
phenicol drug family”, publicat a la revista Journal of Mass Spectrometry, 48
(2013) 1241-1251; “lon-molecule adduct formation in tandem mass
spectrometry”, enviat a publicar a la revista Rapid Communications in Mass
Spectrometry i “Wide-range screening of psychoactive substances by FIA-HRMS:
identification strategies”, publicat a la revista Analytical and Bioanalytical
Chemistry, 407 (2015) 4567-4580.

Finalment s'inclouen les conclusions obtingudes de la realitzacié d'aquesta tesi,

aixi com la bibliografia corresponent.
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El considerable creixement de la poblaci6 mundial esdevingut des de la revolucié
industrial i molt especialment després de la segona guerra mundial no hauria estat
possible sense les millores higieniques i alimentaries que s’han incorporat a la ramaderia
moderna, les quals han permeés abastir d’aliments amplies capes de poblacié humana.
No obstant aix0, avui dia el planeta supera ampliament els 7.000 milions d’habitants i
satisfer les necessitats alimentaries d’aquesta poblacid, si es té en compte que la
disponibilitat d’espai conreable o apte per a pastures és reduida, implica aconseguir un
rendiment molt elevat de les explotacions agricoles i ramaderes; rendiment que sovint
s’aconsegueix portant al limit les legislacions existents. En aquest context i en relacié a la
produccié i consum de productes d’origen animal, es pot afirmar que I'Us de drogues
veterinaries ha estat i és una eina de gran utilitat, atés que ha permes garantir la salut i

el benestar dels animals i reduir el risc de transmissié de malalties a la poblacié humana.

Avui dia, en ramaderia, els medicaments veterinaris no només sén emprats amb
finalitats terapeutiques, sind que també s’addicionen de manera regular als pinsos o a
I'aigua com a mesura profilactica per tal de prevenir 'aparicié de malalties afavorides
per 'amuntegament dels animals. A més, certs medicaments, com per exemple les
hormones o alguns antibiotics, actuen com a promotors del creixement i han estat
utilitzats per engreixar de manera rapida els animals amb els conseqlients avantatges de
tipus economic. Ara bé, I'administracié de compostos amb efecte hormonal (estilbens,
estrogens, tireostats,...) sense raons terapéutiques, és a dir, Unicament pel seu efecte
promotor del creixement, esta prohibida des de I'any 1996 per la Directiva 96/22/EC
[96/22/EC] tant pel frau que suposa, ja que els animals s’engreixen en omplir-se els
teixits amb liquid, disminuint en conseqliencia la qualitat del producte final, com pel
perill que la preséncia de residus d’aquests compostos en els aliments pot comportar
per al consumidor. Alguns agents antimicrobians també presenten efectes de promocid
del creixement, encara que en menor grau que les hormones, pero tot i aixi, el seu Us ha
estat una practica freqiient en les explotacions ramaderes. Ara bé, I'increment de casos
de resistencia microbiana, tant en tractaments medics en humans com en alguns
tractaments veterinaris, ha portat a la prohibicio de la utilitzacié de pinsos medicats amb

agents antimicrobians (amb I'excepcio d’alguns coccidiostats i histomonostats) a partir
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de I'1 de gener del 2006 [1831/2003/EC], de manera que avui dia només es permet la

seva utilitzacid per prescripcié veterinaria i amb motius terapéutics.

La classificacié de les drogues veterinaries és complexa, ja que existeixen multitud de
compostos amb caracteristiques diferents i la majoria d’ells tenen diversos usos. A la
Taula 1.1 s’inclou una recopilacié dels medicaments d’Us veterinari més rellevants
classificats d’acord amb el criteri ATCvet (anatomic, terapéutic, quimic) proposat pel
WHO Collaborating Centre for Drug Statistics Methodology de I'Institut Noruec de la
Salut Publica [WHOCC, 2015]. Aquest criteri classifica les drogues veterinaries i les hi
assigna un codi en funcio de diferents criteris. El primer nivell de codificacié correspon al
grup anatomic afectat (conjunt d’organs o sistema anatomic), mentre que els nivells
segon i tercer corresponen a la funcié terapeutica que desenvolupen (grup i subgrup
terapeutic). Els subsegiients nivells classifiquen els compostos d’acord amb les families i
subfamilies quimiques a les quals pertanyen. Cal tenir en compte, perd, que certs
compostos o families poden aparéixer en diversos apartats si desenvolupen la mateixa
funcié en grups anatomics diferents, com és el cas dels analgesics i antiinflamatoris. A
més, el criteri ATCvet també inclou, encara que en un llistat separat, les combinacions
de compostos que es poden subministrar conjuntament. Aixd comporta que la
classificacio completa on es mostren tots els possibles nivells sigui molt extensa. A la
Taula 1.1 es mostra la classificacié de les drogues veterinaries perd només s'indiquen els
grups i subgrups per als antimicrobians, que és el més rellevant per a aquesta tesi,
mentre que per a la resta d’apartats s’ha indicat només el nombre de grups que
inclouen. Com es pot observar a la Taula 1.1, els medicaments veterinaris comprenen
una gran quantitat de compostos amb activitats terapeutiques molt diferents. No
obstant aixo, les dades de les vendes a nivell europeu de cada tipus de medicament
posen de manifest que els antibacterians sén els compostos més emprats actualment.
Per exemple, I'any 2004 al Regne Unit gairebé la meitat de les tones de productes d’us
veterinari venudes van correspondre a agents antimicrobians i, d’entre aquests, els
antibacterians representaven més del 95% del total [Kools i cols., 2008]. Aixd posa de
manifest la gran importancia que presenten aquest tipus de compostos i justifica la
necessitat d’establir mesures de control sobre el seu Us. Els agents antibacterians sén

aquells que actuen contra les infeccions bacterianes, ja sigui produint la mort de
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I'organisme patogen (efecte bactericida) o inhibint-ne el creixement (efecte
bacteriostatic). Una vegada subministrats, els agents antibacterians es metabolitzen i
s’excreten. Ara bé, el procés metabolic depen de I'animal, del compost i de la via
d’administracid i pot variar des d’unes hores fins a unes quantes setmanes. Per tant, en
els teixits dels animals poden romandre petites quantitats del farmac original (residus)
gue poden acabar en el producte final de consum. De fet, I'Us poc controlat d’agents
antibacterians ha suscitat recel en la poblacié degut a la possibilitat de casos d’al-lergies
[Reig i Toldra, 2008] i de transferéncia de soques bacterianes resistents dels animals a
les persones [Piddock, 1996] en consumir aliments d’origen animal. A més, és conegut
que certs agents antibacterians presenten greus efectes secundaris i alguns, com ara el
verd de malaquita, certes nitroimidazoles o els nitrofurans, han estat prohibits atesos els
seus efectes carcinogenics i mutagéenics. Per aquestes raons, s’han proposat mesures de
control de la preséncia de residus d’agents antibacterians en aliments d’origen animal. A
Europa, ja el Reglament Europeu 2377/1990 incloia una metodologia per tal d’establir
uns limits maxims de residu (maximum residue level, MRL) per als productes veterinaris
gue degut als seus possibles efectes havien de ser controlats. A part, aquest reglament

classificava els productes en diversos grups recollits en una séerie d’annexos:

- Annex |: compostos amb un valor de MRL definitiu establert.

- Annex ll: substancies considerades segures i per les que, per tant, no cal establir
un MRL.

- Annex lll: compostos amb MRL provisional a aplicar mentre es duen a terme
estudis addicionals, i la data d’expiracié del mateix.

- Annex IV: compostos pels quals no es pot establir MRL, ja que qualsevol nivell de
residu es pot considerar perillds. L'administracié d’aquestes substancies a

animals destinats al consum huma esta prohibida.

Aquest reglament va ser substituit pel Reglament 470/2009 [470/2009/EC], que defineix
un nou procediment per a I'establiment dels MRL, i pel 37/2010 [37/2010/EC], que

agrupa les substancies en dues taules:

- Taula 1: compostos dels annexos |, Il i lll del Reglament 2377/1990
- Taula 2: compostos de I'annex IV del Reglament 2377/1990
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D’altra banda, la Directiva 96/23/EEC [96/23/EEC] obliga als paisos membres a establir
programes de control de la presencia de residus farmacologics en productes d’origen
animal, tant en productes nacionals com en els d’'importacié, als quals ha de donar
conformitat la Comissié Europea. Aquesta directiva regula el nombre de mostres i
freqiéncia del mostreig, el tipus de mostres a controlar per a cada animal (no només
teixits sind també excrecions, altres productes de consum com ara la mel, i llocs de cria
dels animals) i les mesures a prendre en cas d’incompliment de la normativa. Aquest
control s’ha de fer conforme a la Decisié de la Comissid 657/2002/EC [657/2002/EC],
gue estableix les caracteristiques que han de complir els métodes analitics per al control
dels residus de medicaments veterinaris en aliments d’origen animal. Per a aquelles
substancies que han estat directament prohibides (corresponents a la taula 2 del nou
Reglament 37/2010) també estableix un nivell minim a exigir (minimum required
performance limit, MRPL) als metodes analitics i que correspon al valor de concentracid
més baix d’'un compost que ha de poder ser detectat i confirmat pel métode analitic en

una determinada mostra.

Atesa la importancia del control de la presencia de residus d'antibiotics en aliments
d'origen animal, és necessari disposar de metodes d'analisi rapids, senzills i amb bona
selectivitat i sensibilitat, adequats per a la determinacié d'aquests residus en aliments.
Per aquest motiu, s’"han desenvolupat molts métodes per a la determinacié de residus
d’antibacterians en aliments [Stolker i Brinkman, 2005]. Tot i aix0, algunes families
d’antibiotics, entre les quals cal esmentar els fenicols i els aminoglicosids, que presenten
una problematica analitica que afecta a la seva determinacié. En aquesta tesi es
planteja avaluar el potencial d'una de les técniques analitiques avui dia més rellevants,
I'espectrometria de masses, i el seu acoblament a la cromatografia de liquids, per a
I'analisi d’aquestes dues families d’agents antibacterians, els fenicols i els
aminoglicosids. Aquestes families d’antibiotics, tot i que no estan entre les més
emprades avui dia, presenten una notable dificultat analitica degut a la seva polaritat
gue fa que, o bé no es disposi de metodologia analitica adequada per a la determinacié
conjunta de tota la familia (com en el cas dels fenicols), o bé la metodologia analitica de

gue es disposa comporti unes condicions de separacié cromatografica, I'Us de formadors
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de parells ionics o elevades concentracions de sals, que dificulten I'acoblament a
I'espectrometre de masses (cas dels aminoglicosids). Aquesta tesi pretén donar solucio a
la problematica relacionada amb la determinacié d’aquestes families de compostos en
matrius alimentaries i aportar nous meétodes rapids, eficacos i amb la suficient

sensibilitat exigida per la legislacio vigent.

1.1. FENICOLS.

Els fenicols sén una familia d’antibacterians d’ampli espectre que presenten efectes
bacteriostatics i que comprén el cloramfenicol (CAP) i els seus derivats tiamfenicol (TAP)
y florfenicol (FF), les estructures quimiques i propietats dels quals es mostren a la Taula
1.2. El cloramfenicol va ser aillat d’una soca d’Streptomyces venezuelae [Ehrlich i cols.,
1947] i va ser introduit en la practica clinica humana i veterinaria I'any 1949. Es va
convertir rapidament en un dels antibiotics més emprats, pel seu ampli espectre d’accié
(és efectiu contra bacteris grampositius i gramnegatius, incloent bacteris anaerobis, i
alguns fongs) i per la simplicitat i baix cost de produccio. Originariament, es va emprar
per al tractament del tifus, tuberculosi i meningitis bacteriana en humans, aixi com per a
certes infeccions ocasionades per alguns tipus d’enterococs i estafilococs. En animals, es
va utilitzar per al tractament de diverses malalties ocasionades per bacteris anaerobis.
Ara bé, degut a I'aparicié de resisténcia bacteriana i, molt especialment, a la relacio
entre el tractament amb aquest antibacteria i el desenvolupament de danys en el teixit
hematopoetic, el seu Us ha quedat restringit en humans a casos molt concrets de
malalties greus sense terapies alternatives. En veterinaria, es va prohibir en animals
destinats al consum huma [1430/94/EC] i només s’utilitza en animals de companyia.
Alguns estudis [Rappeport i Bunn, 1994] indiquen que el grup p-nitro localitzat a I'anell
aromatic (Taula 1.2) pot ser el responsable dels efectes sobre la medul-la 0Ossia
(depressio de la funcié hematopoética i anémia aplastica) [Wongtavatchai i cols., 2004] ,
la qual cosa ha portat a la sintesi del tiamfenicol (TAP), un analeg amb un grup
metilsulfonil en aquell mateix carboni. Aguest antibiotic presenta el mateix espectre

d’activitat que el CAP [Van Beers i cols., 1975; Sutter i Finegold, 1976] i cap efecte

11
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secundari sobre el teixit hematopoeétic [Yunis i cols., 1973]. Tot i tenir originalment algunes
aplicacions en medicina humana, I'Us del TAP ha quedat restringit al tractament veterinari de
malalties del tracte respiratori i gastrointestinal d’origen bacteria en bestiar porci, ovi i bovi i
també en aus [Dowling, 2013a]. El florfenicol (FF) és un altre analeg sintétic introduit a
mitjans dels anys noranta en qual el grup hidroxil del C-3 del TAP ha estat substituit per un
fluor (Taula 1.2), la qual cosa comporta que sigui actiu contra soques bacterianes resistents
al CAP i al TAP [Syriopoulou i cols.,, 1981]. El FF s'utilitza principalment en medicina
veterinaria per al tractament de malalties del tracte respiratori en bestiar bovi i porci i

especialment en aquicultura [Dowling, 2013a].

1.1.1. FARMACOCINETICA | TOXICITAT.

Els fenicols presenten una rapida absorcié i amplia distribucié en I'organisme després del
subministrament, ja que degut a les seves propietats fisicoquimiques, la distribucié depen
poc del pH del medi i no s’ha observat que s’adhereixin selectivament a cap teixit [Dowling,
2013a]. Pel que fa referencia al metabolisme d’aquests compostos, el CAP es metabolitza en
el fetge principalment per conjugacié amb I’acid glucuronic, i només entre un 5i un 15% del
compost original s’excreta sense metabolitzar a través de I'orina, amb un temps de vida
mitjana d’unes poques hores [Plumb, 2002] mentre que el TAP s’excreta practicament sense
metabolitzar, excepte en porcs on el metabolisme també es basa en glucuronidacid. Pel que
respecta al FF, també s’excreta en gran mesura com compost actiu, perd en part es
metabolitza a florfenicol-amina (FFA), que, com és més persistent, s’empra com a marcador

per al control del temps d’eliminacié de I'antibiotic.

Com ja s’ha mencionat préviament, en pacients tractats amb CAP s’ha observat amb
freqlieéncia una disminucid del teixit hematopoetic, que ddéna lloc a un procés d’anéemia.
Aquest procés depen de la dosi i finalitza en cessar el tractament, encara que en alguns
casos es pot desenvolupar una anémia aplastica amb dany sever del teixit de la medul-la
oOssia, que pot desembocar en leucémia [Dollery, 1999]. Malgrat no es coneixi el mecanisme
concret responsable del desenvolupament d’aquesta greu malaltia, es creu que pot ser
deguda al dany en ’ADN causat per un metabolit minoritari (nitrosocloramfenicol) [Festing i

cols., 2001]. ElI CAP sembla produir hematotoxicitat en totes les espécies animals, perd no
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s’ha observat anemia aplastica en cap altra especie a part dels humans. Atesa la possible
relacio entre el tractament amb CAP i el desenvolupament d’anémia aplastica i leucémia,
I’Agencia Internacional de Recerca contra el Cancer (IARC) ha catalogat el CAP com a

probable carcinogen (grup 2A) [IARC, 1990].

Cap altre dels analegs del CAP ha estat relacionat amb la induccié d’anemia aplastica en
humans o animals pero si que presenten un cert efecte de supressié del teixit hematopoétic
[Dowling, 2013a)]. No obstant aix0, cap dels estudis realitzats han pogut demostrar

carcinogenicitat o mutagenicitat per als analegs TAP i FF.

1.1.2. LEGISLACIO.

El comite de productes medics d’us veterinari de I'agéncia europea per a l'avaluacio de
productes medicinals (EMEA) s’encarrega de l'avaluacié cientifica d’aquells productes
medics dels quals se’n vol fer un Us controlat dins del territori europeu. Els seus informes
son emprats per la Comissié Europea per a l'acceptaciéd o prohibicié de I'Gs d’aquests
compostos i I'establiment dels MRLs i MRPLs, aixi com d’altres mesures de control. A partir
d’estudis de toxicitat que determinen el nivell sense efecte observable (NOEL) o el nivell
sense efecte advers observable (NOAEL), es determina un valor d’ingesta diaria admissible
(ADI) aplicant a aquests nivells un factor de seguretat i s’estableix el MRL de I'antibiotic en
cada producte d’origen animal prenent en consideracié el consum mitja de cadascun dels

productes.

Per al TAP i el FF, s’han estimat uns ADIs de 2,5 i 3 ug kg’ pes corporal respectivament
[EMEA, 2006; EMEA, 1999a]. Val a dir que aquests ADIs no es van estimar a partir dels NOELs
o NOAELs dels compostos, sind que es va emprar la concentracié minima inhibitoria que pot
afectar a la flora bacteriana humana, ja que aquest valor és molt inferior al NOEL en animals
i, per tant, el valor resultant d’ADI és més restrictiu. A la Taula 1.3 es recullen els valors de
MRL establerts per al TAP i el FF en cada producte d’origen animal segons la Regulacid de la
Comissid Europea 37/2010. Com es pot observar, els MRLs per al TAP (50 pg kg'l) son
inferiors als del FF i iguals per a tots els productes animals. Per al FF, en canvi, oscil-len entre

els 100 ug kg™ en muscul de pollastre fins als 3.000 pg kg™ en fetge bovi. A més, la legislacié
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especifica que en el cas del FF també s’han de controlar els metabolits expressats com a FFA.
Aix0 no obstant, la major part dels residus en productes d’origen animal continuen sent del
compost actiu i la preséncia d’altres metabolits fora de la FFA és minoritaria (menys del 10%)

[EMEA, 1999a].

Taula 1.3. Limits maxims de residu (MRL) de TAP i FF.

Compost Marcador Matriu MRL (pg kg) Altres provisions
FF Sumade FFi Vedella, xai i 200 (muscul) No permes en
metabolits cabrit 300 (ronyd) animals dels quals
expressats com a 3.000 (fetge) se'n consumeixi la llet
FFA Porc 300 (muscul)
500 (pell, greix i
ronyd)
2.000 (fetge)
Aus 100 (muscul) No permes en
200 (pell i greix) animals dels quals
750 (ronyd) se'n consumeixin els
2.500 (fetge) ous
Peix 1000 (muscul i pell)

Resta d'animals 100 (muscul)
200 (greix)
300 (ronyo)
2.000 (fetge)

TAP TAP Totes les 50 (muscul, greix, No permes en
espeécies fetge, ronyd i llet) animals dels quals
se'n consumeixin els
ous

Pel que fa al CAP, |'efecte secundari més greu associat al tractament amb aquest compost
(anémia aplastica) no depen de la dosi, la qual cosa fa impossible determinar-ne un NOAEL i,
per tant, un ADI [EMEA, 1996]. Aixo comporta que no s’estableixi un MRL i, per tant, aquest
compost queda inclos al llistat de substancies prohibides en la Regulacié de la Comissio
Europea 37/2010. Segons la Decisio de la Comissié 2003/181/EC, el MRPL que s’ha establert
és de 0,3 pug kg™ per al CAP en carns, llet, ous, mel, orina i productes d'aquicultura

[2003/181/EC].
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L’4s del CAP en animals destinats al consum huma ha estat també prohibit en molts altres
paisos, com ara Estats Units [CFR 522.390], Japé o Canada [Food and drug regulation
B.01.048]. No obstant aix0, recentment han aparegut alguns estudis que posen de manifest
la preséncia de CAP en productes d’origen animal provinents de paisos asiatics, especialment
en mel i productes d'aquicultura [Santos i cols., 2005]. Aquest fet va portar a la Unid Europea
i a altres paisos a augmentar la vigilancia en productes d’origen animal importats del
continent asiatic [Impens i cols., 2003]. Altres treballs suggereixen que més que fruit d’un Us
fraudulent, la preséncia de petites quantitats de residus de CAP en teixits animals,
especialment en bestiar bovi, ovi i porci, pot ser deguda a la preséncia d’aquest compost en
el sol i que pot provenir de bactéries presents de manera natural [Berendsen i cols., 2010].
En qualsevol cas, i sigui pel motiu que sigui, la preséncia d’aquests compostos en aliments

d’origen animal ha de ser controlada.

1.1.3. METODES D’ ANALISI.

Els fenicols presenten unes caracteristiques fisicoquimiques semblants a la majoria
d'antibiotics: s6n compostos relativament poc polars (logKow entre -0.4 i 1) i sén neutres a
pHs entre 1 i 12 (pK, estimats per a I'espécie acetilamida ~-1,7; Taula 1.2). Ara bé, el
metabolit principal del FF, la FFA, en tenir una amina primaria en l'estructura, té unes
caracteristiques fisicoquimiques diferents a la resta de compostos natius (pK, estimat per a
I’especie amino de 7,59; Taula 1.2), esta carregada a pH acids i neutres i és més polar que els
altres fenicols. Aixo dificulta I'analisi conjunta de tota la familia, ja que tant el procediment
d’extraccié com la preconcentracid, purificacié i separacié han de tenir en compte aquesta
diferéncia de polaritat. A la Taula 1.4 es recullen els metodes de tractament de mostra
emprats en l'analisi de fenicols en aliments on s’especifica el metode d'extraccid i de

purificacid, el métode de determinacio, la recuperacid obtinguda i el limit de deteccid.

Degut a I'Us extensiu del CAP a meitat del segle passat i posteriorment a la seva prohibicio, la
major part dels métodes analitics existents han estat desenvolupats per al control d’aquest
antibiotic, tal i com es pot observar a la Taula 1.4. En pocs casos, i recentment, els méetodes

incorporen la determinacid dels analegs TAP i FF o el metabolit FFA. En els apartats seglents
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es comenten les caracteristiques més rellevants dels principals meétodes analitics

desenvolupats per a la determinacié de fenicols en aliments.

EXTRACCIO | PURIFICACIO

El tractament de la mostra i I'extraccié dels analits de la matriu sén etapes importants del
procés analitic. En l'analisi d’aliments, abans de la extraccid, s’Tha de procedir a
I’'homogeneitzacié de la mostra per tal d’assegurar-ne la representativitat i s’"han de prendre
mesures de conservacié, generalment congelacié. Un cop la mostra ha estat preparada
adequadament, es realitza I'extraccié dels analits. En la major part dels métodes descrits a la
literatura per a l'analisi de fenicols, I'extracciéd es duu a terme amb solvents organics o
hidroorganics [Stolker i Brinkman, 2005; Santos i Ramos, 2006]. Tal i com es pot observar a la
Taula 1.4, per a matrius com ara els teixits animals, els ous o la llet els dissolvents més
emprats son 'acetat d’etil, I'acetonitril o solucions amortidores de fosfats. També s'empren
barreges de solvents, com per exemple acetonitril:aigua, acetat d'etil:amoniac,
ditiotreitol:acetat d'etil i mescles d’acetona amb cloroform, diclorometa o aigua, a diferents
proporcions. Generalment es prefereixen els solvents organics, atesa la baixa polaritat dels
antibiotics natius. L'acetat d'etil és el més emprat, ja que permet un major rendiment
d’extraccid, tot i que presenta el desavantatge d’extreure moltes més substancies que poden
ser possibles interferéncies. L'acetonitril és un altre solvent que es recomana freqlientment,
ja que permet obtenir unes recuperacions acceptables i, en tenir menys capacitat d'extraccié
que l'acetat d’etil, la co-extraccié de compostos de la matriu és menor i, a més, ajuda a
precipitar les proteines [Kinsella i cols., 2009]. Per a I'analisi de mel, la major part dels autors
proposen dissoldre la mostra en aigua abans d’extraure els analits a fi de facilitar I'extraccié.
Per a I'analisi de matrius solides, alguns autors empren la técnica de dispersid en fase solida
(matrix solid phase dispersion, MSPD); per exemple s’ha utilitzat fase C18 i elucié amb acetat
d'etil:acetonitril:amoniac 25% per a l'analisi de fenicols (inclos el FFA) en productes
d'aquiicultura [Tao i cols., 2014], aixi com I'extraccié amb fluids supercritics [Liu i cols., 2010].
Tal com s'ha esmentat a I'apartat anterior, el CAP es metabolitza mitjancant la conjugacio

amb acid glucuronic en el teixit hepatic. Per tant, en I'analisi de matrius com ara fetge o
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Capitol 1

ronyons es recomana realitzar una digestid6 enzimatica amb p-glucuronidasa per tal
d'alliberar el CAP conjugat [Kaufmann i Butcher, 2005; Mottier i cols., 2003], etapa que no és
necessaria en l'analisi de teixit muscular [Cooper i cols., 1998]. Alguns autors proposen
alliberar els compostos conjugats durant el procés d’extraccié emprant sonicacié enzimatica
[Ferndndez-Torres i cols., 2010] o extraccid enzimatica assistida per microones [Fernandez-
Torres i cols., 2011]. Entre els nous agents extractants cal esmentar els liquids ionics. Aixi,
recentment s'ha proposat la utilitzacié del bromur de 1-octil-3-metilimidazoli [Yang i cols.,
2014], del clorur de 1-butil-3-metilimidazoli [Han i cols., 2011a] o del tetrafluoroborat de 1-
butil-3-metilimidazoli [Han i cols., 2011b] per a I'extraccié de CAP de mel i llet amb I'objectiu
de minimitzar I'Us de solvents organics i aconseguir aixi métodes d'analisi més ecologics,
mantenint uns valors de recuperacié semblants als d’altres métodes més convencionals
(>90%). També s’han emprat altres procediments d’extraccio com la microextraccié liquid-
liquid dispersiva [Chen i cols., 2009] utilitzant una barreja d’acetonitril:tetracloroeta per a
I'analisi de CAP i TAP en mel, obtenint recuperacions per sobre del 90%, encara que aquest
meétode no arriba a la sensibilitat necessaria per a la deteccié de CAP en aquesta matriu
segons la legislacié vigent. Sigui quin sigui el procediment d’extraccido emprat i degut a la
gran quantitat de compostos que es poden co-extreure, en molts casos és necessaria una
etapa de purificacié de I'extracte. En matrius amb un elevat contingut de greix (carns, peixos,
llet) molts autors recomanen desgreixar la mostra amb hexa, éter de petroli o

isoocta:cloroform.

Pel que fa referencia a I'etapa de purificacié i preconcentracid, I'extraccié en fase solida
(SPE) és el procediment més utilitzat ja que permet obtenir extractes molt nets si hom
selecciona la fase estacionaria adequada. Per a l'analisi dels antibiotics CAP, TAP i FF
generalment s’utilitzen cartutxos de SPE de C18 o de balanc hidrofilic-lipofilic (HLB, Strata-X)
(Taula 1.4), atesa I'afinitat d’aquests compostos per aquestes fases. Alguns autors proposen
emprar altres sorbents com, per exemple, el grafé [Wu i cols., 2012]; pero els resultats tant
de recuperacions (properes al 100%) com de sensibilitat (per sota dels ng g), encara que
bons, sdn semblants als obtinguts amb els cartutxos convencionals i en general es prefereix
la simplicitat d'emprar cartutxos comercials. No obstant aix0, quan els fenicols s’analitzen

simultaniament amb el metabolit FFA, els cartutxos de fase invertida no permeten obtenir
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recuperacions adequades i la major part dels autors recomanen emprar cartutxos mixtos de
fase invertida-bescanvi cationic (MCX) [Zhang i cols. 2008; Zou i cols., 2013; Xia i cols., 2013]
aprofitant que el metabolit FFA es pot protonar i retenir amb el bescanviador cationic. Ara
bé, atés I'ampli ventall de compostos que poden ser retinguts amb aquests cartutxos, els
extractes finals solen contenir un nombre elevat de compostos co-extrets, fet que s’agreuja

quan es vol obtenir un factor de preconcentracio gran.

Un altre tipus de cartutxos de SPE que s’han emprat en I'analisi de fenicols en mostres
d'aliments sén els polimers d’empremta molecular (MIPs) sintetitzats especificament per al
CAP [Levi i cols., 1997] o pel FF [Sadeghi i Jahani, 2013] que presenten una elevada
selectivitat aconseguint bones recuperacions i extractes nets. Recentment s'ha sintetitzat
una variant magnetica de MIP amb oxids de ferro que facilita la separacié del sorbent amb
I'analit adsorbit [Chen i Li, 2013] i que es pot emprar com a fase dispersiva. Tot i els seus
aparents avantatges en la selectivitat de la purificacid, I'is d'aquests cartutxos sol comportar
problemes en I'analisi a concentracions baixes (pug kg™) degut a la dificultat d’eliminar tota
resta de molécula plantilla (template) del polimer produint problemes de blancs i
conseqlientment limits de deteccid relativament elevats [Levi i cols., 1997]. En el cas del
CAP, aquest fet és especialment problematic ates el baix limit de deteccié que es requereix
(MRPL de 0,3 pg kg™), cosa que restringeix I'aplicacié d'aquests cartutxos [Boyd i cols., 2007].
Per a evitar aquests problemes, alguns autors proposen utilitzar molécules analogues com a
plantilla, com ara el TAP. Aquesta estrategia és la seguida en la fabricacié de cartutxos MIP
comercials (com ara els SupelMIP® de Sigma-Aldrich) que utilitzen TAP com a plantilla [Boyd
i cols., 2007; Rejtharova i Rejthar, 2009]. Aquests MIPs s'han utilitzat per a la purificacio i
preconcentracié de tota la familia de fenicols [Shi i cols., 2012], obtenint unes recuperacions
iguals o lleugerament inferiors a les dels cartutxos HLB. En el cas de voler preconcentrar
selectivament només un fenicol es recomana utilitzar el MIP obtingut emprant-lo com a
plantilla i optimitzar adequadament els solvents de neteja dels cartutxos. D’aquesta manera
es poden aconseguir recuperacions properes al 100% per al fenicol escollit [Shi i cols., 2007].
No obstant aix0, Baggiani i cols. [Baggiani i cols., 2012] suggereixen que les eficacies de les
recuperacions amb els cartutxos MIP podrien estar més relacionades amb els polimers

escollits per a fer el sorbent que no pas amb la molecula seleccionada com a plantilla, ja que
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I'eleccié de la plantilla adequada proporciona només una lleugera millora en la selectivitat

respecte a un cartutx SPE convencional.

També s’han emprat altres tecniques menys comunes per a la purificacié dels extractes. Per
exemple, Huang i cols. [Huang i cols., 2006] han proposat emprar una columna capil-lar
monolitica de polimer d’acid metacrilic-metacrilat d’etilenglicol per a la microextraccié de
CAP en mel, llet i ous. Els autors proposen aquest métode alternatiu a la SPE, ja que
s’aconsegueixen bones recuperacions (85-102%) i limits de deteccié 0,02-0,04 ug kg™ i
abséncia de compostos interferents amb un cost de material molt inferior. Les columnes
d'immunoafinitat també han estat proposades per a la purificacio dels extractes en I'analisi

de CAP en llet [Gallo i cols., 2005] o en productes d'aquiicultura [Zhang i cols., 2013].

El metode QUEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) és una variant de
I'extraccid en fase solida dispersiva (DSPE) descrita inicialment per a I'analisi de pesticides en
vegetals [Majors, 2007]. No obstant, la versatilitat d’aquest procediment d’extraccid i la seva
simplicitat ha comportat que s’hagi aplicat també per a I'analisi de residus de drogues
veterinaries en aliments, com ara I'analisi de CAP en mel [Pan i cols., 2006], llet [Sniegocki i
cols., 2014] i molt sovint en métodes multi-residu [De Dominicis i cols., 2012; Ledn i cols.,
2012]. El procediment es basa en una extraccio i particié amb una barreja acetonitril i aigua
que es torna immiscible per I'addicié de sals (principalment NaCl), de manera que els analits
(generalment poc polars) queden a la fase organica. Posteriorment es duu a terme una
extraccié en fase solida dispersiva emprant sorbents adequats com ara C18, propilamina
primaria i secundaria (PSA), carboni grafitat o mescles dels anteriors, segons la matriu. El
metode QUEChERS comporta una reduccié important del temps requerit per al tractament
de mostra, tot i que en general la purificacié de I'extracte és molt pitjor que I'aconseguit
emprant SPE convencional. No obstant aixd, per a l'analisi d'un gran nombre d'analits de
caracteristiques molt diferents (métodes multi-residu) on no es poden escollir les condicions
optimes per a tots els compostos estudiats, el metode QUEChERS ofereix resultats

acceptables amb I'avantatge d'una major simplicitat i velocitat de processament de mostres.
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DETERMINACIO

L'analisi de fenicols en aliments requereix emprar un metode de separacié que permeti la
separacid entre els diferents compostos i dels possibles components de la matriu no
eliminats en el procés de purificacié. A més, en l'analisi de compostos regulats i molt
especialment en el de compostos prohibits (com ara el CAP) és necessari aportar suficient
informacié estructural per poder confirmar la preséncia d'un determinat analit en la mostra,
la qual cosa es pot aconseguir emprant I'espectrometria de masses. Aixi, la major part dels
meétodes analitics emprats per a la determinacié de fenicols en aliments es basen en

tecniques cromatografiques acoblades a I'espectrometria de masses (Taula 1.4).

Tradicionalment, la cromatografia de gasos ha estat una técnica de separacié molt emprada
per a l'analisi de CAP i altres fenicols en qualsevol tipus de matriu [Santos i Ramos, 2006;
Stolker i Brinkman, 2005]. Aixd no obstant, la baixa volatilitat dels fenicols obliga a una
derivatitzacié prévia dels analits. Aquesta derivatitzacié es realitza principalment per sililacié
amb N,O-bis(trimetilsilil)trifluoroacetamida i trimetilclorosila 99:1 o hexametildisilaza,
trimetilclorosila i piridina (3:1:9). Tot i que Shen i Jiang [Shen i Jiang, 2005] van comparar
ambdds procediments de derivatitzacié i van observar resultats més rapids i reproduibles
amb el primer agent derivatitzant, es continuen publicant treballs utilitzant els dos
procediments. Pel que fa a les columnes cromatografiques, les més emprades sén les
capil-lars de baix sagnat amb fase estacionaria de 5% fenil 95% dimetilpolisiloxa [Azzouz i
cols., 2011a; Azzouz i cols., 2011b; Sanchez-Brunete i cols., 2005] o de 5% difenil 95%
dimetilpolisiloxa [Gantverg i cols., 2003; Shen i Jiang, 2005]. Pel que fa referencia a la
deteccid, la presencia d'atoms d’haldogens en |'estructura dels antibiotics facilita la seva
deteccié per captura d’electrons (ECD) i permet aconseguir uns bons limits de deteccio, per
sota del MRPL [Cerkvenik-Flajs, 2006]. No obstant aix0, la majoria d'autors prefereixen
emprar l'espectrometria de masses, ja que a més d’una gran selectivitat i una bona
sensibilitat, permet detectar el metabolit FFA. Alguns autors utilitzen ionitzacio electronica, i
obtenen un espectre amb I'ié radical del derivat sililat i una série de fragments que
proporcionen prou informacié estructural com per poder confirmar la preséncia dels
compostos. En general utilitzen quatre ions i monitoritzacié selectiva d'ions (selected ion

monitoring, SIM) normalment emprant analitzadors quadrupolars [Azzouz i cols., 20113;

32



Capitol 1

Azzouz i cols.,, 2011b; Sanchez-Brunete i cols., 2005], encara que degut a l'elevada
fragmentacio la sensibilitat per al CAP pot no ser suficient [Gantverg i cols., 2003] i es
requereix una elevada preconcentracidé de les mostres per a arribar al MRPL [Azzouz i cols.,
2011a; Azzouz i cols., 2011b]. Altres autors utilitzen ionitzacié quimica negativa i I'espectre
resultant presenta un i6 radical molt més abundant i menys fragmentacio. Aquest fet unit al
caracteristic cluster isotopic dels antibiotics natius degut a la preséncia de dos atoms de clor
fa que la sensibilitat augmenti entre un i dos ordres de magnitud [Shen i Jiang, 2005], per la
qual cosa aquest és el metode més recomanable per a la determinacié de fenicols en
aliments per GC-MS [Shen i cols., 2009; Rejtharova i Rejthar, 2009; Liu i cols., 2010; Shen i
Jiang, 2005].

Els metodes per cromatografia de gasos presenten l'inconvenient de necessitar una
derivatitzaciéd per a l'analisi de compostos poc volatils. Les derivatitzacions requereixen
reaccions quimiques d'estequiometria coneguda i fixa, rapides i d'elevat rendiment i que no
donin lloc a subproductes indesitjats. Tot i que és possible acomplir aquests requeriments, la
cromatografia de liquids de fase invertida és una alternativa que permet evitar |I'etapa de
derivatitzacié i analitzar els compostos directament, la qual cosa simplifica molt el
tractament de mostra. A més, a partir del desenvolupament de la font d'ionitzacié
d'electrosprai, I'acoblament entre la cromatografia de liquids i I'espectrometria de masses es
va popularitzar i ha permes una gran millora en sensibilitat, selectivitat i simplicitat dels
métodes. Es per aquesta rad que la major part dels métodes confirmatoris utilitzats per a
I'analisi de fenicols en aliments es basen en |'acoblament de la cromatografia de liquids a
I'espectrometria de masses. La majoria d’autors proposa columnes convencionals amb fases
estacionaries de tipus octadecil per a I'analisi de CAP,TAP i FF, donada la relativament baixa
polaritat dels antibiotics natius (Taula 1.4). L'Us d’aquestes columnes amb fases mobils
compostes per una mescla d’acetonitril o metanol i aigua o dissolucions amortidores
d’acetat o formiat d’amoni permeten una bona separacié dels compostos. No obstant aixo,
en I'analisi conjunta dels antibiotics natius i el metabolit FFA, les columnes de fase invertida
presenten una baixa retencio de la FFA, la qual cosa comporta que la matriu interfereixi en la
determinacié d’aquest compost [Turnipseed i cols., 2003]. Tot i aixi, alguns autors han

proposat metodes per a la determinacié de fenicols incloent la FFA amb columnes octadecil
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[Zhang i cols., 2008; Tittlemier i cols., 2007; Van de Riet i cols., 2007; Shi i cols., 2012; Tao i
cols., 2014], octil [Luo i cols., 2010] o fenil [Smith i cols., 2009], encara que és dificil saber si
la retencié de la FFA en aquests metodes és com a minim dues vegades el temps mort,
condici6 que requereix el reglament 657/2002/EC. Pel que fa a l‘acoblament a
I'espectrometria de masses, la font d’electrosprai (ESI), en mode positiu per a la FFA i
negatiu per a CAP, TAP i FF, és amb molta diferéncia la més emprada atesa la relativa
polaritat dels compostos. Els ions observats corresponen sempre a I'espécie desprotonada
[M-H] per als antibidtics natius i a la protonada [M+H]" per al metabolit FFA. Aixd implica
gue quan s’analitza conjuntament tota la familia sigui necessari realitzar un canvi de
polaritat a meitat del cromatograma. Altres fonts d’ionitzacié a pressié atmosféerica també
han estat utilitzades en I’analisi de fenicols, perd de manera molt minoritaria. Aixi, Gantverg i
cols. [Gantverg i cols., 2003] van emprar la ionitzacid quimica a pressié atmosférica
(Atmospheric Pressure Chemical lonization, APCI) per a I’analisi de CAP en carns, aconseguint
una molt bona sensibilitat per al CAP (limit de deteccié de 0,02 ng g"), i Takino i cols. [Takino
i cols., 2003], en comparar aquesta font amb la fotoionitzacid a pressid atmosferica
(Atmospheric Pressure Photoionization, APPI) emprant acetona com a dopant per a la
determinacié de CAP en peix, van observar que amb I’APPI I'efecte de la matriu en la
ionitzacié era despreciable, de manera que es guanyava molta sensibilitat i selectivitat
independentment de la matriu, i es podia realitzar la quantificacié per calibratge extern. En
general la majoria d’autors recorren a I'espectrometria de masses en tandem (MS/MS) amb
analitzadors de triple quadrupol o amb fragmentacié en etapes successives (MS?) en
analitzadors de trampa d’ions (IT), [Gallo i cols., 2005; Impens i cols., 2003; Vinci i cols., 2005;
Turnipseed i cols., 2003; Smith i cols., 2009], i per tal d'aconseguir la maxima sensibilitat i
selectivitat s'utilitza I'adquisicié de dades en mode de monitoritzacié de multiples reaccions
(Multiple Reaction Monitoring, MRM) quan s’empren analitzadors de triple quadrupol (QgQ)
(Taula 1.4). L'espectrometria de masses d’alta resolucié (High Resolution Mass Spectrometry,
HRMS) també s‘ha utilitzat per a I'analisi de fenicols en métodes multi-residu, ja sigui
emprant analitzadors de temps de vol (TOF) [Peters i cols., 2009], orbitrap [De Dominicis i
cols., 2012; Gomez-Pérez i cols.,, 2012 ] o hibrids quadrupol-temps de vol (Q-TOF)

[Turnipseed i cols., 2012; Turnipseed i cols., 2014]. Aquests métodes presenten I'avantatge
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d’aconseguir amb un full-scan en alta resolucid una selectivitat equivalent al MRM sense

necessitat de monitorar tantes transicions.

A part de les técniques cromatografiques convencionals, també s’han utilitzat altres
tecniques de separacid. Per exemple, |'electroforesi capil-lar, técnica basada en la diferéncia
de les mobilitats dels ions en un capil-lar quan s'aplica una diferencia de potencial entre
I'entrada i la sortida del mateix, ha estat proposada per alguns autors. No obstant aixo, i
atesos els baixos limits de deteccié requerits especialment per al CAP, aquesta técnica no
s'ha aplicat gaire a |'analisi de fenicols. Com exemples es poden citar els treballs de Santos i
cols. [Santos i cols., 2007], que van proposar un métode de d'electroforesi capil-lar de zona
(CZE) amb deteccié UV per a la determinacié de CAP i cinc antibiotics més en llet emprant
dihidrogenfosfat de potassi i tetraborat de sodi (pH 8) com a tampd de separacio, i de
Kowalski [Kowalski, 2007], que proposa un metode CZE-UV emprant el mateix tipus de
tampd per determinar TAP en sérum de gall d'indi. El mateix autor [Kowalski i cols., 2008]
també va desenvolupar un metode per a l'analisi de CAP, TAP i FF per cromatografia
electrocinetica micel-lar (MEKC) amb detecci6 UV emprant dodecilsulfat de sodi com a
surfactant i tetraborat de sodi com a tampd de separacid. Aquesta técnica també va ser
proposada per Springer i Lista [Springer i Lista, 2012] per a l'analisi de CAP i FF i dos
antibiotics més en llet, encara que en aquest cas I'electrolit de suport contenia nanotubs de
carboni a més de tampd (tetraborat de sodi) i surfactant (dodecilsulfat de sodi), metodologia
que es coneix amb el nom de micellar nanoparticle dispersed electrokinetic chromatography
(MiNDEKC). D’aquesta manera els autors aconseguien millorar sensiblement la resolucié

sense necessitat d’'incrementar els temps de migracid.

1.2. AMINOGLICOSIDS.

Els aminoglicosids (AGs) sén una familia d’antibiotics d’efecte bactericida actius contra
bacteris aerobics grampositius i estafilococs. Els aminoglicosids més comuns i les seves
propietats es recullen a la Taula 1.5 i a la Figura 1.1 es mostren les seves estructures. El
primer aminoglicosid introduit en el tractament de malalties humanes i animals va ser

I’estreptomicina els anys 1940, i va suposar un gran aven¢ per al tractament de Ia
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tuberculosi, que en aquell moment representava un greu perill per a la salut de la poblacié
humana [Odell, 2012]. Posteriorment es van descobrir altres aminoglicosids com ara la
gentamicina o la neomicina, les quals han estat ampliament emprades en medicina humana i
veterinaria. Quimicament, els aminoglicosids estan formats per unitats d'aminosucres unides
per enllacos glicosidics a un aminociclitol i es poden classificar en diferents grups depenent

de la identitat d’aquest aminociclitol (Figura 1.2):

- Derivats de I'estreptidina: estreptomicina (STR) i dihidrostreptomicina (DHSTR)

- Derivats de I'estreptamina: espectinomicina (SPC)

- Derivats de la desoxistreptamina 4,5-disubstituida: neomicina (NEQ), paromomicina
(PAROQ), butirosina (BUT) i ribostamicina (RIB)

- Derivats de la desoxistreptamina 4,6-disubstituida: gentamicines (GEN), kanamicina
(KAN), amikacina (AMIK), tobramicina (TOB), arbekacina (ARB), bekanamicina (BEK),
isepamicina (ISEP), netilmicina (NET) i sisomicina (SIS)

- Altres: apramicina (APRA), fortimicina (FOR), higromicina (HYG) i kasugamicina (KAS)

HO
H%mH HO HO. .
NH H HO—¢
HoN 2 OH ! :
NH HN
Estreptidina Estreptamina 2-desoxiestreptamina

Figura 1.2. Aminociclitols dels quals deriven els aminoglicosids.

La majoria d’aminoglicosids s’obtenen de ferments de diferents espécies de bacteris dels
generes Streptomyces o Micromonospora. El sufix del nom en anglés de cada aminoglicosid
marca a quin genere pertany originalment, sent “—mycin” per aquells obtinguts de soques de
Streptomyces o “—micin” per als provinents de Micromonospora. Tot i que avui dia existeixen
metodes per sintetitzar la majoria d'aminoglicosids, I'obtencié mitjancant el procés de

fermentacié continua essent economicament més rendible. Aixo fa que alguns d'aquests
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antibacterians, com ara la GEN, siguin en realitat una barreja de compostos molt semblants
(Figura 1.1). Altres aminoglicosids com ara I'AMIK sdn derivats semisintétics, que s’obtenen

amb la finalitat de millorar les seves propietats i fer-los actius contra soques resistents.

El mecanisme d’accid dels aminoglicosids es basa en el seu enllag a la subunitat ribosomal
30S, la qual cosa produeix la interrupcié de la sintesi de proteines del bacteri i provoca la
mort. Ara bé, per tal de poder actuar cal que I'aminoglicosid penetri dins la membrana
cel-lular del bacteri i aixd0 fa que moltes vegades els aminoglicosids s’administrin
conjuntament amb altres antibacterians que actuen sobre la membrana cel-lular, com per
exemple les beta-lactames (penicil-lines), produint-se aixi un efecte sinéergic entre els dos
tipus d’antibiotics [Winstanley i Hastings, 1989]. No obstant aix0, les diferents
caracteristiques fisicoquimiques dels aminoglicosids i les beta-lactames fan que les dues

families siguin incompatibles i, per tant, la seva administracid s'ha de fer per separat.

La utilitzacié dels aminoglicosids en medicina, tant humana com veterinaria, va ser molt
estesa durant els anys 70 i 80, perd posteriorment el seu Us es va restringir degut als efectes
nocius que presenten sobre l'oida i especialment els ronyons i al descobriment d’altres
antibiotics com les beta-lactames de quarta generacié i les cefalosporines, amb menys
efectes secundaris i un espectre més ampli d’activitat [Drusano i cols., 2007]. Aix0 no
obstant, recentment s’esta reconsiderant la seva utilitzaci6 en medicina humana per al
tractament de malalties nosocomials ocasionades per patogens gramnegatius multi-
resistents, com ara Pseudomonas aeruginosa o Acinetobacter spp. [Pagkalis i cols., 2011]. En
medicina veterinaria, els aminoglicosids son emprats en el tractament oral de malalties del
tracte gastrointestinal en ruminants, porcs i aus, en el tractament topic de malalties
causades per enterobacteris i per al tractament per via parenteral de seépsia, mastitis
(inflamacid de les glandules mamaries), pneumonia i altres malalties causades per soques
resistents, especialment d’estafilococs. A més, L'STR i la KAS estan permeses en alguns
paisos com ara els Estats Units per al tractament de malalties causades per fongs en fruiters i
hortalisses [Worthington, 1988]. En conseqiéncia, els aminoglicosids, en tenir una gran
varietat d'usos, es poden trobar com a residus en una gran varietat de matrius, no només

d'origen animal.
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1.2.1. FARMACOCINETICA | TOXICITAT.

Els aminoglicosids no s’absorbeixen a través del tracte intestinal (menys de 1%), la qual cosa
fa poc util la seva administracié oral si no és per al tractament de la inflamacié de I'intesti
prim (enteritis) provocada per bacteris patogens o per a la desinfeccid del tracte intestinal
prévia a intervencions quirdrgiques. Si s’administren per via intravenosa (parenteral), els
aminoglicosids mostren una bona absorcié i distribucid pels fluids sinovial, pleural,
peritoneal, limfatic i pericardiac [Dowling, 2013b]. No obstant, degut a la seva estructura
quimica (molecules grans i amb grups ionitzats a valors de pH fisiologic), tenen molt poca
solubilitat en el teixit lipidic i poca capacitat de penetracid a través de les barreres cel-lulars.
Un cop a I'organisme, els aminoglicosids no pateixen biotransformacié i s’excreten sense cap
modificacid a través de I'orina o de la femta [McGlinchey i cols., 2008], de manera que el

compost designat com a marcador de |'Us d'aminoglicosids és el propi antibiotic natiu.

El temps de vida dels aminoglicdsids en els animals varia segons I'espécie i el teixit, pero
generalment es troba entre unes poques hores (KAN A per via parenteral) i entre 14 i 28 dies
(APRA per via parenteral i oral). En teixits musculars, greix i pell, les acumulacions d'aquests
compostos son molt baixes i només sén importants en el fetge i els ronyons. De fet, degut a
que la seva excrecio per via renal és relativament lenta i que el procés de filtracié és rapid,
I'acumulacié d'aquests antibacterians en el teixit renal és molt important. Aixd comporta
que els residus d’aquests antibiotics en els ronyons poden persistir durant forca temps (per
sobre d’'un mes després del tractament en alguns casos). La nefrotoxicitat dels
aminoglicosids sembla estar lligada al transport i acumulacié d'aguests compostos en els
lisosomes i altres organuls de les cel-lules epitelials dels tubuls renals [Lépez-Novoa i cols.,
2011}, i és diferent pels compostos de la propia familia, essent molt gran per a la NEO, més
baixa per a la TOB i inexistent per I'SPC. A més, molts aminoglicosids, i especialment Ila
DHSTR, poden afectar al teixit auditiu (ototoxicitat) [Torres-Ruiz i cols., 2011]. Les
conseqliencies de l'acumulacid en els teixits de I'oida interna pot afectar tant a la funcié

auditiva com a l'equilibri dels animals tractats.

Degut als efectes secundaris en els diferents teixits, la concentracid en sang dels

aminoglicosids ha de ser estrictament vigilada durant el tractament per tal d’evitar danys en
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els organs compromesos. Donat que |'efecte bactericida dels aminoglicosids és directament
dependent de la concentracid, des d’un punt de vista d’efectivitat és més adient administrar
aquests antibacterians en elevades dosis inicials i posteriorment en repetides dosis per a
mantenir la concentracié en sang per sobre del nivell terapéutic [Dowling, 2013b]. Tot i aixi,
per tal d’evitar la sobreacumulacié dels antibiotics en els teixits afectats, és més
recomanable una dosi diaria elevada en comptes de en repetides dosis durant el dia.
Finalment, i a diferéncia del que passa amb els fenicols, cap dels aminoglicosids ha mostrat
efecte mutagenic, teratogenic o carcinogénic fefaent en els estudis realitzats per I'Agéncia
europea d’avaluacié de productes medicinals (EMEA), la qual cosa comporta que la seva

perillositat sigui menor.

Un fet rellevant de la terapia amb aminoglicosids és que esta subjecta a una resisténcia
adaptativa dels organismes patogens [Barclay i Begg, 2001], és a dir, que després d'una dosi i
encara que s'hagi superat el nivell de concentracié considerat terapeutic (que afecti als
patogens), un cert percentatge dels bacteris que sobreviuen desenvolupen resisténcia
durant un temps. En termes generals, aquesta resisténcia arriba a nivells maxims unes 16
hores després de l'administracié per tornar a poc a poc a les condicions inicials de
susceptibilitat passades 40 hores [Dowling, 2013b]. Aixd també fa que sigui més
recomanable emprar dosis diaries elevades enlloc de dosis repetides al llarg del dia, de

manera que aquest mecanisme no es vegi afavorit.

1.2.2. LEGISLACIO.

Com ja s'ha comentat, els aminoglicosids presenten una tendéncia a generar resistencia
adaptativa que pot ser transferida dels animals als humans. De fet, aquest és un dels motius
pel qual es desaconsella el seu Us si no és en casos molt concrets. Tot aixd unit a la toxicitat
que poden arribar a presentar, ha fet que la Unié Europea hagi establert legislacié per al

control dels residus d'aquests antibacterians en aliments d'origen animal.

L’EMEA ha realitzat i recollit nombrosos estudis in-vitro i in-vivo, tant en animals com en
humans, per tal d'avaluar la perillositat dels residus d'aminoglicosids en els teixits animals,

tenint en compte la seva toxicitat i la farmacocinética. En general, els valors d'ADI s'han
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establert també en aquest cas, en base a la sensibilitat dels microorganismes de la flora
bacteriana intestinal a aquests antibiotics, més que no pas a partir de la toxicitat directa
(NOEL), ja que el valor obtingut és més restrictiu. Tot i aixi, i atés que I'STR, la DHSTR i la NEO
presenten una toxicitat més alta, el seu ADI es va establir en base a la toxicitat directa
observada en estudis amb animals controlats [EMEA, 2007]. Pel que fa als MRLs establerts
per als aminoglicosids (Taula 1.6), I'iUs de I’AMIK s’ha aprovat sense establir cap MRL, donat
qgue la seva toxicitat és molt baixa i la seva eliminacié és prou rapida com per no deixar
residus apreciables o que representin un valor significatiu en funcié de la ingesta (taula 1 de

I’annex de la Regulacié de la Comissié Europea 37/2010).

De la resta d'antibiotics de la familia, alguns tenen establerts MRL mentre que d'altres, com
ara I'HYG, la KAS o la RIB, no han estan considerats per ara. Tal i com s’indica a la Taula 1.6,
els marcadors legislats per al control dels residus d'aminoglicosids sén sempre els antibiotics
natius, ja que com s’ha comentat més amunt no pateixen metabolitzacié apreciable. En el
cas de les GEN, i atés que es tracta d’'una mescla de compostos molt similars, el marcador
emprat és la suma dels components majoritaris de la mescla (GEN C1, Cla, C2 i C2a) mentre
que en altres casos, com la NEO i la KAN, s'escull com a marcador el compost més abundant
(NEO B i KAN A, respectivament). Els valors de MRL depenen tant del teixit com de I'espéecie
animal i acostumen a ser molt més elevats en ronyons i fetge atés que, com ja s’ha
comentat, es produeix una acumulacié dels residus principalment en aquests dos teixits. El
valor més baix és per a les GEN en muscul animal (50 pg kg™) i el més elevat és per a I'APRA
en rony6 bovi (20.000 pg kg?). Com es pot observar, aquests valors sén forca elevats en
comparacid amb altres antimicrobians com ara els fenicols, ja que els aminoglicosids
s'absorbeixen molt malament a través del tracte intestinal. Cal esmentar que I'is d'APRA en
animals productors de llet o en aus productores d'ous no esta aprovat [EMEA, 1999b] i que
per als altres aminoglicosids s’han establert valors de MRLs en llet principalment per I'accié
inhibitoria que poden tenir els seus residus en les soques bacterianes emprades en els

productes fermentats com ara iogurt o formatge.

Com ja s'ha comentat anteriorment, I'STR i la KAS també sdn emprats com a pesticides

d'efecte fungicida en cultius de fruiters i hortalisses. No obstant aix0, aquest Us no esta
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Taula 1.6. Limits maxims de residu (MRL) per

als aminoglicosids legislats.

Compost Marcador Matriu MRL (pg kg™) Altres provisions
APRA APRA Vedella 1.000 (muscul i greix) No permes en
10.000 (fetge) animals dels quals
20.000 (ronyd) se'n consumeixi la
llet
DHSTR DHSTR Ruminants, porc i 500 (muscul, greix i
conill fetge)
1.000 (ronyd)
Ruminants 200 (llet)
GEN Suma de les Vedella i porc 50 (muscul i greix)
gentamicines 200 (fetge)
Cl1,Cla,C2i 750 (ronyo)
C2a Vedella 100 (Ilet)
KAN KAN A Totes les espeécies 100 (muscul i greix) No permes en
excepte peix 150 (llet) animals dels quals
600 (fetge) se'n consumeixin
2.500 (ronyd) els ous
NEO NEO B Totes les especies 500 (muscul, greix,
fetge i ous)
1.500 (llet)
5.000 (ronyd)
PARO PARO Totes les espeécies 500 (muscul) No permes en
1.500 (fetge i ronyo) animals dels quals
se'n consumeixi la
llet o els ous
SPC SPC Xai 200 (llet)
300 (muscul)
500 (greix)
2.000 (fetge)
5.000 (ronyd)
Resta d'animals 200 (llet) No permes en
300 (muscul) animals dels quals
500 (greix) se'n consumeixin
1.000 (fetge) els ous
5.000 (ronyd)
STR STR Ruminants, porc i 500 (mduscul, greix i

conill fetge)
1.000 (ronyad)
Ruminants 200 (llet)
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generalitzat a tot arreu. A Europa, tant la STR com la KAS no estan permeses [2004/129/EC;
2005/303/EC], encara que la KAS s’utilitza en paisos com Espanya, Grécia o Hongria en
aplicacions concretes fins que es trobi un substitut millor [2005/303/EC]. Per tant, d'acord
amb el Reglament 396/2005 [EC/396/2005] els residus d’aquests compostos queden
subjectes a un MRL per defecte de 10 pg kg™ en la majoria de paisos de la Unié Europea. A
Espanya, on |'Us de la KAS esta permes per al tractament de malalties bacterianes i fungiques
en tomaquets, cogombres, mongetes verdes, pomers, perers, xiprers i maduixers, el MRL
fixat és de 50 ug kg™ per a aquest aminoglicosid [RD 280/1994]. Als Estats Units, el seu Us
com a pesticides esta permeés i tenen establerts uns MRLs per a la KAS de 40 ug kg™ en
hortalisses i 50 ug kg™ en pomes [CFR 180.614], mentre que per la STR els MRLs varien des
dels 250 fins als 500 ug kg™ en funcié de la matriu [CFR 180.245]. A més, s'ha de considerar
que de resultes de la seva utilitzacié en plantes en floracid, residus d'aquests aminoglicosids
poden acabar també a la mel degut a l'accié pol-linitzadora de les abelles. Per aquest motiu,
el Laboratori de Referéncia Comunitari de Fougéres (Franca) recomana aplicar un MRL per a
I'estreptomicina en mel de 40 pg kg'1 per tal I'narmonitzar a nivell europeu els MRL en
matrius no descrites oficialment per part de les autoritats [European Union Reference

Laboratory for Antimicrobial and Dye Residues in Food, 2007].

1.2.3. METODES D’ ANALISI.

Els aminoglicosids presenten unes caracteristiques fisicoquimiques (Taula 1.5) molt
diferents de la majoria de drogues veterinaries. En primer lloc, i degut a la seva estructura
formada per unitats glicosidiques amb un cert nombre de grups amina tant primaris com
secundaris, la seva polaritat és molt elevada (valors de logKo,w inferiors a -2) i generalment
es troben en forma catidonica a valors de pH inferiors a 8. A més, no posseeixen grups
cromofors o fluorofors de manera que la detecciod directa d'aquests compostos per metodes
espectofotometrics no és possible. Aquests fets units a la gran varietat de matrius, tant
d'origen animal com vegetal en les quals aquests compostos podrien estar presents,

dificulten molt els métodes analitics per a la seva determinacio.

Un altre factor a tenir en compte en I'analisi d’aquest compostos és que, degut a la seva

elevada polaritat, els aminoglicosids tenen una gran afinitat per les superficies de vidre, de
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manera que durant tot el procés analitic cal emprar altres materials (com, per exemple,
teflé) per evitar perdues per adsorcid. A la Taula 1.7 es recullen els métodes proposats a la
literatura per a I'analisi d'aminoglicosids en aliments d'origen animal, on s’indica el
procediment d'extraccié i de purificacio (si s'escau), aixi com el metode de determinacio, les
recuperacions i els limits de deteccio assolits. A continuacioé es comenten les caracteristiques

més importants.

EXTRACCIO | PURIFICACIO

En general, I'extraccié de drogues veterinaries de matrius d'origen animal o de pesticides de
matrius vegetals es porta a terme emprant dissolvents organics. Aixd no obstant, I'elevada
polaritat dels aminoglicosids fa que els dissolvents emprats comunament no siguin adients
per a l'extraccié d'aquests compostos i es recorri normalment a I'Us de solucions aquoses
tamponades. Aixi, els dissolvents d’extraccid més emprats sén solucions aquoses de fosfat
de sodi o de potassi, com per exemple KH,PO; 10 mM, K;HPO, 20 mM, o solucions
amortidores preparades mesclant les anteriors (Phosphate Buffer Solution, PBS). També
s'han emprat dissolucions d'acetat d'amoni 10 mM o de citrat de sodi. Aixd no obstant, els
dissolvents organics també s’han emprat en el cas de metodes multi-residu, on es pretén
extreure tant els aminoglicosids com altres antibidtics de polaritat més baixa. Ara bé,
aquests metodes multi-residu sovint combinen diferents etapes d'extraccid, primer amb un
solvent organic (normalment acetonitril), per tal d'extreure els antibiotics menys polars, i
després amb barreges hidro-organiques [Hurtaud-Pessel i cols., 2011], o bé directament amb
una barreja hidro-organica com ara d'acetonitril i aigua [Martos i cols., 2010], o d'acetonitril i
una solucié d'acid tricloroacétic (TCA) al 2% [Chiaochan i cols., 2010; Bousova i cols., 2013]
per tal d'extreure els AGs. Atés que els aminoglicosids tenen molts grups hidroxil i amina
amb parells d'electrons Iliures presenten una gran tendéncia a complexar metalls. Per aquest
motiu es recomana addicionar agents complexants, com per exemple I'acid
etilendiamintetraacetic (EDTA), a la solucié d'extraccié per tal de millorar-ne la recuperacié.
A més, els aminoglicosids tenen una certa tendéncia a adherir-se a les proteines, de manera
que la major part dels autors afegeixen acids com ara el TCA a concentracions entre el 2% i el
10% per tal de precipitar les proteines i alliberar els compostos adherits. Quan s'analitzen

mostres de llet, normalment es realitza directament la precipitacié i |'extraccié afegint

48



Capitol 1

(wr g

(oo1) SESISYHINW £X001)
88uyT 0ST 1e1WJ0) odWey:|LIIIU01adY
010z 509 | - (D) SIN-IS3(+) \ JINIH o o1 %58-95 %0€ EETR| 41SHA ‘YIS
luueldojiwaln 330 sopqLe B w we (wrl g ‘ww ° VD1 que o12deJ1x3
(001) . opq . VE4H.P AW 0T g 12X05) 819
60T-TE engie:|1411uolade Jualpesn S eIlaLY
600¢ (022) (obo) (turd (VSH) a1uol |ja.ed
) : w HIPA[S[eXEN) ‘ww gx 9 T engie quwe o1an|! E]
509 | efuelo) 33ug SIN/SIN-IS3(+) G8:GT INW G VEd4H:| v S 7X0S) o1 %58 quee (g7H) 3dS q I'a PN 41s
81D IUIWaDH
%0T VOL que
(wrlg opezjulRloldsag
Looz (oo1)  88u Ww
(1) ,SIN-1S3(+) ‘ww €xT) 01 %98-19 % VIL e|[3paA Y1SHA
*5|02 11349 ‘-G’ 4 |1431U0312k Judlpe.
[09 1131434 S‘c-50 0T Vdd4N:|uH 1peso lIso3pNN ‘AW OT "Od%H
quwie 012oedix3
0002 8 8u (wrlg %z VoL
. Fe (L) ;SW-IS3(+)  08:0Z INW 0T VddN:|HHU0IY ‘ww €x0T1) o) %09 < ‘INW 0T "Od®H)  240d ‘ejjapaA N39
$109 1313143y S-S0
|1ISo”]dNN quwe 0120eJ1x3
12-D0NA (wrl ¢ fww ST INW #0°0 V1a3
010z . 83u que eingud . . . . quie %0T VOLb'L
: enSie:jouela X 9 - 240,
“sjoa1uayd 09T-09 o1oeZMIBALISP LEG ENATIOURISN 6 M%Mwwww o #s6°18 Hd NWOT s1ejso} d 03N
\m_ucm,ﬁ.mw‘_O:_u_ OQEmw quie QldoeJix3y
g01
%10 (wrg
€10¢ (dvyL10) . . . %1‘0 V.1a3 ‘%t 19| ‘2Jod ‘OYVd ‘YNWX
. jedIpul oN d1WLIQ} PIdE ‘|NW 00T lUoWE,p  ‘WW T‘ZX00T) o1 %EOT-V6 . . p p
5|09 1 wyog SIN/SIN-ISA(+) VD1 quie g1ade.3Ix3 B|I9P3A  ‘V¥dV ‘03N ‘NID
el1ade:|lJ}luolade jualiped -
1819081 |14}|UOIIIE JUBIpeID JIIH-DIZ 245 “41SHA “ULS
(wrl g fww 03N ‘N3I9
S00¢ (obo) sopque e yg4H,p INW eju3|ed
88u €Tt 9'¥X0S2) 81D 01 %T6-EL 1PN YNV ‘0dVd
5102 1 1||e180 T - + we engie:jouelaw jualpe. engie quie 0120eJ1x
|02 1 1]|e18og SIN/SIN-IS3(+) T4 1e:| Ipedo 4H eIy le que ol 3 41S “41SHA “dS
(wrl g ‘wu g90L "Y1S DdS
TT0T 5109 (obo) . . . . } (xg2) 3ds ‘exay  v1a3 ‘VOL "OdHX aJod  ‘O3IN VNV ‘OAH
repwy o PotON SIN/sN-Isa(+) VT VEIH IOURSHIERIPEID T NM_M_OMWLMW o1 BLOTLE  quie yexjaidsaq quie o120e.1x3 3p gAuoy ‘N39 “41SHA
‘VedV NINY
e M_ﬂu”_u“”.._” (sw ‘_ouM_an_._wmu:wN GNW““”‘_%MH_W“MMM_WMN euwn|o) opesedas onesadniay o1eIx3 nulen Hjeuy

‘lewiue uagiio,p saJisow ud spisodljoulwe e Jad Isijeue,p SOPOIRIA LT ejney

49



Capitol 1

% VL
‘%T 12BN ‘INW +0

— (ObD) §'7 Hd W S/T (wrig'e > oAuoy N3ID ‘03N ‘VNWM
rsj05 1 sewny 2 2 Y9TT SN/S-isa(s)  UOWEP FEILLIOSIILLIQLPREP W T'2X0ST) 21 %LIT8T (xom) 3ds V403 NWOT 1uowe,p “U1S ‘DdS ‘0¥vd
: %b°0’|1111U03308 JUBIPRID IMIHDIZ 1E199E qUIE OPJE.IXT “41SHQ ‘VYdY
engie que opN|Ig P
Sy Hd INW G/T (wrg'e 03N ‘NI9 ‘VNW)
110z (0O7),8 (obo) . . . (o p §
JUOWE,p 1BIWIO0L%T 0 JIWIQ) ‘W TZX0ST) o1 %CTT-89 engie qwe odN|Iq P 0OYYd ‘Vddv
5|02 | Jewn Su - - + sn Sk}
1031 v_ 0s1-0¢ SW/S-Isa(+) p1oe ‘|L)1uo1de JuUBlIpeID J1IH-DIZ Id 11227) 3ds ‘2dS “41SHQ ‘Y1S
666T 5|02 INW § O°HOT-“0"a%N ‘Ww |119,p 1€3908 |3IuoIRde
| DIS|EMOY| 8 8u0zT AN S F08°H ‘INW 0€ "Od*HeN 0 wel quie 0129e41x3 quee 0122e41x3 sno d1s
NI9
(wrl 9z ‘03N ‘SIS ‘901
T10C “'s|0d (obD)  sopquie e ya4H,p %ET‘0 que NW ¥ V103 ‘%S
838u¢g/-6T ‘ww TZX0ST) o1 %E6-LT (XoW) 3ds B||9p3aA X19d ‘vV4dv ‘0¥vd
|uuewyney T -1S3(+ engdie:|1u31u0132e Juaiped we 0123eJ1x , ,
jney SIN/SIN-IS3(+) _ PeiD o oty vaLq 3 NV MIAY
‘41SHA ‘Y1S DdS
z00z (DO7) Tw VdO que enaid 0£:0€ T'0T Hd W
*s|02 | 9jeey 3u 000°0T 012eZ111BALIBP ‘AN 0€ Xeloq odwel:|l1Hu01Y n N apada sjesedald 801
G8:ST INW
000 LW vdoqueenaud .
. ! . S0 _UMIXBPOPII-G + 0°0T Hd EVe) - OoN apaug sjesedald N3O
sjod13jee) 8u(Q0S-00T  OIOBZIIBALIBP ‘AN LU OF Xe10q odwWer-|ousIam
(obo) 0%:09 € Hd AW (wrl g (sonuis  p*Z HA INW QT S1e4so4 d1SHA
“s109 11 3 8u 9-g* ) ‘ww 9‘px 9 - AN E}
ET0C TSIOOMr 2N 98T SIN/SN-IS3(+) 0T IUOWE, P 11O |1IHU0IBY %_Ew.vw uo_m_m o #OTT-T6 dIIN) 3dS  9dwe) quie 0193e.Ix3 PN 9gs ‘Nao uLs
INW 0ST (wrg INW $°0 V143 ‘%¢ 03N ‘N3D
38u b
. 800z (00 . (obO) IUOWE P 1B}DDE + %T JIWIQ) ‘W TZX0S) 21 %ETT-0L (Xg2) 3dS  VIL ‘INW QT "Od°H) 2.4od ‘e||apap ‘VdV ‘YN
$|02 1 11ys] 00T-S¢ SIN/SIN-IS3(+) e .
pIoe:|1LI)UO)SIE JUBIpEID J1IH-DI1Z quie 0133e41x3 d1S ‘41SHA DdS
(ww
(ob0) 76:8 %1 21320e pIoe:|oueIdN  T‘ZX0ST) 81D
SIN/SIN-1DdV(+) 0T ZN7HA ‘o
866T 1S3IM (oo1) -gS XxeqJoz %0T 4D°HD ‘%0T V2L
\ %_S_o_._ 38010 piyap|eosonyy (wu o1 %18-08 (v92)3dS  ‘vHd N S20°0 384D e||apan 2dS
T T gqwe euwn|od %0 o odwe) que 0122e.43X3
-1s0d o1oez111BALIDP V94H:|141u01ae Jualpesn 9'vX052) 812
. -dS xeqJoz
ejoudsalon|4
(wig (va4H)
S00T (001) ) . . ‘
5103 | S14OH 33U o1 (11) SN-IS3(+)  88:TT INW G VE4H:|HHUOIIY ‘W ZXOO0T) o1 %68-98 d1uQ! ||3.ed engie qwe oN|IQ P Y1SHA 1S
T T SA0 139-)SL quie (gTH) 3dS

50



Capitol 1

19153 |IpIWIUIdINS

900¢ ‘®AllS ;88u BUlUBOPUIOYNS  08:0Z INW S5 SAS ‘2'6 HA INW AN %E6-68 (05-04l %0€ BN 04vd ‘03N
1 oUBLIdS S‘T-S'0  quie euwnjoa-3sod GE Xel0q odwel:|lu3u0IY 0 SUAqWY) 3dS VJLqwe 0iadel1x3 NIAV ANV
012eZ311eALISP ‘417
(wr g
6002 B88u i AWWS  wwzxooT) INW 0T *Od®H>l
5109 | BUOY 002-00T (0) SIN-1S3(+) Vd4N:[LIUOIPIE JUBIpEID 819 2500 o) %05 (XoH) 3ds que opoeIg IpuLp |9 0¥vd
gJosiayds
8002 Jw Su SON qwe euwn|od €6:4 (wrg‘e lww
510 | unAg omﬁ.o oT -isod o1oeziIeALSp INW ‘0 SON ‘INW € Ipos ap  9pX0ST) 81D o) %08 (X2)3dS  "OIDOH quie 9oeJIX3  UJed 3p pInjd ¥1SHQ ‘d1S
: ‘elauadsalon|4 1euoy|nsouejuad:|luyuolxdy  gax |IsiodAH
010¢ w (obo) (tum 5°€ wuw (o]l IVEIVIRET] 901
, -, : w HIPA[S[eaEN) X %Z6- wie 0122eJ3X A . .
5103 | yieg 3U8T0 SN/SIN-Is3(+) OL70E W OT Va3H:| Vv T‘7X0S) 81D 1 %C6-68 (X2IN) 3dS [DH Y 3 5p sepanpouq ANV Yy
SN edla]X
Ww ¢ (wrg 901 YNV
qv00¢ ;wisu (obo) ‘o . . %6 IW.IQ) P
, A luowe,p 1e199. ‘%70 JIWIQ)  ‘WW T‘ZX00T) o1 %00T (X2IN) 3dS wnJs 03N ‘0OYvd
‘S|0J | |9 - - + 12 quie o1dn|l
|03 119130 8°0-8T°0 SIN/SN-IS3(+) DIDE:|LIUOY32E UBIPEIS AIH-IZ PIE quie o1dN|ig ‘NID NIAY
w wrl
ev00¢ (obD) ‘0 N 0T / ‘ (s
. jedipul oN luowe,p 11998 ‘9%7'0 JIWIQ)  ‘WW T‘ZX00T) D1  31edlpuloN (XOW) 3dS a1alIg wnJas 03N
5|02 1 |3130 SIN/SN-IS3(+)
PI2€:|1JHUOIRIE JUBIpeID JITIH-D1Z
eujadsalonyy
800¢ |02 SP ABUEROROS! GTS:G:09:0¢F ensdle:dnde (wrl g ¥’ HA INW O s1ejso}
leysey T 3uoL quie eial.d ppe:oueipp:muoisoy Y9 YX0ST) o1 %66-86 (vaD) ads oduwey que opNjig BULIO g01
010eZ111BAIISP 81D eun
‘elpuadsalon|4
wn ¢
900¢ (4010) . ) ‘81D eH3|GaI %0T
Suaginy W 8u 00T SINHH/SIA-IS3(+) ST:SL INW OF VE4H:|oueIsN sep-ide D1  1edlpuioN ON  \giH que opoeixg 1N 03N
euwn|o)
19159 |Iplwiudns
800¢C L eU1325240N|§IX0qJed . } |l431lUO13de d01 ‘0OYvd
rsopyup NUPTTTT gqueenad  0© Hd AW € xeloq odwe] EVA) %S0T-26 ON que opoeIg ewseld 438 YNV
0loeZ3NeALISp ‘417
(wrl 2T % VL YNV ‘OAH ‘N3D
5|02 b sopquwe e AW we s ejadid ‘9 eN ‘NW ‘ ‘
€10C S| 1e2IPUI ON (obo) OPquIe e U 0T V3H 9 ‘ww 1708) - %STI-29 (xom) %T 10BN "W 70 elIBPaA VadV NNV
1 Aeyoya SIN/SIN-IS3(+) ensd|e:|luHU0IdE JUBIpeID ud o1deIIX]  Y1Q3 INWOQT luowe,p Y¥1S ‘¥1SHA
81J H3g 1e3192e quie 012Je41x3 ‘3dS ‘OIN

51



Capitol 1

(wrg

S91IBUIIDIAN

0T0T “s|0d (obo) sopquie e yg4H,p INW
88uo9-T ‘ww 9'yX0S7) o1 %S6-GL ON (en3ie) 374 alise|jod sangoup sadyje
| epedss v -1s3(+ we engie:jouelaw juaiped : , . B
I epelsag SN/SW-IS3(+) Tq ez pelo 319 euny DdS “YLSHA YL
SEIPEVIPEIETY
T10C “'s|0d (obo) sopque e ya4H %5900 (g ‘iw v1a3 ‘VIL's1e)soy sando.p sa.fe
1e21pul ON ’ N €X0ST) 81D D1  1edlpui oN (x42) 3ds uled  ‘41S ‘2ds ‘odvd
| Uaspualo - + we mjm_m_ ouelaw juaipels QQEB we gldoeJix . . .
puaiag SIW/SIN-IS3(+) 9 I peso AnswwAs q 3 03N YNV ‘N3O
‘41SHA ‘Vedv
(wrg (vadH) N 20 VE4H ‘%S 81PN DdS “41SHA ‘Y1S
800 53,048 (ObD) sopquie e yg4H,P INW OZ qwe ‘W ZX0ST) 5 %9TT-19 a1uQ! ||3.ed VDL quie 0129e.1x3 MAY YN
“sjoornyz v SIN/SIN-IS3(+) engie:|1J}1u03aJ. JUBIpeID 0219N 81D 0 que (soxiniied %S uiey ‘DAH ‘VddV ‘NID
ed |]9ade) Sop ‘g1H) 3dS VJL quie 9190e.IX] ‘OYvd ‘03N ‘a0L
VdO que elad.d (wrg ,
L00T . 0S:0S . %T‘0 IDH
6103 1 NOYZ 8 8u000's gweziensp reyooe odweyjuuoreoy W 9 ¥X052) o1 %86< (XJIN) 3dS quuie o1deINg sosuld VNV
elpuldsaJon|4 8T-dY edia1x
piyap|exogedip .
600¢ Jw 8u -g‘c-usjeyeu WH 500 %0T VIL q0L
. T luowe|139W}|1392 9p Jnwoiq 32D %E6-T8 ON ° 1901 B .
'S|02 | NA 0Z-/ Qquwe euwn|od-}sod ¢ Hd W 06 121398 odwiey quwe 0120eJ1x3 MIAY VNV
o1eZIIBALBD 4 ’
[2-D0N4 (wrl § ‘wu
600¢ w 8u ot quie einud 0£:0€ enSie:|lIIu0IadY  9‘pXOST) 8D J1 %96 ON |HUUI03998 ewse|d VNV
‘Buad 1 Suepn A 010eZ111BAIISP ’ e osdi ° gquwe 0120eJ1x3 _
sm_ur_m,vummw‘_o_‘._n_ aax P
- ~ VSH que I|lesoyns
00¢ “s|02 ﬁm uzt (0bD) W Z (wrl g %v8-18 opezyulRl0ldsaQg pI1oe quie 0120e41X3 1SN
1 LooAsulinig ‘Ww T‘ZX0ST) 21 Z Hd Y1SHQ YIS
- + :|l4131UO01=adk Jualped Jl1uQl ||aJed
uen  33uoT-s SIN/SN-IS3(+) VdIN:HIU0IROR JUBIpRID %Z0T-66 (vSH) a1t | s1e4503 0due) | W -
que (872) 3dS
0S VSH quwe o1de.ix3
(v89) eaneuwioine 051 s
10T (obo) (! 3ds Xy WU 50 sno 1all ‘03IN ‘NSYA
503 | oB] B8uor-g SIN/SIA-IS3(+) %T°0 V4.1:]1431U0IDIE JUBIpRID € ‘W ZXOST) 21 %90T-T/  quelexiaidsap v1a3 ‘INW OT "Od°HM ‘anse|jod YNV ‘OAH
’ 1S¥ed [192de) ‘%S VoL que quie 91a0e.3X3 ‘e[|apan 'N35 “Y1SHQ
oezjulRl0ldsaQg . B
V4dv NNV
866T de quie euwn|od A_.\c: 172 ‘ww
88:CT (VSH) a1uot |j24ed VSH 1 ¥DL1 ‘d1jexo
‘uipysddeuy 83ugT-g -isod gloeziieAlap . . €XSZT) d¥ 09 o1 %56-L8 1N Y1SHQ "d1S
L uaIyns ‘eppuaasasoniy Nl TO'0 SON-VSH:|14}1U0330Y Joydssadng que (812) 3dS pioe quie 91ooe.IX]

52



Capitol 1

S91IBUIIDIAN

en3die | y1:98
(wrl g san3oup
0102 (obD)  (s1usuaip siualpesd sop) %0 exay engie:|11u03}0e
.“ 1e21pul ON . ‘ww T‘ZX0S) 1 1e21pul ON > B|I3PaA saJle NNV
S|0D | SOLBA SIN/SIN-IS3(-/+) HOODH: |41 U01a3. UBIpRID SIH1Z que 1ex1ai8saqg quie S9AISSDIINS NS NID
SuoIdIeIIX] s s .
O3N "2dS "d1S
sopquie & (wrl g ‘ww ( ) engie:|luo mw.um”ﬂw mmwwﬂw:ﬂumw
“ 11oc (deququo 21wy pIde,p %50 quie AW T S vedH eie) . . P ‘ U
sjod1|assad 8 8u 80¢-T . €XGTT) 98TdY 1 1ediput oN d1uQ! ||aued B|[I3P3A  VddV ‘O3N ‘N3ID
t -11) SWYH-IS3(+) va4H:(T/T)louelaw/|Lu01adE p .
-pneynyH JusIpess Jaydsound que (8TD) 3dS quie S9AISSDIINS 0YVd ‘YNW
) suolddesixy “d1SHQA “Y1S “2dS
%¥0°0
[[ESVe} ERL-RVERVERIN|
800C 88u (dv¥.L1D) e 21wIo) pIoe %50 nEm%__n\v,_nhhM (wrt 8°7 ‘wiw et c%.__.cm_u_ww_ucMWwW mthMMMMww
1- : X ~E 7% o ~ o M4 5
5|02 | [pWweH T2e-TLT SIN/SIN-ISA(+) VddAN:(T/T)|0uelaW/|1431U0190e H-MmOXmMnmww oL RLECVT N quie S9AISS9IINS 1SN saJye ‘03N
juaipels Suo122eIIXd ‘g Hd “d1SHQA “d1S
Nl T‘0 S3ejsoj odwey
quwe o1dn|ossig
|lJHUO}e
(wrl g quie 0122e41X33J ‘%07 SOMEULISION
€10¢ (obo) %5200, . T L sango.p
edlpul o ‘ww 9pXx| 9 - X193
5109 1 1A9D 1edIpul ON SIN/SIA-IS3(+) VE4H:[1IHUOISIE JUBIpEID) 9'¥X0S) 21 %L0T-TOT (Xom) 3ds m& N 20 o\<m:\_._ R sane ‘NID ‘OIN
8TD eum %€ "Od®H ‘W 10 245 ‘Y1SHA ‘LS
V103 que 0120e43x3
S91JBULIDIAA
oo (060) O Gloma o1 eopuon on o v O3 13
_wieSnes 99-7°0 SIN/SIN-IS3(+) Vd4N:[1IHUO33I. JudlpEelD AnswiwAs VDL quie g100e13x3 “Ouvd ‘YN
“d1SHQA 1S “2dS
(wrl ge 1T SalIeulIS1aA
0TOT “s|od (obo) ST Hd AW 0§ 1e1wI0y exay N
838uoz-01 ‘Ww T‘ZX00T) 21 %88-CL % VYJL1:|l13uolade aJise|jod sangoup sasyje
- R .
1 ueyooelyy SIN/SIN-IS3(+) odwey:|11}luo3ade JUBIpRID SIH-IZ quie 3ex1a18saq quie o122 LS ‘ULSHA dS
10z 500 (D) 2130} PE.p 960 Qe W T s Hmu% ﬁww_%w 555 SaLieuLIa3an
33 . . <3 MYRIM /0 . R . 3
| enosnog T 4 or-ot SIN/SIN-IS3(+) Vg4H:(T/T)louelaw/|unuolade  |AxaH-|Ausyd .l %0CT-1L Xn[} que ejuj| % vaL:luoisce S4sellod qu o%\mwb_m
que o120e41x3 O3N ‘YNW
luaipels |'selag us olesijling

53



Capitol 1

directament una solucié de TCA a concentracions més elevades (5-50%) o d'altres acids com
per exemple I'acid heptasulfonic (HSA), I'acid heptafluorobutiric (HFBA) o una barreja d'acids
oxalic, HSA i TCA. Alguns autors també proposen la dispersié de la matriu en fase solida
(Matrix Solid Phase Dispersion, MSPD) per a l'analisi de matrius liquides com ara la llet,
emprant sorra tractada amb EDTA com a dispersant i aigua calenta com a extractant [Bogialli
i cols., 2005], o I'extraccié amb liquids pressuritzats (Pressurized Liquid Extraction, PLE) per
exemple, emprant metanol a 802C i 1.500 psi per a I'analisi multi-residu de STR, DHSTR, SPCi

tres macrolids en mostres de pollastre [Berrada i cols., 2010].

Pel que fa referéncia a la purificacid, normalment no cal desgreixar els extractes ja que no es
fan servir dissolvents organics. No obstant aixd, alguns autors continuen realitzant el
desgreixat amb hexa o diclorometa, especialment en meétodes multi-residu on és més
recomanable emprar dissolvents organics com ara |'acetonitril per a poder extreure a la
vegada els altres compostos menys polars [Martos i cols., 2010; Chiaochan i cols., 2010]. En
general |'etapa de purificacid i preconcentracié es duu a terme per SPE. Tradicionalment, els
rebliments més emprats han estat els de fase invertida (C18 i HLB), tot i que en principi no
semblen ser els més adients per als aminoglicosids donada la seva elevada polaritat. Ara bé,
com que els metodes de cromatografia de liquids més habituals es basen en la formacié de
parells idnics amb els acids trifluoroacétic (TFA) o HFBA, aquests ja s’afegeixen en |'etapa
d'extraccié de manera que la purificacié amb SPE es duu a terme per formacié de parells
ionics. Una altra possibilitat és emprar rebliments de bescanvi cationic aprofitant la
naturalesa cationica dels aminoglicosids a pH acid. No obstant, I'STR i la DHSTR tenen uns
valors de pK, molt elevats (Taula 1.5) degut al grup guanidina present a la seva estructura
gue fa que es comportin com a bases fortes, mentre que la resta d'aminoglicosids tenen uns
valors de pK; més baixos i es poden considerar bases febles. Aixd fa que I'eleccioé del tipus de
rebliment del cartutx de bescanvi cationic sigui molt depenent dels aminoglicosids a
analitzar. En concret, la majoria d'autors recomanen cartutxos de bescanvi cationic feble
(WCX) per a la preconcentracié de I'STR i la DHSTR per tal de facilitar elucié d’aquests
compostos del cartutx [Gremilogianni i cols., 2010], tant si aquests dos aminoglicosids
s'analitzen sols com si s’analitzen conjuntament amb altres compostos de la mateixa familia.

En aquest ultim cas, és molt important controlar les condicions de pH i forca ionica tant de la
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solucié de carrega com de la d'elucid per tal d'aconseguir recuperacions optimes per a tots
els compostos [Ishii i cols., 2008] a més de no utilitzar un pH massa elevat per a I'elucid, ja
que els aminoglicosids es degraden en medis fortament basics [Kaufmann i cols., 2012]. Per
contra, quan no s’analitzen aquests dos aminoglicosids s’empren resines de bescanvi
cationic fort (SCX) per tal d'evitar problemes de pérdues degut a un pH inadequat en I'elucio.
Aixd no obstant, alguns autors proposen utilitzar resines de bescanvi cationic fort en I'analisi
d'STR i DHSTR, pero emprant per a l'elucié una dissolucié d’elevada forga ionica [Kaufmann i
cols., 2012] o amb un formador de parells idonics com ara |'acid pentafluoropropionic [Cherlet
i cols., 2007] per tal d'aconseguir I'elucié complerta dels aminoglicosids més basics. A més de
rebliments de fase invertida, també s’han emprat MIPs sintetitzats amb I'STR com a plantilla
[Jii cols., 2013] per a l'analisi de GEN, STR, DHSTR i SPC, aconseguint, per exemple en mels,
recuperacions per sobre del 91%. Per ultim, alguns autors opten per obviar I'etapa de
purificacié i preconcentracid i procedeixen a I'analisi directa dels extractes obtinguts, ja que
és dificil triar una bona estrategia per a aquesta etapa, i com que els nivells legislats per a la
majoria d'aminoglicosids son forca elevats (Taula 1.6) no cal arribar a uns limits de deteccié

molt baixos.

DETERMINACIO

La cromatografia de gasos ha estat poc aplicada a I'analisi d'aminoglicosids degut a la gran
complexitat del procés de derivatitzacidé que cal realitzar per tal d'augmentar la volatilitat
dels compostos, encara que continua sent el métode de referéncia a la farmacopea europea
per a la SPC [Stead, 2000]. En general, el procés de derivatitzacid es basa en la sililacié dels
grups hidroxil i amino dels aminoglicosids, ja sigui amb hexametildisilaza o amb N,O-
bis(trimetilsilil)acetamida:1-(trimetilsilil)imidazol: trimetilclorosila [Stead, 2000]. No obstant,
els derivats dels grups amino primaris (molt comuns en els aminoglicosids) acostumen a ser
poc estables i a hidrolitzar-se facilment, donant lloc a diferents subproductes de
derivatitzacié [Preu i cols., 1998]. Per aquest motiu Mayhew i Gorbach [Mayhew i Gorbach,
1978] van proposar un métode de derivatitzacié en dues etapes en les quals es procedeix
primer a sililar els grups hidroxil amb trimetilsililimidazol i posteriorment es duu a terme
I'acilacié dels grups amino amb heptafluorobutirilimidazol. D'aquesta manera es pot

aprofitar la presencia d'halogens en el derivat format per tal de millorar la sensibilitat del
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meétode quan s’empra deteccid per captura d’electrons (ECD). Amb tot, alguns autors
prefereixen la selectivitat de I'espectrometria de masses amb ionitzacid electronica, ja que
els atoms d'halogen provenen de I'agent derivatitzant i no del propi aminoglicosid, la qual

cosa fa augmentar el risc d'interferencies [Preu i cols., 1998].

Per contra, la cromatografia de liquids és amb molta diferéncia la técnica de separacié més
emprada en I'analisi d'aquests compostos. En aquest cas, tot i I'elevada polaritat dels analits
gue fa que no es retinguin en columnes de fase invertida, |'is de cromatografia de bescanvi
ionic, cromatografia de fase invertida amb formadors de parells ionics o cromatografia
d'interaccié hidrofilica (Hydrophilic Interaction Chromatography, HILIC) permeten I'analisi
dels aminoglicosids sense necessitat de derivatitzacions previes [Stead, 2000]. A més,
I'abséncia de grups cromofors en les estructures d’aquests compostos fa que
I'espectrometria de masses sigui la tecnica de detecci6 més adequada per a la seva
determinacio. Tradicionalment, la cromatografia de liquids de fase invertida amb formadors
de parells idonics (IPLC) acoblada a espectrometria de masses ha estat la técnica més
emprada per a I'analisi d’aminoglicosids en mostres alimentaries. D’entre els formadors de
parells ionics volatils més utilitzats destaquen I'acid heptafluorobutiric (HFBA) i I'acid
nonafluoropentanoic (NFPA). No obstant, I'is de formadors de parells idnics pot provocar
problemes en l'acoblament a I'espectrometria de masses per contaminacié del sistema i
supressio de la ionitzacié. Per aquest motiu, recentment aquesta tecnica cromatografica esta
sent substituida per la cromatografia d’interaccié hidrofilica, que permet la retencié de
compostos polars amb fases mobils compatibles amb I'espectrometria de masses.
Gremilogianni i cols. [Gremilogianni i cols., 2010] van comparar ambdues metodologies per a
I’analisi de STR i DHSTR en llet i van observar una millora de la sensibilitat en el metode HILIC
respecte del IPLC (amb HFBA) degut a la reduccié de la supressié de la ionitzacié provocada
pel formador de parell ionic. Tot i aguest avantatge, els métodes que utilitzen HILIC també
presenten alguns inconvenients, com per exemple la seva poca selectivitat davant els
aminoglicosids, atés que la majoria d’ells tenen una estructura molt similar. Aixdo comporta
gue generalment no s’aconsegueixin separacions a linia de base [Martos i cols., 2010; Oertel
i cols., 2004b]. A més, en molts casos cal emprar fases mobils amb elevades concentracions

de solucions amortidores, com per exemple formiat d’amoni 150 mM [Ishii i cols., 2008;
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Gremilogianni i cols., 2010], formiat d’amoni 175 mM [Kumar i cols., 2011; Kumar i cols.,
2012] o acetat d’amoni 200 mM [Bohm i cols., 2013], cosa que també pot produir supressiod
de la ionitzacié i obturacions de la sonda de I'acoblament a I'espectrometre de masses. Pel
que fa referencia a I'espectrometria de masses, i tal i com succeeix amb els fenicols, I'ESI és
la font d’ionitzacid6 més emprada, donada I’elevada polaritat dels aminoglicosids i la seva
facilitat per ionitzar-se en fase liquida. Tot i aixi, Grahek i Zupancic-Kralj [Grahek i Zupancic-
Kralj, 2009] van proposar |'Us de I’APCI per tal de reduir I'efecte de supressié de la ionitzacio
provocat per la preséncia d’acid trifluoroacétic com a formador de parells idnics en I’analisi
de GEN en productes de fermentacid. Ates que els aminoglicosids tenen a la seva estructura
més d’un grup protonable, generalment s’observa una barreja d’ions protonats [M+H]" i
doblement protonats [M+2H]2+ en els seus espectres de masses [Kotretsou, 2004], la qual
cosa comporta una divisio del senyal i per tant una pérdua de sensibilitat. En el cas de la STR
i la SPC, s’observa a més un adducte amb aigua molt intens que correspon a la forma
hidratada del grup cetona (SPC) o aldehid (STR) [Kotretsou, 2004], que en molts casos arriba
a ser el pic base de I'espectre. Respecte a I'adquisicié de dades, hom acostuma a treballar en

mode MRM quan s'empren analitzadors de triple quadrupol.

A més de l'espectrometria de masses, també s'ha emprat la fluorescencia com a técnica de
deteccid en l'analisi d'aminoglicosids per cromatografia de liquids, encara que és necessaria
una derivatitzacié que pot tenir lloc abans o després de la separacié cromatografica. Quan
aquesta derivatitzacio es duu a terme abans de la separacié cromatografica es pot aprofitar
per disminuir la polaritat dels aminoglicosids i millorar la retencié en una columna
cromatografica convencional de fase invertida [Chen i cols., 2010; Mashat i cols., 2008;
Wang i Peng, 2009; Zhou i cols., 2007]. Aixi s'aconsegueix també simplificar el muntatge
instrumental, ja que la derivatitzacidé no es realitza en linia i, per tant, no cal emprar una
bomba peristaltica per tal d'afegir el reactiu derivatitzant. A més, la reaccio de derivatitzacié
es pot realitzar en les condicions més adequades obtenint aixi millors rendiments i
reproductibilitats. Malgrat tot, alguns autors prefereixen realitzar la derivatitzacid post-
columna per tal de simplificar el tractament de la mostra i aconseguir que el metode sigui
més rapid [Hornish i Wiest, 1998; Pyun i cols., 2008; Suhren i Knappstein, 1998]. Com a

agents derivatitzants més emprats destaquen l'acid 1,2-naftoquinona-4-sulfonic (NQS), el
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cloroformiat de fluoroenilmetil (FMOC-CI) i I'o-ftalaldehid (OPA) [Stead, 2000], que

reaccionen amb les amines primaries dels aminoglicosids per donar compostos fluorescents.

Per ultim, una altra tecnica de separacié que ha estat aplicada a I'analisi d'aminoglicosids és
I'electroforesi capil-lar, aprofitant la hidrofil-licitat i les caracteristiques acid-base d'aquests
compostos. Ara bé, I'aplicabilitat dels métodes basats en separacions electroforétiques es
veu afectada per la dificultat de detectar directament els aminoglicosids mitjangant
tecniques espectrofotometriques. A més, el fet que en electroforesi capil-lar el cami optic
disponible per a la deteccio sigui molt menor que en les tecniques cromatografiques fa que
disminueixi encara més la sensibilitat. Per aquest motiu I'aplicacié principal de I'electroforesi
capil-lar per a la determinacié d'aminoglicosids és |'analisi de formulacions farmaceutiques,
on les concentracions d'aquests compostos sén elevades i la preséncia d'impureses és molt
menor [Stead, 2000]. Els metodes desenvolupats empren basicament deteccidé per UV i
derivatitzen els aminoglicosids amb OPA i acid mercaptoacetic per tal d'augmentar-ne
I'absortivitat [Kaale i cols., 2002; Kaale i cols., 2000]. No obstant, si es fan servir electrolits de
suport que contenen un tampd de borat es poden formar complexos entre el borat i els
grups hidroxil que permet que els aminoglicosids puguin ser analitzables directament per UV
[Flurer, 1995]. Aquesta estratégia també ha estat emprada per Kowalski i cols. [Kowalski i
cols., 1999] en l'analisi d'STR en ous. A part de la deteccid per UV, també s'ha emprat la
fluorescéncia induida per laser (LIF) per a I'analisi d'aminoglicosids en llet [Yu i cols., 2009;
Serrano i Silva, 2006] i plasma [Lin i cols., 2008], realitzant la derivatitzacié amb naftalen-2,3-
dicarboxialdehid i mercaptoetanol o bé amb 6-carboxifluoresceina succinimidil ester i
sulfoindocianina succinimidil ester. L'acoblament de ['electroforesi capil:lar a
I'espectrometria de masses no s’ha utilitzat per a I'analisi d’aquests compostos, pero si s’ha
fet servir per estudiar la basicitat dels grups amino de I'AMIK emprant un espectrometre de

masses de ressonancia ciclotronica [Kane i cols., 2001].
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Com ja s’ha comentat a la introduccid, avui dia la cromatografia de liquids és la técnica
de separacid més emprada per a la determinacié dels compostos estudiats en aquesta
tesi. No obstant aix0, I'elevada polaritat dels aminoglicosids i d’alguns dels fenicols
comporta que presentin una baixa retencid en les fases estacionaries convencionals
d’octadecilsila, rad per la qual la major part dels métodes proposats a la literatura
addicionen formadors de parells idnics a la fase mobil per a afavorir la seva retencié en
columnes de fase invertida. Un dels objectius d’aquesta tesi és aportar noves propostes
per a I'analisi per cromatografia de liquids dels compostos en estudi. En aquest context,
per una banda s’ha avaluat el comportament de fases estacionaries alternatives a les
d’octadecilsila, que permeten afavorir la retencié sense necessitat d’emprar formadors
de parells idnics que normalment dificulten I'acoblament a I'espectrometria de masses i,
per altra banda, s’han aprofitat els avencos en el desenvolupament de les particules del
rebliment cromatografic (particules sub-2 um i de nucli solid) per tal d'aconseguir

millorar tant les eficacies com les resolucions obtingudes.

Aquest capitol esta estructurat de la seglient manera: una introduccid, una part
experimental i la discussié de resultats. En la introduccié es comenten els avantatges i
els inconvenients de les columnes amb particules de sub-2 um i de nucli solid, aixi com
de les fases estacionaries alternatives a les d’octadecilsila, i es discuteix I'aplicabilitat
d’aquestes noves columnes cromatografiques per a I'analisi d’aminoglicosids i fenicols
en aliments d’origen animal. En |‘apartat experimental s’inclou el desenvolupament d’un
metode de cromatografia de liquids d’ultraalta eficacia (UHPLC) per a I'analisi de fenicols
en matrius alimentaries. També es proposa un nou metode que utilitza una fase
estacionaria de mode mixt per a I'analisi de 13 aminoglicosids en matrius carnies i
I'aplicacio d’aquest metode a I’analisi dels dos aminoglicosids emprats com a pesticides i
fungicides (KAS i STR) en vegetals. Finalment, es discuteixen els resultats del treball

experimental.
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2.1. INTRODUCCIO.

La gran versatilitat que presenta la cromatografia de liquids ha propiciat que avui dia
sigui una de les técniques de separacid més rellevants i sens dubte, la més aplicada.
Entre les ultimes innovacions relacionades amb les columnes emprades en
cromatografia de liquids n’hi ha dues d’essencials. La primera prové de la millora
continuada que des de la implantacié da la cromatografia de liquids s’ha produit en la
fabricacio de les particules de rebliment i que ha portat a disposar avui dia de particules
esferiques, de petit diametre i de mida molt uniforme i amb suports de silice d’elevada
qualitat i puresa. La segona innovacio es refereix al desenvolupament de noves fases
estacionaries que han permeés proporcionar una alternativa a les columnes classiques de

fase invertida i ampliar el ventall d’aplicacions de la cromatografia de liquids.

Una de les tendéncies en la historia de la cromatografia de liquids des dels seus inicis ha
estat la reduccié progressiva de la mida de la particula del rebliment per tal d’aconseguir
augmentar |'eficacia de la separacido cromatografica. Aquesta reduccié comporta una
disminucid de la difusié 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 fraccid de fase mobil estagnant.
En aquest sentit, s’ha anat passant de particules d’entre 100 i 200 um de diametre als
anys 50 del segle passat a particules esferiques de 5 um als anys 80, d’entre 3 i 3,5 um
als anys 90, i des de principis del segle XXI s’utilitzen particules de menys de 2 um de
diametre (sub-2 um). La disminucié del diametre de la particula del rebliment ha permes
augmentar l'eficacia de les columnes cromatografiques i, per tant, la capacitat de
fraccionament, degut a una menor amplada de pic cromatografic. A més, i atés que el
valor optim de I'alcada de plat teoric (Hmin) s’assoleix a velocitats lineals de fase mobil
més elevades i que 'efecte de la resisténcia a la transfereéncia de massa és menor, es pot
disminuir el temps d’analisi amb el conseglient estalvi en el consum de fase mobil. Ara
bé, la disminucié de la mida de la particula comporta també un considerable increment
de la pressid, inversament proporcional al quadrat del diametre de particula segons la
llei de Darcy. A més, la contribucio a I'eixamplament de banda cromatografica deguda a
factors extra-columna, com poden ser els volums morts en l'injector i el detector, i la

longitud i diametre de les connexions, passa a tenir un efecte molt important en
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I'eficacia de la separacidé. Per aquests motius, els instruments han evolucionat
paral-lelament a la disminuci6 del diametre de les particules del rebliment
cromatografic, desenvolupant-se sistemes UHPLC que permeten suportar pressions de
treball per sobre dels 1.000 bar, que tenen volums morts molt petits i que disposen de
detectors molt rapids per tal de poder aconseguir suficients punts d’adquisicio per a
reconstruir el pic cromatografic adequadament. La rapidesa en la deteccid és
especialment important en I'acoblament a I'espectrometria de masses, ja que I'amplada
del pic cromatografic limita el tipus d’escombratge i el nombre d’experiments que es

poden dur a terme simultaniament.

Una altra opcid per a millorar I'eficacia sense disminuir la mida de particula és emprar
particules de nucli solid. Aquestes particules contenen un nucli no porés envoltat d’una
capa porosa d’un gruix d’entre un 30 i un 40% del diametre total de la particula.
D’aquesta manera es disminueix la difusié de I'analit en els porus de les particules de
rebliment, i per tant es redueix la resisténcia a la transferéncia de massa a la fase mobil
estagnant. Ara bé, tot i que tedoricament aquest hauria de ser I'efecte més important en
la millora de I'eficacia, alguns estudis indiquen que les particules de nucli solid presenten
una superficie més rugosa que les totalment poroses i aixi, la resistéencia a la
transferencia de massa pot arribar a ser fins i tot més elevada [Fekete i cols., 2009]. No
obstant aixo, hi ha un altre efecte que, segons diversos autors, és un dels més
importants en la millora de I'eficacia en columnes de nucli solid, i és la disminucié de la
difusié aparent deguda essencialment a que les particules del rebliment sén molt més
homogenies. Aquesta major homogeneitat comporta una distribucio de mides de
particula molt més estreta i un millor empaquetament [Guiochon i Gritti, 2011] que

proporciona unes alcades de plat teoric menors.

Les particules de nucli solid han estat emprades en cromatografia de liquid des dels seus
inicis. Per exemple, particules de 100 um amb una capa porosa d’aproximadament el 5%
del seu diametre ja van ser proposades per Horvath i cols. a finals dels anys 60 i han
estat freqlientment utilitzades en cromatografia per bescanvi ionic, perd no ha estat fins
a aquesta ultima década que la tecnologia de fabricacié ha avancat suficientment com
per poder fabricar particules de menys de 3 um de diametre amb una area superficial

suficientment gran (major profunditat de capa porosa) i una distribucid de mides prou
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estreta, capaces de competir amb I’eficacia de les particules sub-2 um. L'Us de particules
de nucli solid presenta l'avantatge de treballar a unes pressions comparables a les
particules convencionals (totalment poroses) del mateix diametre, i, per tant, no
requereix d’equips UHPLC que suportin pressions elevades. La tendéncia a reduir el
diametre de les particules ha seguit vigent i de fet aquests ultims anys s’"han comencgat a
desenvolupar particules de nucli solid de menys de 2 um de diametre, que permeten
aconseguir eficacies molt superiors (uns 500.000 plats/m) a les obtingudes amb
particules sub-2 um totalment poroses (300.000 plats/m) [Fekete i Guillarme, 2013]. Tot
i les grans prestacions que presenten aquestes noves particules, avui dia la seva
aplicabilitat esta limitada per la necessitat de disposar d’instruments UHPLC que
suportin pressions per sobre dels 1.500 bar [Sanchez i cols., 2015], i en el cas de les
columnes de particula de nucli solid més petita (Kinetex de 1,3 um de Phenomenex), a
vegades no es poden arribar a utilitzar en les condicions de cabal optim degut a la seva
baixa permeabilitat [Bobaly i cols., 2014]. De totes maneres, ja s’han comencat a aplicar
en l'analisi de péptids, on es necessiten separacions molt rapides i de gran eficacia

cromatografica [Somellai cols., 2015; Fekete i Guillarme, 2013].

En el camp de la cromatografia de liquids en els ultims anys també han tingut lloc
avencos relacionats amb el desenvolupament de noves fases estacionaries amb
I’objectiu d’ampliar el camp d’aplicacié d’aquesta tecnica. En aquest context, un aspecte
a destacar és la necessitat d’analitzar compostos d’elevada polaritat, els quals presenten
una baixa retencié en les fases invertides convencionals d'octadecilsila i d'octilsila. Tot i
gue en aquests casos es poden utilitzar altres modes de separacid, com ara la
cromatografia en fase normal o la cromatografia de bescanvi i0nic, aquests presenten
diversos inconvenients. Per exemple, en cromatografia en fase normal s’utilitzen
dissolvents organics poc polars, en els quals els analits molt polars no sén solubles,
mentre que en bescanvi idnic s’han d’emprar fases mobils molt salines que sén poc
compatibles amb |'espectrometria de masses. En aquest sentit, la cromatografia
d’interaccié hidrofilica (HILIC) [Alpert, 1990] es presenta com una possible solucié per tal
de retenir i separar compostos molt polars i ionics emprant fases mobils similars a les de
cromatografia en fase invertida convencional i sense necessitat d’addicionar formadors

de parells ionics a la fase mobil. El mecanisme de retencid HILIC proposat inicialment per
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Alpert per columnes de silice pura es basa en una particié dels analits entre la fase mobil
(amb almenys un 2,5% d’aigua i un contingut elevat >60% de modificador organic,
generalment acetonitril) i una capa superficial d’aigua adsorbida sobre la fase
estacionaria polar. Ara bé, el mecanisme real és més complex, ja que també hi poden
intervenir fenomens d’adsorcié sobre la superficie, interaccions electrostatiques per
bescanvi ionic i dipol-dipol i interaccions per pont d’hidrogen amb el suport de silice. Tot
i que les columnes HILIC han permes l'analisi de compostos polars i ionics, amb
freqliencia les mostres a analitzar son complexes i poden contenir altres compostos
polars, no polars, ionitzables, ionics i/o neutres que és desitjable analitzar
conjuntament. Amb aquest objectiu, s’han sintetitzat fases estacionaries que poden
treballar en mode mixt o multimodal (mixed-mode chromatography), és a dir, que
permeten treballar simultaniament amb més d'un mode d’interaccié. Aquestes
columnes contenen cadenes alquiliques amb grups polars i/o ionics, de manera que
poden tenir lloc interaccions hidrofobiques, hidrofiliques o de bescanvi ionic. Les
estructures dels grups funcionals més habituals en les columnes HILIC s’indiquen a la
Taula 2.1. Com es pot observar en aquesta Taula, avui dia existeix un ampli ventall de
grups funcionals de diversos tipus que permeten utilitzar la cromatografia d’interaccid
hidrofilica per a diferents aplicacions. La contribucié de cadascuna de les possibles
interaccions que es poden establir en mode HILIC depén, a més de I'analit i del grup
funcional, de la fase estacionaria i de la composicid de la fase mobil, tant pel que fa al
pH, a la forca ionica o al percentatge de modificador organic, la qual cosa déna lloc a
selectivitats molt diferents [McCalley, 2010]. En general, les fases HILIC amb cadenes
funcionalitzades presenten un apantallament parcial dels silanols del suport, fet que fa
disminuir la interaccié dels analits (especialment els cationics) amb aquests [McCalley,
2010]. Ara bé, la coexistencia de diversos tipus de interaccidé no es déna tan sols en les
columnes de mode mixt i de fet les adsorcions sobre el suport o la interaccio per pont
d’hidrogen amb la superficie de la silice del suport dels rebliments cromatografics han
estat temes freqientment estudiats en cromatografia. Per exemple, les fases
estacionaries de fase invertida poden en certs casos presentar interaccions de tipus
HILIC. Aixi, s’"ha descrit que la fase de pentafluorofenilsila (PFP) presenta per a molecules
de baix pes molecular carregades positivament un perfil de retencié en forma d’U, és a

dir, que el temps de retencié primer disminueix i després augmenta en augmentar el
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percentatge de modificador organic a la fase mobil. Aquest fet implica que a
percentatges elevats de modificador organic la columna es comporta segons un model
de retencio tipus HILIC (la fase aquosa té la major forca eluotropica), mentre que a
percentatges baixos de modificador organic el comportament és el d’'una fase invertida
convencional. Aquest comportament es pot explicar si hom considera que a
percentatges elevats de modificador organic aquest mulla la fase estacionaria de
manera que les cadenes de pentafluorofenil s’obren i els silanols lliures del suport
gueden més accessibles, la qual cosa permet que es produeixin interaccions per
bescanvi ionic amb analits cationics [Zhang, 2008], mentre que els analits neutres o

anionics es comporten sempre seguint un comportament de fase invertida.

Taula 2.1. Fases estacionaries HILIC més habituals.

Fase estacionaria Grup Funcional Aplicacions
Silice pura HO o) OHO Compostos polars o
/O\éi/ \S[i/ N ionics de baix pes
% 3 molecular
Amida HsC ~ aminoacids, péptids
n NH,
H3
Ciano > Xy
Diol OH monosacarids,
m\/\/o\/</0H surfactants
Amino NN aminoacids, nucledsids
NH,
Polisuccinimida i H oligosacarids
— N —

Sulfobetaina HiC 1 (@ nucleosids, glicopéptids
| /
Y \/\/ =0
&h;
Fosforilcolina o° C|:H3C:H3 aminoacids, péptids,
o o < complexos metal-lics
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Aquestes noves columnes amb particules de petit diametre i/o superficialment poroses i
fases estacionaries no convencionals han estat molt poc utilitzades en I'analisi de
fenicols i aminoglicosids. En el cas dels fenicols, la major part de les publicacions que
utilitzen columnes sub-2 um de fase octadecilsila fan referéncia a I'establiment de
metodes multi-residu aplicables a un gran nombre de compostos i que, pel que fa als
fenicols, només inclouen els membres menys polars de la familia [Cronly i cols., 2010; De
Dominicis i cols., 2012; Hammel i cols., 2008; Wang i Li, 2009; Gédmez-Pérez i cols., 2012;
Peters i cols., 2009; Robert i cols., 2013; Zhan i cols., 2013a; Zhan i cols., 2013b]. En
relacié als aminoglicosids, i atés que la disponibilitat de columnes sub-2 um o de
particula parcialment porosa es troba limitada a fases estacionaries principalment
d’octadecilsila, els métodes que es proposen utilitzen formadors de parells idnics per a
aconseguir una adequada retencid i separacié [Kaufmann i cols., 2011; Lehotay i cols.,
2013]. Tot i que també es troben disponibles en el mercat algunes columnes de tipus
HILIC sub-2 um o de particula de nucli solid, aguestes no han estat emprades per a la
separacido d’aminoglicosids. Pel que fa referencia a la utilitzacié de columnes de
diametre de particula convencional (d'entre 3 i 5 um), la majoria d’estudis descrits a la
literatura per a I'analisi d’aminoglicosids (veure apartat 1.2.3) utilitzen cromatografia de
liquids de fase invertida amb formadors de parells ionics o HILIC amb columnes
funcionalitzades amb zwitterions (ZIC-HILIC). En aquest ultim cas, per a lelucid
generalment es requereix una concentracié molt elevada de sals a la fase mobil [Bohm i
cols., 2013; Ishii i cols., 2008; Kumar i cols., 2011; Kumar i cols., 2012], la qual cosa pot

afectar negativament a I'lacoblament amb I'espectrometria de masses.
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2.2. TREBALL EXPERIMENTAL.

Per tal de poder proposar un meétode LC-MS/MS rapid i d’elevada eficacia per a I’analisi
conjunta dels fenicols i el metabolit FFA en aliments s’ha avaluat I'aplicabilitat de
columnes convencionals i de particula de nucli solid amb diferents fases estacionaries. El
treball experimental d’aquest estudi es troba recollit a I'article cientific | intitulat “Ultra-
high performance liquid chromatography-tandem mass spectrometry for the analysis of
phenicol drugs and florfenicol-amine in foods” (apartat 2.2.1). D’altra banda, per tal de
millorar I'acoblament dels meétodes LC-MS/MS disponibles per a [I'analisi
d’aminoglicosids en aliments d’origen animal s’ha avaluat ['aplicabilitat de Ia
cromatografia de liquids amb fases estacionaries de mode mixt amb I'objectiu d’obtenir
una bona retencid i separacio dels compostos, sense necessitat d’emprar formadors de
parells ionics o elevades concentracions de solucions amortidores a la fase mobil. El
treball experimental realitzat esta inclos a l'article Il intitulat “Mixed-mode liquid
chromatography coupled to tandem mass spectrometry for the analysis of
aminoglycosides in meat” (apartat 2.2.2). Les condicions cromatografiques proposades
en aquest treball s’"han pres com a punt de partida per al desenvolupament d’'un metode
per a I'analisi de KAS i STR en vegetals. El treball experimental d’aquest estudi es recull
en l'article cientific lll intitulat “Simultaneous analysis of kasugamycin and streptomycin

in vegetables by liquid chromatography-tandem mass spectrometry” (apartat 2.2.3).
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A method based on ultra-high performance liquid chromatography (UHPLC) is proposed for the
determination of chloramphenicol (CAP), its related compounds, thiamphenicol (TAP) and florfenicol
(FF), and the polar metabolite florfenicol-amine (FFA), in animal-derived foods (chicken and pork
meat, fish, prawns and honey). For the retention of FFA and its simultaneous analysis with the parent
compounds a phenyl-hexyl column is proposed. A fast separation is achieved in less than 2 minutes
using a methanol : acetic acid—ammonium acetate buffer (5 mM, pH 5) and gradient elution. Under
these conditions, the FFA is retained at more than twice the dead volume, as recommended by the
legislation. For the coupling with mass spectrometry, heated-electrospray (H-ESI) is used as ionisation
source improving vaporization efficiency. To prevent interferences using selected-reaction monitoring
(SRM) both quantitation and confirmation transitions were carefully selected. Two different sample
treatments based on solid-phase extraction with mixed-mode cartridges for fish and meat products and
hydrophilic-lipophilic-balanced cartridges for honey are proposed, providing limits of quantitation

(LOQs) below ug kg™' level.

Introduction

Chloramphenicol (CAP) is a wide-spectrum antibiotic originally
isolated from the soil organism Streptomyces venezuelae, but now
synthetically produced' and used in human and veterinary
medicine. Nevertheless, since the application of CAP has been
associated with many health side-effects,? this compound was
banned in both USA and EU in 1994. New synthetic analogues,
thiamphenicol (TAP) and florfenicol (FF), were proposed to
replace CAP and these are nowadays widely used in veterinary
medicine. Moreover, veterinary drugs are administered in
modern husbandry, as feed additives or in drinking water, for
either therapeutic or prophylactic purposes. The illegal use of
prohibited medicines or the disregarding of withdrawal times
prior to slaughtering may lead to the presence of low levels of
these compounds in edible products of animal origin.? Since the
impact of the residues on human health is considered one of the
biggest problems of the 21 century,* maximum residue levels
(MRLs) for veterinary residues in foodstuffs of animal origin
have been established in many countries. In the European
Community,® the MRL for TAP is 50 ug kg~' and for the sum of
FF and its metabolites (expressed as florfenicol-amine, FFA) it
ranges from 100 to 2500 pg kg~', depending on the food matrix.
For CAP, no safe level has been established, since its toxic effects
are not dose-dependent.® Hence, a minimum required

Department of Analytical Chemistry, University of Barcelona, Diagonal
647, 08028 Barcelona, Spain. E-mail: encarna.moyano@ub.edu; Fax:
+34934021233; Tel: +34934021286

performance level (MRPL) of 0.3 pg kg=' has been set’ to
guarantee the same minimum safety level in official control
within the EU.

Several confirmatory methods have been published for
determining CAP in food and environmental matrices based on
gas chromatography-mass spectrometry (GC-MS)® ! and liquid
chromatography-mass spectrometry (LC-MS).*!'22 There are
also various multiresidue methods that include CAP in the set of
compounds to be analysed.?*>” However, for the simultaneous
determination of CAP, the synthetic analogues TAP and FF
and the metabolite FFA, only a few methods can be found in
the literature.®*>! One of the methods*® used GC-MS for the
determination of the phenicol drug family in poultry and
porcine muscle, but derivatization using bis(trimethylsilyl)tri-
fluoroacetamide (BSTFA) was required to improve volatility.
Regarding LC-MS, several methods have been published.?*-!
One used a phenyl column but the low retention of FFA and the
lack of specificity of the quantitation transition made quantifi-
cation of this compound difficult.?*® As a consequence, the
method was only proposed for the analysis of the three parent
drugs. Another method used single MS*® and, as a result, did
not meet the requirements of Commission Decision 2002/657/
EC?* for the unequivocal confirmation of these compounds in
food matrices. The third method used LC-MS/MS to improve
selectivity, although the use of a C18 column resulted in very
low retention of the FFA and its coelution with matrix
components, not complying with the EU legislation that indi-
cates that the minimum acceptable retention time for the ana-
lyte under examination must be twice the retention time

2486 | Analyst, 2012, 137, 2486-2494
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corresponding to the void volume of the column.3* Moreover,
both LC-MS methods applied slow gradient elution programs
providing long chromatographic analysis times (20-30 minutes).
To the best of our knowledge, no fast LC-MS/MS methods for
the determination of phenicols in food matrices have been
reported.

The aim of this work is the development of an analytical
method with ultra-high performance liquid chromatography
tandem mass spectrometry (UHPLC-MS/MS) for the simulta-
neous determination of CAP, TAP, FF and FFA providing a fast
separation of the four phenicols and achieving adequate reten-
tion for the polar metabolite FFA. The proposed method was
combined to a solid-phase extraction (SPE) procedure for the
analysis of these compounds in foodstuffs of animal origin.

Experimental
Reagents and materials

Chloramphenicol (CAP) (98%), thiamphenicol (TAP) (98%),
florfenicol (FF) (99%), ammonium acetate (98%) and ammo-
nium formate (99%) were purchased from Sigma-Aldrich
(Steinheim, Germany). Florfenicol-amine  hydrochloride
(analytical standard) (FFA) was obtained from Toronto
Research Chemicals Inc. (North York, ON, Canada) and a 100
ng mL~' solution of deuterated-chloramphenicol (CAP-ds) was
purchased from Dr Ehrenstorfer Gmbh (Augsburg, Germany).
Chemical structures for the compounds are shown in Fig. 1. LC/
MS grade methanol, acetonitrile and water were obtained from
Fluka (Steinheim, Germany) and acetic acid (98-100%), formic
acid (98-100%) and aqueous ammonium hydroxide (33%) were
provided by Merck (Darmstadt, Germany).

Stock standard solutions (1000 pg g=' for CAP, TAP and FF
and 100 pg g=' for FFA) were individually prepared by weight
in acetonitrile and stored at —20 °C. Intermediate solutions
were prepared monthly from stock standard solution by
appropriate dilution in methanol. Mobile phases were prepared
by mixing 5 mM acetic acid or formic acid solutions with 5 mM
ammonium acetate or ammonium formate solutions till the pH
was adjusted to the desired value, and were filtered through
a 0.22 pm nylon membrane filter purchased from Whatman
(Clifton, NJ, USA). Samples were filtered using 0.22 um nylon
membrane centrifuge filters obtained from Millipore (Billerica,
MA, USA). Nitrogen (99.8% pure) used for the API source was
supplied by the Claind Nitrogen Generator N2 FLO (Lenno,
Italy). High-purity argon (ALPHAGAZ 1 Ar) purchased from

. & CH,
s o, o
. A
®
-
iy o i o
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L < L HO [ ]

Chloramphenicol (CAP)  Thiamphenicol (TAP)

Fig. 1

Air Liquide (Madrid, Spain) was used as collision-induced
dissociation (CID) gas in tandem mass spectrometry experi-
ments. Oasis MCX and HLB cartridges (60 mg, 3 cm’) and
extraction manifold were from Waters (Milford, MA, USA);
SupelMIP CAP cartridges (25 mg, 10 cm?) were kindly provided
by Sigma-Aldrich (Steinheim, Germany).

UHPLC-MS/MS

UHPLC separation was performed on an Accela liquid chro-
matography system (Thermo Fisher Scientific, San José, CA,
USA), equipped with a quaternary pump, an autosampler and
a column oven. An Ascentis Express phenyl-hexyl (100 x 2.1
mm, 2.7 um) column provided by Sigma-Aldrich was used for
the proposed method. Other liquid chromatography columns
tested in this study were: Ascentis Express C18 (50 x 2.1 mm,
2.7 um; Supelco, Bellefonte, PA, USA), Discovery HSFS5 (150 x
2.1 mm, 3 pm; Supelco, Bellefonte, PA, USA) and Ascentis
Express HILIC (100 x 2.1 mm, 2.7 pm; Supelco, Bellefonte,
PA, USA). The chromatographic conditions are given in
Table 1.

Mass spectrometry was performed in a TSQ Quantum Ultra
AM (Thermo Fisher Scientific, San José, CA) triple quadrupole
mass spectrometer equipped with heated-electrospray (H-ESI)
as ionisation source. Chromatograms were segmented in two
time windows for polarity switching; during the first segment
(0-1.45 min), FFA was monitored in positive mode and during
the second time window (1.45-5 min), CAP, TAP and FF were
acquired in the negative mode. For both positive and negative
modes, temperatures of the ion transfer tube and the vaporizer
were held at 350 °C and 250 °C, respectively. The sheath gas
flow rate was 60 a.u. (arbitrary units) during the first segment
and 50 a.u. during the second segment. Auxiliary gas and ion
sweep gas flow rates were 10 and 8 a.u., respectively, for both
segments. The electrospray voltage was 3.5 kV in positive mode
and —3.0 kV when working in negative mode.

In tandem mass spectrometry experiments the collision gas
was argon (1.5 mTorr) and the collision energy (CE) ranged from
9 eV to 26 eV. Two transitions were monitored for each
compound, using a dwell time of 50 ms (1 scan per cycle time).
Transitions for quantitation and confirmation purposes and the
corresponding collision energies and ion ratios are listed in Table
2. Other instrument settings were optimized by infusion of
standard solutions (5 mg L") at a flow rate of 2 pL min~!, using
the built-in syringe pump and a zero dead volume T-piece to mix
them with the mobile phase.

CH, CHy
o%\s 2 c%l ~°

Florfenicol (FF) Florfenicol-amine (FFA)

Chemical structures and acronyms of the studied compounds.
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Table 1 Chromatographic conditions for the different columns tested

Stationary phase CI18 HILIC

Pentafluorophenyl-

propyl Phenyl-hexyl

Column dimension,
particle size

50 x 2.1 mm, 2.7 pm

100 x 2.1 mm, 2.7 pm

150 x 2.1 mm, 3 um 100 x 2.1 mm, 2.7 pum

Flow-rate (uL min~") 500 500 300 500

Temperature (°C) 45 35 40 40

Buffer CH;COOH/ HCOOH/HCOONH,4 CH;COOH/ CH;COOH/
CH;COONH,4 pH 3.55 mM CH;COONH,4 CH;COONH,4
pH 555 mM pH 4.75 5 mM pH 5.0 5 mM

Organic modifier Methanol Acetonitrile Methanol Methanol

Gradient elution t (min) %Organic t (min) %Organic t (min) %Organic t (min) %Organic
0.0 2 0.0 95 0.0 40 0.0 7
1.0 2 0.5 95 0.5 40 1.3 100
22 70 3.5 50 2.0 66 2.1 100
2.4 70 5.0 50 6.0 66

Sample treatment

Over 30 food samples, including chicken, pork, fish, shrimp and
prawns, imported from different countries, were analysed. These
samples were cut, ground and homogenised with an Ultraturrax
T25 basic (IKA-Werke, Staufen, Germany) and kept frozen at
—20 °C until analysis. Subsamples of 2 g were weighed ina 15 mL
polypropylene centrifuge tube and extracted in a Sonorex RK 100
ultrasonic bath (Bandelin Electronic GmbH & Co., Berlin,
Germany) for 5 min with 1 mL of acetonitrile. After being
centrifuged at 3500 rpm (Selecta-Macrotronic, J.P. SELECTA
S.A., Abrera, Spain) for 5 min, 0.5 mL of the supernatant was
transferred to another 15 mL polypropylene tube. Then, the solid
residue was re-extracted with 3 mL of 0.1% acetic acid solution
and again centrifuged for 5 min at 3500 rpm, before transfer of 2
mL of supernatant to the 15 mL polypropylene tube. The
combined extracts were diluted to 14 mL with 0.1% acetic acid
solution and loaded onto an Oasis MCX SPE cartridge previ-
ously conditioned with 2 mL of methanol and 2 mL of water. The
cartridge was washed with 2 mL of 0.1% acetic acid solution, air-
dried and eluted with 1 mL of methanol-ammonium hydroxide
(33%) (95 : 5, vIv).

Four samples of different brands of honey (2 g) were directly
diluted with 4 mL of 1% ammonium hydroxide solution, soni-
cated in the ultrasonic bath for 10 minutes and then centrifuged
at 3500 rpm for 5 minutes. A 3 mL aliquot of the supernatant was
loaded onto an Oasis HLB SPE cartridge previously conditioned
with 2 mL of methanol and 2 mL of water. The washing step was

Table 2 Tandem mass spectrometry conditions

performed twice with 2 mL of 1% ammonium hydroxide and the
analytes were eluted using 1 mL of methanol.

The SPE fractions collected were evaporated to dryness under
nitrogen stream and the extract was reconstituted in 250 pL of
methanol-acetic acid/ammonium acetate buffer (5 mM, pH 5)
(20 : 80, v/v), fortified at 10 pg kg~ with the internal standard
(CAP-ds) and filtered through a 0.22 um nylon membrane filter.
Finally, 10 pL of the extract were injected into the UHPLC-MS/
MS system.

Matrix-matched calibration standards were prepared by
spiking blank matrix samples (pork muscle, chicken muscle,
shrimps, fish muscle and honey) at 8 concentration levels ranging
from 0.1 to 200 pg kg~'. The same levels were used for the cali-
bration standards prepared in the mobile phase. Calibration
curves based on peak area ratio (analyte/internal standard) vs.
concentration ratio (analyte/internal standard) were plotted for
both solvent-based and matrix-matched-based standards.

Results and discussion
Liquid chromatography

Chloramphenicol-related drugs have been traditionally sepa-
rated using reversed-phase liquid chromatography on CI8
columns.3**! In this paper, a C18 column using a methanol : water
gradient (from 5% to 70% of methanol in 3 minutes) was tested for
the simultaneous analysis of the metabolite FFA and the
native compounds CAP, TAP and FF. The native drugs were

Precursor

Compound ion mlz Product ion m/z Transition Collision energy (eV) Ton assignment Ton ratio

CAP 321.0 152.0 Quantification 15 [M — H — C4HsNO,Cl,]~ 1.5
321.0 257.0 Confirmation 9 [M — H — CHOCI]~

TAP 354.0 185.0 Quantification 20 [M — H — C4H5NO,Cl,]~ 1.0
354.0 290.0 Confirmation 11 [M — H — CHOCI]

FF 356.0 336.0 Quantification 10 [M — H — HF|~ 1.4
358.0 338.0 Confirmation 11 [M(*Cl) — H — HF]~

FFA 248.1 230.1 Quantification 12 [M + H — H,0]* 2.7
248.1 130.0 Confirmation 26 [M + H — CH,0O;FS]*

CAP-ds (IS) 326.0 157.1 15 [M — H — C4H5NO,Cl,]~

2488 | Analyst, 2012, 137, 2486-2494
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base-line separated, but under these conditions the FFA
provided a broad and/or split peak, since its pK, value (Table 3)
is too close to the pH of the mobile phase. To improve the peak
shape for FFA, the effect of the pH was evaluated. For this
purpose, different buffered aqueous phases with pH ranging
from 3.5 to 9.5 were tested. At pH values close to 9.5 (5 mM
ammonia—ammonium formate buffer), FFA remained neutral
thus yielding a non-split peak, but then tailing peaks were
observed for the whole set of compounds. Decreasing the pH
down to 3.5 led to a narrower single peak for FFA, but the
retention time was always less than twice the dead time (zy). As
expected, for the native drugs (CAP, TAP and FF) no differences
in retention time were observed when pH was modified. As
a compromise between the retention time and peak shape for
FFA, a methanol : acetic acid—-ammonium acetate buffer (5 mM,
pH 5.5) mobile phase was chosen. Nonetheless, as can be seen in
Fig. 2A, the retention time for FFA was still short (g = 2 X 1),
for which reason other LC columns were evaluated.

Due to the relatively low log K, values of the compounds
(Table 3), the use of bare silica hydrophilic interaction liquid
chromatography (HILIC) was considered, since this chromato-
graphic technique has been proved to be suitable for the sepa-
ration of polar compounds.’*** Under low HILIC elution
strength conditions (70 : 30 acetonitrile : formic acid—ammo-
nium formate 5 mM, pH 3.5 buffer), the protonated amine was
retained. Nevertheless, the native drugs (CAP, TAP and FF)
eluted in the chromatographic front, even when using 95% of
acetonitrile in the mobile phase (Fig. 2B). The effect of the pH of
the aqueous phase on separation was also studied, but no
differences in the retention of the parent compounds were
observed. For this reason, the HILIC column was discarded.

As another alternative, a pentafluorophenylpropyl (PFPP)
column was also evaluated and a good separation was obtained
using a mobile phase of methanol: acetic acid—ammonium
acetate (5 mM, pH 4.75) in gradient elution mode. Under these
chromatographic conditions (Fig. 2C), the native drugs were
retained due to hydrophobic interactions with the stationary
phase, as happened with the C18 column. In contrast, FFA
showed a behaviour similar to that observed with the HILIC
column, eluting after the parent compounds probably as a result
of additional ion-exchange retention mechanisms between the
charged amine and the ionised silanols of the silica support. The
presence of available ionised silanol groups in the PFPP column
can be explained by their low pK, values, more similar to those of
bare silica than to those of CI8 columns.>> Although a good
separation could be obtained, it was observed that the retention
time of FFA was strongly dependent on small variations in

Table 3 Chemical properties of the studied compounds

buffer pH and concentration. As an example, Fig. 3 shows the
chromatograms obtained using slightly different buffer concen-
trations, where it can be seen that the retention time of FFA
decreased by 7.5% when the buffer concentration increased by
only 1.6%. Because of the poor ruggedness of this method, the
PFPP column was also discarded for this study.

Finally, a phenyl-hexyl column was evaluated and, as for the
other columns, various methanol : aqueous buffer mobile phases
with pHs ranging from 3.5 to 5.5 were tested. As happened with
the C18 column, the peak shape of the amine compound was
affected by the pH and the best peak shape was found when a 5
mM acetic acid-ammonium acetate aqueous buffer (pH 5) was
used. Under these conditions, a faster and more efficient sepa-
ration than that obtained on the other columns was achieved
(Fig. 2D), with the FFA eluting far away enough from the
elution front (tg = 2.28 x t). For this chromatographic method,
retention time precision was calculated to provide evidence on
reproducibility. A 10 pg L' standard solution was injected 10
times and relative standard deviations RSD(%) of the retention
time better than 0.7% were obtained. Additionally, small varia-
tions in buffer concentration did not significantly affect the
separation performance, as occurred with the PFPP column.
Thus, the phenyl-hexyl column was proposed for the chro-
matographic separation of the phenicol drug family.

UHPLC-MS/MS

Electrospray was used as the ionisation source for coupling
liquid chromatography to mass spectrometry and the ionisation
of the chloramphenicol-related compounds was studied in both
positive and negative polarities. The full-scan mass spectrum of
CAP, TAP and FF showed the protonated molecule [M + H]" as
base peak in positive ionisation mode and the deprotonated
molecule [M — H]  in negative mode. The negative mode
provided higher signal intensity and lower background noise
level. Furthermore, other ions such as in-source fragments and
HCI adducts were also observed, but at low relative abundances.
Nevertheless, FFA could only be ionised in positive mode, with
the protonated molecule [M + H]* being the ion that dominated
the corresponding full-scan mass spectrum. These results indi-
cated that, to monitor the whole set of compounds in a single run
with satisfactory sensitivity, a polarity switch after the elution of
FFA (~1.45 min) was needed. It must be pointed out that the
chromatographic resolution between FFA and TAP (R, > 2.1)
was enough to perform the switching with no peak distortion.
The electrospray parameters were optimized through the
direct infusion of 5 mg L' standard solutions of FFA for the

pKa log Kow
Molecular weight

Compound Acronym  CAS no. Value Reference  Value  Reference (g mol™') Molecular formula
Chloramphenicol CAP 56-75-7 Not found in 3-11 42 1.14 45 323.13 C;1H,CILN,05

11.03 43

8.83 44
Thiamphenicol TAP 15318-45-3  9.00 44 —0.27 45and 46  356.23 C1,H,sCLNOsS
Florfenicol FF 73231-34-2  8.31 44 —0.04 46and47 35821 C1,H14,CLFNO,S
Florfenicol-amine ~ FFA 76639-93-5  7.38 44 —1.18 44 247.29 CoH4,FNOsS
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Fig. 2 LC-MS/MS chromatograms of a 50 pg L' standard mixture of phenicols using columns of different stationary phases (working conditions
specified in Table 1): (A) C18; (B) HILIC; (C) pentafluorophenylpropyl; and (D) phenyl-hexyl. Compounds: 1. FFA; 2. TAP; 3. FF; and 4. CAP.
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Fig. 3 Effect of a small variation of buffer concentration on the reten-
tion time of FFA using a pentafluorophenylpropyl column. Buffer
concentration: (A) 5.0 mM; (B) 5.4 mM; and (C) 5.8 mM.

positive ionisation mode and CAP for the negative one under LC
flow conditions. Two ionisation sources, standard electrospray
(ESI) and thermally assisted electrospray (heated-electrospray,
H-ESI), were studied and better responses (15-40%) were
obtained with the H-ESI source. The highest improvement was
observed for FFA, which is the compound eluting with higher
water content in the mobile phase, in agreement with the more
efficient desolvation of this source. However, the most common
values for the vaporizer temperature used when working with H-
ESI (350400 °C) could not be applied, since it was observed that
temperatures above 250 °C produced a decrease in the signal
intensity of the [M — H]~ of CAP together with an increase in the

intensity of some small ions, probably formed by thermal
degradation of CAP. Vaporizer and capillary temperatures of
250 °C and 350 °C respectively were selected in order to achieve
the highest sensitivity for CAP, since it requires a lower limit of
detection.

In this study, tandem mass spectrometry (MS/MS) fragmen-
tation of this family of compounds was studied to identify the
most characteristic and intense product ions to be used for
quantitation and confirmation purposes. Table 2 summarizes the
precursor and product ions selected for quantitative analysis and
for unequivocal confirmation when working in selected reaction
monitoring (SRM), the ion assignment, the optimized collision
energy and the ion ratio. The MS/MS fragmentation pattern was
quite similar for CAP and TAP, showing the cleavage of the
alkylic chain (-[C4HsNO,Cl,]) and the loss of CHOCI from the
[M — H]". For FFA, the non-specific loss of water was used for
quantitative purposes due to its high intensity, and a more
selective fragmentation, in which the methylsulfonyl group was
involved (loss of CH;O5FS), was selected for the confirmation of
this compound. Regarding FF, the product ion generated from
the loss of HF was selected for quantitative analysis. For
confirmation, two transitions of similar intensities can be used:
the product ion m/z 185.0 originated by the cleavage of the
alkylic chain (m/z 356.0 — 185.0) and the loss of HF from the ion
miz 358.0 (M — H + 2] for the *CI*’Cl isotope of FF). In this
study, the latter transition (m/z 358.0 — 338.0) is preferred in
order to prevent false negatives and interferences from TAP,
eluting immediately before and presenting the same isobaric
transition m/z 356.0 — 185.0, arising from the precursor ion
[M — H + 2] for the *CI’Cl isotope of TAP.

A system suitability test was performed for the proposed
method and the results are listed in Table 4. The run-to-run
precision was determined by the analysis of 6 replicates and the
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Table 4 Instrument quality parameters
CAP TAP FF FFA
Retention time precision RSD(%) 0.3 0.5 0.3 0.7
Run-to-run precision RSD(%) Low-level (S ug L) 3 5 4 4
High-level (50 png L") 3 5 5 4
RSD(%) ion ratio 5 4 4 5
Day-to-day precision RSD(%) Low-level (5 pg L") 5 9 6 6
High-level (50 pg L") 4 6 6 5
RSD(%) ion ratio 7 5 5 6
Limit of detection (injected pg) 0.3 0.7 0.2 10
Linearity (R?) 0.9997 0.9997 0.9977 0.9975

day-to-day precision was calculated by the analysis of 6 repli-
cates per day on 3 different days. Both run-to-run and day-to-
day precisions were evaluated at two concentration levels, 5
and 50 pug L7'. Good precision in terms of concentration
values, RSD(%), lower than 10% for both high and low
concentration levels was obtained. The best results were found
for CAP, since the use of isotope dilution improved the
precision in the quantitation of this compound. Ion ratio
precision was also calculated and values (4-7%) far below the
maximum tolerance threshold of 20% were obtained. The
linearity of the calibration curves between the LOQ value and
100 ug L7' was good, providing regression coefficients (R?)
higher than 0.997 for all the compounds. Finally, instrumental
limits of detection (ILODs), based on a signal-to-noise ratio of
3:1 and expressed as injected pg, were calculated by the
injection of standard solutions prepared at low concentration
levels. For the compounds analysed in negative ionisation
mode, ILODs were below the pg level (0.2-0.7 pg), whereas for
FFA the ILOD increased tenfold. This might be a consequence
of the higher background noise observed in the positive ion-
isation mode.

Sample treatment

The UHPLC-MS/MS method developed was used to determine
chloramphenicol-related compounds in foodstuffs of animal
origin. Extraction and clean-up procedures were developed to be
suitable for the analysis of different food matrices. At an early
stage, two food samples free of phenicol drugs (blank samples),
chicken meat (low fat content) and pork meat (high fat content)
were spiked at 50 ng kg~! level, homogenised and used to opti-
mize the sample treatment procedure. Then, the same treatment
was applied to other blank food matrices such as fish, prawns
and honey and the sample treatment method was adjusted, if
necessary.

Acetonitrile was chosen as the extraction solvent since it is
generally recommended for food analysis as it helps to precipi-
tate the proteins and to denaturalise enzymes.*® Although good
recoveries were obtained for the parent drugs, FFA was poorly
extracted (~30%). To improve the recovery of FFA, the residue
was re-extracted with 0.1% acetic acid aqueous solution to
protonate the amine and thus to facilitate its extraction into the
aqueous extracting solvent. This procedure allowed us to
improve threefold FFA recovery. Both acetonitrile and acid
extracts were combined and submitted to a clean-up procedure to
reduce co-extractives.

As a first approach in the clean-up procedure, molecular
imprinted polymer (MIP) cartridges specially designed for CAP
(Oasis SupelMIP) were evaluated for the whole set of
compounds, because of their similar chemical structure (Fig. 1).
Before loading the combined extracts onto the SPE cartridge, the
extract was diluted with 1% ammonium hydroxide to reduce the
ACN percentage and change the pH. The analytes were eluted
with methanol after two sequential washing steps (first with 1%
ammonium hydroxide and second with dichloromethane), but it
was observed that most TAP and FF and almost all FFA were
lost. The elimination of the second washing step improved the
recoveries for CAP, TAP and FF (>80%), although FFA was still
not retained, so MIP cartridges were discarded.

As an alternative procedure, mixed-mode cationic exchange
cartridges (Oasis MCX) were evaluated. The extract was also
diluted to reduce the acetonitrile content, but in this case aqueous
0.1% acetic acid was used to protonate the FFA and to favour
the cationic exchange retention mechanism. The same solvent
(0.1% acetic acid) was used for the washing step, preventing the
loss of FFA. For the elution step, different solvents (pure
methanol, methanol : ammonium hydroxide 95:5 and meth-
anol : ammonium hydroxide 90:10) and different volumes
(0.5 mL; 1 mL; and 2 mL) were tested. Pure methanol provided
poor recoveries for FFA, and for both methanol-ammonium
hydroxide mixtures similar results were obtained. In order to
increase recovery to 80-95% and facilitate the evaporation of the
solvent, 1 mL of methanol : ammonium hydroxide 95 :5 was
chosen. Hence, mixed-mode Oasis MCX cartridges are proposed
for the clean-up of the food samples.

When the optimized sample treatment was applied to fish and
prawns, no significant differences in the recoveries of phenicol
compounds were observed. However, for honey, extracts were
not clean enough and high noise levels were observed, probably
caused by sugars and other substances present in this matrix.
Thus, for the analysis of honey samples, hydrophilic-lipophilic-
balanced (HLB) cartridges were also evaluated. The sample
treatment was adapted to the HLB cartridges by replacing the
0.1% acetic acid solution used throughout the sample treatment
by 1% ammonium hydroxide to keep the FFA neutral. The
compounds were fully eluted with 1 mL of pure methanol. The
HLB honey extracts were much cleaner than those obtained
when using MCX cartridges, and are recommended for the
analysis of phenicols in this food commodity, although the
recoveries achieved for FFA decreased to 50%. Finally, overall
recoveries of the sample treatment were calculated by analyzing
blank samples spiked at two concentration levels (10 pg kg=' and
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100 pug kg=") both before and after the sample treatment to avoid
the matrix influence in the H-ESI response, with results ranging
from 52% for FFA in honey to 106% for FF in fish (Table 5).

Method performance

In order to evaluate matrix effects, standard solution and blank
extracts spiked post-treatment for all the studied matrices were
prepared at the same concentration level (50 pg kg=') and ana-
lysed by UHPLC-ESI-MS/MS. For FFA, no significant differ-
ences were observed, whereas a reduction in the signal intensity
that ranged from ~30% for FF in fish to ~80% for CAP in
chicken was obtained. These results indicated that the food
matrix significantly affected the electrospray ionisation process
in the negative mode, probably due to the lack of easily ionisable
functional groups in the structure of CAP, TAP and FF. With
the increase of the vaporizer temperature to 250 °C (H-ESI) the
observed matrix effect was reduced, for instance, from 80% to
50% for CAP in chicken, and to below 10% for TAP and FF in
fish meat. So, this source temperature has been used for the
analysis of food samples. Nevertheless, since the matrix effect
differed depending on the compound and the matrix, matrix-
matched calibration was applied for the quantitation of phenicol
drugs in different food commodities, as the labelled internal
standard only corrected the signal suppression for CAP but not
for the other compounds.

Quality parameters, such as relative retention time deviation,
linearity in the working range, run-to-run precision, day-to-day
precision and limits of quantitation (LOQs) based on a signal-to-
noise ratio of 10 : 1, were calculated (Table 5). As can be seen in
this table, LOQs at or below the MRPL (0.3 pg kg') were
obtained for CAP, and below the pg kg~ level for TAP, FF and
FFA in most matrices. The run-to-run precision in terms of
RSD(%) (n = 6) was calculated at the MRPL level for CAP, at
the MRL for TAP (50 pg kg™") and at the 100 pg kg~' level for FF
and FFA, and values lower than 10% were obtained for all the
compounds. For day-to-day precision (6 replicated analyses
every day for 3 days), the RSD(%) values were below 14% for
CAP and below 10% for TAP, FF and FFA.

Matrix-matched calibration standards were prepared between
0.1 pg kg and 200 pg kg~' for CAP, TAP and FF and between 1
pg kg~ and 200 pg kg~ for FFA. The matrix-matched calibra-
tion curves obtained for each matrix provided correlation coef-
ficient values better than 0.993 within the working range studied.
The relative retention time deviation, calculated as the tolerance
of the ratio of the retention time of the analyte to that of the
internal standard between the samples and the calibration stan-
dards, fell within the established margin of +2.5%.

Decision limit (CCea) and detection capability (CCB) were
calculated for CAP following the calibration graph approach
(EU Decision 2002/657/EC*). Blank samples were fortified at
different concentration levels below, at and above the MRPL.
The standard error of the y-intercept (S,) was calculated from the
response vs. concentration curve and used for calculation of CCa.
and CCB. For TAP, FF and FFA, these parameters were eval-
uated through the analysis of blank samples fortified at 50 pg
kg™! for TAP and at 100 ug kg™' for FF and FFA. Table 5
summarizes the results and shows that for CAP all values were at
or below the MRPL of 0.3 pg kg™".
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Finally, to check method performance a prawn-incurred
material was analysed. This material was obtained from FAPAS
(quality control test material T02150), which reported a concen-
tration level of 1.45 pg kg™! (satisfactory range between 0.81 and
2.09 ug kg") for CAP. The determination of CAP in this sample
was carried out through matrix-matched calibration, using
a blank sample of prawns spiked at different concentration levels
and analyzed using the proposed method. The calculated
concentration was 1.2 &+ 0.1 pg kg=' (» = 3), which falls within
the satisfactory range. For TAP, FF and FFA, since no incurred
material was available, quality control samples spiked at
different concentration levels (10 pg kg=' and 100 pg kg™") were
analysed and accuracies with relative errors below 10% for the
low concentration level and 6% for the high concentration level
were obtained.

The UHPLC-MS/MS method was also applied for the analysis
of phenicols in several foodstuffs of animal origin bought at local
supermarkets (Barcelona, Spain). The samples included several
raw meat products (4 batches of chicken breast, 2 batches of
chicken legs, chicken and pork hamburgers from 3 different
brands, 3 batches of minced and stew pork meat and 1 Catalan
spiced pork sausage), processed meat products (chicken nuggets,
pork frankfurters and chopped pork sausages), farmed fish (sea
bass, bream, iridescent shark, milkfish and Nile tilapia) and
shrimps (whiteleg shrimp and tiger prawn) and 2 brands of
honey, adding up to more than 25 samples. None of the
compounds studied were detected in any of the analysed samples
at concentrations higher than the CCa of CAP which ranged
from 0.1 to 0.2 pg kg™', depending on the matrix.

In addition to these samples, 3 more shrimp and honey
samples, of Thai, Vietnamese and Chinese origin, were also
analysed, since some studies have reported low concentration
levels for CAP in animal-derived foods, mainly aquaculture
products and honey, of Asian origin. For instance, concentration
levels ranging from 0.1 to 20 ug kg~! (ref. 37) and from 0.4 to 6 pug
kg' (ref. 38) were found in Vietnamese and Chinese honey,
respectively, and below 0.1 ug kg' in a frozen shrimp sample®®
imported from East Asia. Moreover, as CAP is still used in
shrimp culture in Asia,* several European regulations demand
that aquaculture products imported from China, Vietnam,
Indonesia, Thailand and Myanmar must be tested to ensure the
absence of CAP.*' However, neither the permitted nor the ban-
ned compounds were found in the samples.

Conclusions

An UHPLC-MS/MS method is proposed for the simultaneous
analysis of 3 phenicols and the metabolite FFA. A good sepa-
ration of all the compounds in less than 2 minutes, six times
faster than the previously published methods, is achieved using
a fused-core phenyl-hexyl column, with the additional advantage
of providing enough retention for the highly polar FFA. For the
sample treatment, different clean-up procedures depending on
sample nature (mixed-mode for meat and fish and hydrophilic—
lipophilic-balanced for honey) must be used. Matrix-matched
calibration is required to correct matrix effects. LOQs ranging
from 0.1 to 1 pg kg™' were obtained for the compounds in all
matrices, and values for CAP were lower than the established
MRPL of 0.3 ug kg~'. The method presented good performance

and therefore, it can be proposed for the analysis of the phenicol
drug family in food commodities.
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Abstract A novel LC-MS/MS method has been developed
for the determination of 13 aminoglycoside antibiotics in meat
products. Among the chromatographic columns tested, the
mixed-mode Obelisc R provided the best performance.
Electrospray has been used for the coupling of the LC and
the effect of temperature on the ionization has been evaluated.
The mass spectra of AGs have been studied in order to select
the most adequate precursor and product ions for quantitation
and confirmation in SRM mode, showing that the single
charged [M+H]" provided better precisions than the double
charged [M+2H]*". Accurate mass measurements have been
performed in order to confirm the molecular composition of
the product ions, allowing the establishment of a new mech-
anism for some product ions of STR and DHSTR. A sample
treatment based on an extraction and a SPE clean-up has been
applied to a wide variety of meat products such as frankfurters;
sausages; and minced meat of pork, veal, and chicken. Method
limits of quantitation in the low microgram per kilogram level
(1-50 ug kg "), precisions %RSD below 15 % and accuracies
expressed as relative errors below 23 % have been obtained,
making the proposed method suitable for routine analysis.

Keywords Mixed-mode chromatography -
Aminoglycosides - LC-MS/MS - Mass spectrometry - Meat
products

Introduction

Aminoglycosides (AGs) are a wide family of broad-spectrum
antibiotics with bactericidal activity against some gram-
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positive and gram-negative organisms [1], whose chemical
structure generally consists of two to four sugars linked to-
gether with a substituted deoxystreptamine or a streptidine
moiety as central unit. Some of them are naturally obtained
from various Actinobacteria classes whereas others are semi-
synthetic derivatives of natural fermentation products. In vet-
erinary medicine, aminoglycosides are used in the treatment
of several bacterial infections, and have been added to feeds
for prophylaxis and as growth promoters [2], although the
latter have been banned in the European Community since
2006 [3]. Despite the fact that their use has been limited
because of side effects (nephrotoxicity and ototoxicity [4])
and the emergence of resistant bacterial strains, their clinical
importance is being reassessed in the light of the increasing
resistance of pathogens to other antimicrobials. Due to its high
affinity to the tissue, their use results in a high level of tissue
residues and in prolonged withdrawal times [5]. The con-
sumption of food from animal origin containing aminoglyco-
side residues can be a potential hazard for the human health
and thus the European Community [6] has regulated their
presence in animal tissues for human consumption establish-
ing maximum residue limits (MRL) for some aminoglyco-
sides in different matrices. These MRL values range from
50 pg kg ' for gentamicin in animal muscle to
20,000 pg kg ™' for apramycin in bovine kidney.

The analysis of antibacterials in food is challenging mainly
because of the very low levels (g kg ') at which they must be
determined and also the complexity of the food matrices,
containing proteins and cations to which some antibacterials
can bind to, hindering their extraction [7]. In the case of
aminoglycosides, their high polarity poses an additional diffi-
culty to the analysis of these compounds, since they are poorly
retained on reversed-phase columns in the pH range common-
ly used in liquid chromatography (pH 2—8). For the chromato-
graphic separation of AGs, ion-pair chromatography has been
used to favor the retention on reversed-phase columns [8—16],
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with heptafluorobutyric acid being the reagent most common-
ly used when coupling liquid chromatography to mass spec-
trometry (LC-MS) [12—-16]. Hydrophilic interaction chroma-
tography (HILIC) [17] has been recently proposed as an
alternative to ion-pair chromatography for the analysis of
AGs in foods by LC-MS [18, 19], as the ion-pair reagents
often reduce the sensitivity in mass spectrometry. However,
most HILIC methods analyze only up to 10 compounds
[19-21]. Regarding the detection, AGs do not present chro-
mophore of fluorophore groups in their chemical structures
making difficult their detection by spectrophotometric sys-
tems, thus requiring a pre- [22] or post-column derivatization
step [8, 9, 12, 23, 24] prior to detection. To avoid derivatiza-
tion and taking advantage of its high selectivity, mass spec-
trometry (MS) is the technique of choice for the LC analysis of
AGs in food [8, 9, 25]. Electrospray is the most commonly
used ionization source [10-16], although atmospheric pres-
sure chemical ionization (APCI) has also been suggested in
some cases to diminish the ion suppression due to the high
concentration of the buffers used as aqueous phase [12, 26].
As regards the analyzer, most methods used a triple quadru-
pole working in selected reaction monitoring (SRM) [10-16]
to improve sensitivity and selectivity and to fulfill the EC
confirmatory requirements [27].

Recently, mixed-mode liquid chromatography columns
[28] that offer simultaneous multimode retention mechanisms
(reversed-phase, cation exchange, and zwitterionic and
hydrophilic interactions) have been developed. Several au-
thors have proposed the use of these columns as a valuable
alternative to standard HILIC phases in a variety of HPLC
applications such as the analysis of ascorbic acid [29] or
triphenyl atropisomers of pharmaceuticals [30]. To the best
of our knowledge, mixed-mode chromatography has not been
used for the separation of aminoglycosides. This paper de-
scribes the development of a fast and simple analytical method
combining a solid-phase extraction (SPE) clean-up procedure
with liquid chromatography-tandem mass spectrometry for
the confirmatory analysis of 13 aminoglycosides in meat
products without the need of derivatization or the use of ion-
pair reagents.

Materials and methods
Reagents and materials

Kanamycin A sulfate (KAN, 95 %, CAS No. 25389-94-0),
neomycin trisulfate hydrate (NEO, 86 %, CAS No. 1405-10-
3), ethylenediaminetetraacetic acid (EDTA) disodium salt
dihydrate (98.5 %) and ammonium formate (99 %) were
purchased from Sigma-Aldrich (Steinheim, Germany).
Amikacin hydrate (AMIK, 96 %, CAS No. 37517-28-5),
apramycin sulfate (APRA, 98.5 %, CAS No. 65710-07-8),
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dihydrostreptomycin sesquisulfate hydrate (DHSTR, 99 %,
CAS No. 5490-27-7), gentamicin 2,5-sulfate hydrate (GEN,
96.5 %, CAS No. 1405-41-0; mixture of 29.1 % GENCI,
21.3 % GENCla and 49.6 % GENC2+GENC2a+GENC2b),
hygromycin B hydrate (HYG, 85 %, CAS No. 31282-04-9),
paromomycin sulfate (PARO, 90 %, CAS No. 1263-89-4),
spectinomycin dihydrochloride hydrate (SPC, 99 %, CAS No.
21736-83-4), streptomycin sulfate (STR, 98 %, CAS No.
3810-74-0), and tobramycin (TOB, 93 %, CAS No. 32986-
56-4) were purchased from Dr. Ehrenstorfer GmbH (Augs-
burg, Germany). The structures and names of the studied
compounds are shown in Fig. 1. LC-MS grade methanol,
acetonitrile (ACN) and water and trichloroacetic acid (TCA)
(99.5 %) were obtained from Fluka (Steinheim, Germany) and
formic acid (98-100 %) and aqueous ammonium hydroxide
(33 %) were provided by Merck (Darmstadt, Germany).

Stock standard solutions (2 mg g ') were individually
prepared by weight in water and stored at —20 °C. Intermedi-
ate solutions were prepared monthly from stock standard
solution by appropriate dilution. Due to the high sorption
affinity of the aminoglycosides for polar surfaces, only labo-
ratory equipment made of polypropylene was used during
sample preparation and storage, and contact with glass was
avoided as much as possible.

Mobile phase was filtered through a 0.22 um nylon mem-
brane filter purchased from Whatman (Clifton, NJ, USA) and
samples were filtered using 0.22 um nylon membrane syringe
filters obtained from Teknokroma (Sant Cugat del Vallés,
Spain). Nitrogen (99.8 % pure) used for the API sources and
high-purity argon (ALPHAGAZ 1 Ar) for collision-induced
dissociation gas (CID gas) in the triple quadrupole tandem
mass spectrometry experiments were purchased from Air
Liquide (Madrid, Spain). Oasis HLB cartridges (150 mg,
6 cm®) and extraction manifold were from Waters (Milford,
MA, USA) and the extraction solution for sample treatment
consisted of a mixture of equal volumes of acetonitrile and
aqueous 5 % TCA, 2 mM EDTA.

Sample treatment

Different meat products, bought at local supermarkets in Bar-
celona (Spain), were cut, ground and homogenized with an
Ultraturrax T25 basic (IKA-Werke, Staufen, Germany) and
kept frozen at —20 °C until analysis. Subsamples of 2 g were
weighed in a 15 mL polypropylene centrifuge tube
(Serviquimia, Barcelona, Spain) and extracted in a Sonorex
RK100 ultrasonic bath (Bandelin Electronic GmbH & Co.,
Berlin, Germany) for 10 min with 4 mL of the extraction
solution and then centrifuged at 4,000 rpm (Selecta-
Macrotronic, J.P. SELECTA S.A., Abrera, Spain) for
10 min. For the clean-up, 2.5 mL of the supernatant was
loaded onto an Oasis HLB SPE cartridge previously condi-
tioned with 3 mL of methanol and 3 mL of water. The first
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Fig. 1 Structures and acronyms of the studied compounds

1.0 mL of'the eluate was discarded and the rest were collected,
filtered through a 0.22 um nylon membrane filter and 20 pL
was injected into the HPLC-MS/MS system.

Matrix-matched calibration was used to quantify the sam-
ples. Matrix-matched calibration standards were prepared by
spiking blank samples and submitting them to the sample
treatment. Blank matrix samples (veal muscle, chicken mus-
cle, pork muscle) were spiked at six concentration levels
ranging from 10 to 500 g kg ', and left for 30 min at room
temperature before their analysis.

HPLC-MS/MS

HPLC separation was performed on an Open Accela liquid
chromatography system (Thermo Fisher Scientific, San José,
CA, USA), equipped with a quaternary UHPLC pump and a
PAL autosampler (CTC Analytics, Zwingen, Switzerland).
An Obelisc™ R (150%2.1 mm, 5 pm) column (SIELC Tech-
nologies, Prospect Heights, IL, USA) was used for the pro-
posed method. An Ascentis Express HILIC (50%2.1 mm,
2.7 pm) column (Supelco, Bellefonte, PA, USA) was also
tested in this study. The mobile phase was a mixture of
solvents A, acetonitrile, B, water, and C, 1 % formic acid in

Kanamycin A (KANA)
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water. The gradient elution was as follows: from 0 to 0.5 min
85%A,7.5%Band 7.5 % C; at 3.8 min 65 % A and 35 % C;
at4.3 min 55 % A and 45 % C; at 4.5 min 55 % A and 45 % C;
at6.5min5 % A and 95 % C;at 11 min 5 % A and 95 % C and
return to initial conditions. Equilibration time was 10 min.

Mass spectrometry was performed in a TSQ Quantum
Ultra AM (Thermo Fisher Scientific, San Jos¢, CA) triple
quadrupole mass spectrometer equipped with heated-
electrospray (H-ESI) as ionization source. Electrospray volt-
age was set at 3.0 kV, ion transfer tube and vaporizer temper-
atures were held at 300 °C and the sheath gas, auxiliary gas
and ion sweep gas flow rates were 50, 15, and 2 a.u. (arbitrary
units), respectively. For tandem mass spectrometry experi-
ments the collision gas was Argon (1.5 mTorr) and the colli-
sion energy (CE) ranged from 13 to 36 eV. Two transitions
were monitored for each compound using an isolation width
of 0.1m/z units and a dwell time of 50 ms (1 scan/cycle time).
Transitions for quantitation and confirmation purposes and the
corresponding collision energies and ion ratios are listed in
Table 1. Other instrument settings were optimized by infusion
of standard solutions (10 mg kgfl) at a flow rate of
5 uL min ', using the built-in syringe pump and a zero dead
volume T-piece to mix them with the mobile phase.
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Table 1 Tandem mass spectrometry working conditions. Selected SRM transitions, collision energies (CE), ion assignments and ion ratios

Compound  Retention time (min)  Precursor ion Product ion Ton ratio
m/z Assignment mlz Assignment CE (eV)
SPC 434 3512 [M+H+H,0]" 207.1 [A,]" 13 Quantitation 1.5
98.0  [A, 2H,0-CH;NH,-H,CCO]" 20 Confirmation
STR 5.75 5823  [M+H]" 263.1  [C,]" 31 Quantitation 1.7
246.1 [C, NH;]" 35 Confirmation
DHSTR 5.85 5843  [M+H] 2631  [Co]" 29 Quantitation 4.1
221.1  [CoH,CN,]* 36 Confirmation
HYG 5.99 5282  [M+H]" 3521 [M+H-A,]" 23 Quantitation 1.2
1771 [AS]° 25 Confirmation
AMIK 6.52 586.3 [M+H]" 163.1  [B,~COCHOHCH,CH,NH,]" 33 Quantitation 1.9
4252  [M+H-A;]" or [M+H-C{]" 18 Confirmation
KANA 6.90 4852 [M+H]" 163.1  [B,]" 23 Quantitation 1.8
3242  [M+H-A,]" or [M+H-C,]" 15 Confirmation
APRA 725 5403  [M+H]" 217.1  [M+H-D,-A]" 25 Quantitation 1.4
3782  [M+H-D,]" 16 Confirmation
PARO 7.28 6163 [M+H]" 163.1  [B.]" 32 Quantitation 2.3
1611 [D 33 Confirmation
TOB 7.59 4683  [M+H]" 163.1  [C,]" or [B,]" 22 Quantitation 1.4
3242  [M+H-C,]" 13 Confirmation
GENCI 7.64 4783 [M+H]" 3222 [M+H-AT 13 Quantitation 1.7
1571 [A]" 20 Confirmation
GENC2 7.66 4643  [M+H]" 3222 [M+H-A] 13 Quantitation 5.1
163.1  [B,]" 20 Confirmation
GENCla 771 4503  [M+H] 3222 [M+H-A] 13 Quantitation 4.1
163.1  [B,]" 22 Confirmation
NEO 7.95 6153  [M+H] 163.1  [B,]" 29 Quantitation 1.4
161.1  [Dy] or[A]" 27 Confirmation

Additional accurate mass measurements were performed in
a Q-Exactive (Thermo Fisher Scientific, San José, CA),
quadrupole-orbitrap mass spectrometer equipped with a
heated-electrospray (H-ESI-II) as ionization source and a
high-energy collision dissociation (HCD) cell that used the
same nitrogen (99.995 % pure, Air Liquide, Madrid, Spain) as
collision gas and in the API source. Voltages, temperatures
and gas flow rates were the same as the ones used with the
TSQ mass spectrometer.

Results and discussion
Liquid chromatography

Recently, HILIC chromatography has gained enormous pop-
ularity as an alternative for the separation of polar compounds
such as aminoglycoside drugs [18], as it shows excellent
compatibility with MS detection and avoids the need of a
previous derivatization or the use of ion-pair reagents. In this
work the use of a bare silica HILIC column (Ascentis Express
HILIC) was initially evaluated for the separation of the
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aminoglycosides. To this end, individual standard solutions
of each compound were injected using a mobile phase com-
posed of ACN:formic acid-ammonium formate buffer
50:50 at 500 uL min', and the effect of both buffer pH (from
2.75 t0 4.75) and buffer concentration (from 10 to 50 mM) on
peak shape and on the retention time of the compounds was
evaluated.

In general, strong retention was observed for all the com-
pounds, and some of them, such as NEO, showed very long
retention times, even under the highest elution strength con-
ditions (60 % aqueous buffer). This might be due to the strong
hydrogen bonding between the protonated AGs and the sta-
tionary phase (silica), favored by the high number of polar
groups in the structures of the compounds that increased
retention. Many authors indicated that the increase of the ionic
strength of the mobile phase helped with the elution of com-
pounds in HILIC mode. However, in our case concentration
values higher than 50 mM were not considered since a high
buffer concentration is not recommended in LC-MS. Using a
50 mM pH 4.75 formic-ammonium formate buffer, the elution
of some aminoglycosides such as PARO and APRA was
difficult showing a strong retention and poor chromatographic
peak shapes (peak width>2 min, asymmetry factor>3).
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Elution could also be improved by increasing the aqueous
phase content in the mobile phase, but this approach was not
considered because no more than 60 % water in the mobile
phase is recommended as it could negatively affect the silica
surface and reduce hydrophilic interaction. For all these rea-
sons, the bare silica HILIC column was discarded for the
chromatographic separation of AGs.

As an alternative, a zwitterionic-type mixed-mode column
(Obelisc™ R) with Liquid Separation Cell technology
(LiSC™) was evaluated. This column, with reversed-phase
characteristics, has cationic groups (quaternary amine-like)
close to the silica surface separated from anionic groups
(carboxyl type) by a hydrophobic chain [30], allowing ion
exchange, hydrophilic, hydrophobic, and zwitterionic mecha-
nisms to take place simultaneously. In a preliminary study, the
column was used with ACN:formic acid-ammonium formate
aqueous buffer (pH 2.75, 50 mM) as mobile phase and it was
observed that an increase in the percentage of ACN led to
longer retention times and wider chromatographic peaks. The
elution order was the same that the one observed when HILIC
columns are used [21, 31], indicating that probably HILIC
mechanism prevailed over the rest. Moreover, the observed
elution order (Table 1) was in accordance with the number of
primary amino groups in the chemical structure of AGs with
the exception of the gentamicins, that eluted after TOB and
PARO. This fact might be explained by slight differences in
the structures of the gentamicins and the other AGs. As can be
seen in Fig. 1, most AGs have hydroxymethyl and/or
aminomethyl substituents in their glycosidic rings that could
easily form intramolecular hydrogen bonds that would reduce
their retention time. In contrast, for gentamicins, the difficulty
to form those hydrogen bonds would favor their interaction
with the stationary phase, increasing their retention time.

To optimize the AGs separation with the Obelisc R column,
the effect of pH and buffer concentration on the chromato-
graphic separation was studied. First, 50 mM aqueous formic
acid-ammonium formate buffers at pHs between 2.75 and
4.75 were tested. AGs were strongly retained (especially
NEO, which is the last eluting compound) and could only be
eluted with buffer concentrations higher than 100 mM, which
is not compatible with MS coupling. Then, the use of acidic
mobile phases was considered and when 0.5 % formic acid
was added to the aqueous phase (pH 2.5), the retention of the
analytes decreased. This behavior may be explained by the
chemical structure of the sorbent: according to the manufac-
turer, the pK, values of the stationary phase are approximately
10.0 and 4.0 for the amino and carboxyl sites respectively
[30]. So, at pH below 2.5 with 0.5 % formic acid the proton-
ation of carboxyl groups prevented this cation exchange in-
teraction providing shorter retention times. Conversely, when
pH values between 3 and 5 are used the carboxyl site is
partially dissociated and cation exchange interaction between
the stationary phase and the protonated amino groups of the
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AGs is favored, leading to longer retention times and tailing
peaks. Different percentages of formic acid (0.1-1.0 %) were
tested and it was observed that when increasing the formic
acid concentration, peaks became narrower and retention
times were lower due to the higher ionic strength that favored
both the elution and the mass transfer. However, when using
1 % formic acid the first peaks in the chromatogram eluted
very close to the elution front. To increase the retention of
these compounds and improve the elution of the last eluting
ones a ternary gradient was optimized. For the best chromato-
graphic behavior for the 13 AGs, a gradient starting at 0.5 %
formic acid (0.5 min), followed by an increase of the formic
acid concentration to 1 % in 3.3 min was used, holding this
concentration until the elution of all analytes (see “Materials
and methods” section). As can be seen in Fig. 2, it was not
possible to baseline separate all the compounds, but the SRM
transitions chosen for quantitation and confirmation of the co-
eluting compounds were selective enough to prevent mass
spectrometry interferences. Moreover, ion suppression was
evaluated for the co-eluting compounds and no significant
differences were observed between signal intensities obtained
from individual standards and those provided by a mixture of
the compounds.

Liquid chromatography-tandem mass spectrometry

Traditionally, electrospray (ESI) in positive mode has been the
ionization technique of choice for the LC-MS analysis of these
compounds [8, 9] because protonation is favored by the pres-
ence of amine groups in their chemical structure. APCI has
also been used in some works, especially to avoid the ion
suppression observed in ESI when ion-pair reagents are used
in the mobile phase [12, 26]. In this work, we have obtained
the mass spectra of AGs using a H-ESI source. For this
purpose, a mobile phase composed of ACN:0.5 % formic acid
(1:1) at 0.3 mL min "' was used injecting AGs individually by
flow injection analysis (FIA) and acquiring their fullscan mass
spectra in positive mode.

Both single-charged [M+H]" and double-charged [M+
2H]*" molecular ions were generally observed in the mass
spectra along with in-source collision-induced dissociation
fragment ions (relative abundance: 5-100 %). This distribu-
tion of the total molecule population into several ionic species
split the signal and diminished the sensitivity of the method,
which is in agreement with other authors reporting low sensi-
tivity in comparison with other drugs [31, 32]. Nevertheless,
the use of an acidic mobile phase, which favored the formation
of the double charged species, was mandatory in our case to
obtain adequate chromatographic retention, as commented
above. Additionally, for SPC and STR, ions shifted 18 Da at
higher relative abundances than their protonated molecules
were obtained. These ions have been assigned in the literature
to the hydration of the carbonyl group in aqueous solutions
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Fig. 2 Chromatogram of a 50 ug kg ' standard mixture of AGs

[25], that has also been described for STR using BC-NMR
[33]. To explore if the ionization mechanism had an important
role in the hydration of carbonyl groups, the ionization of STR
and SPC was studied using also APCI. The obtained mass
spectra did not show the double charged or the hydrated
molecular ions at significant intensities above the background
noise. Also, lower signal intensities were obtained for the
protonated molecules, indicating that even though in H-ESI
the total signal intensity of the compounds is split between
different ions the ionization process is much more effective
than when using APCI. The absence of the hydrated forms of
SPC and STR in APCI would suggest that the generation of
hydrated carbonyl groups is enhanced in the electrospray
charged droplet. A possible explanation for this fact might
be that pH in the electrospray charged droplets is quite differ-
ent from that of the bulk solution [34], and the extreme pH
conditions could greatly increase both the yield of the reaction
of acid-catalyzed hydration and the presence of multiple-
charged ions.

Regarding H-ESI parameters, they were optimized to max-
imize the signal intensities of the protonated molecules of the
compounds and to diminish the intensities of the double
charged species. The effect of vaporizer temperature (100—
400 °C) on the signal intensity was studied. In general, tem-
perature favored the thermal desolvation increasing the signal
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intensity of both ions although at 300 °C the signal of [M+
2H]*" started to decrease. This temperature was selected be-
cause at higher values a decrease in the signal of [M+H]" was
also observed due to thermal degradation. The rest of the
source parameters were also optimized and the optimum
values are indicated in the experimental section.

The tandem mass spectra of the AGs were studied in order
to characterize the product ions and to select the most charac-
teristic and abundant ones for quantitative and confirmatory
purposes. The chemical structures of the most important prod-
uct ions of AGs have been proposed in several studies [25,
35-37]. As reported, the product ion spectrum of the single
charged molecular ion showed an important fragmentation for
most of these compounds, being the product ions most com-
monly observed those arising from the combination of the
cleavage of glycosidic bonds and hydrogen transfer to the
glycosidic oxygen [25]. To better explain the fragmentation
of these compounds, the glycosidic rings of the structures
included in Fig. 1 have been labeled with uppercase letters.
An example of the cleavage of the glycosidic bond for
GENCI and APRA is shown in Fig. 3, where the product
ions obtained are labeled with the uppercase letter correspond-
ing to the ring and a subscript that indicates if the product ion
maintains the glycosidic oxygen (for APRA, D,) or contains
the anomeric carbon (for GENCI, A,). The selected SRM
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quantitation and confirmation transitions for each compound,
their optimal collision energy and their ion assignment using
the notation explained above are listed in Table 1.

Some of the studies in the literature suggested that the prod-
uct ion at m/z 246 for STR and DHSTR was due to the C,;
fragmentation of the molecule (product ion: [CsH;sN¢Os]")
[25, 35, 36], which would correspond to the loss of a hydroxyl
radical from the streptidine unit (C ring). In this work, we
measured the accurate mass of product ion m/z 246 for STR
and DHSTR with the Q-Exactive to confirm the elemental
composition of this product ion and the value obtained was m/
z246.11912, which corresponded to an error above 99 ppm with
respect to the [CsH sN¢O5]"". However, the obtained accurate
mass matched with [CgH;¢NsO,]" with a mass error of 2.3 ppm.
As aresult, the structure of this product ion has been re-assigned
and it may be originated by the concurrent losses of the
streptobiosamine moiety (AB rings) and ammonia. This frag-
mentation could take place via the mechanism depicted in Fig. 4
and it is favored by the formation of an intramolecular hydrogen
bond between the glycosidic oxygen and the hydrogen of the
guanidine group. The proposed mechanism also explained the
generation of the product ion at m/z 221 of STR and DHSTR.

Although the double-charged ions have higher relative inten-
sities than the protonated molecules for most of the studied
compounds, these ions showed higher fragmentation thus pro-
viding lower intensities and worse precisions than those product
ions arising from the [M+H]". Moreover, the double-protonated
molecules of partially co-eluting compounds such as STR and
DHSTR have m/z values that differed in less than 1m/z unit,
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which might compromise the selectivity of the method. For these
reasons, the use of the double charged molecules is not recom-
mended. The most intense and selective product ions arising
from the [M+H]" were chosen for the quantitation and the
confirmation of the compounds. For SPC, the transition arising
from the loss of water from the [M+H+H,O]" has not been used
in spite of being the most intense due to its poor selectivity. For
the rest of the AGs, the most intense product ions were selective
enough. The chosen SRM transitions are listed in Table 1.

Sample treatment

The extraction of AG residues from muscle tissues shows some
difficulties due to the fact that these compounds tend to bind to
proteins and to form complexes with metal ions and thus, the
use of strong acids such as TCA and chelating agents such as
EDTA is generally recommended [13, 22, 38—40]. So, as a first
step, we evaluated the use of TCA for the extraction of AGs.
When blank veal muscle samples (2 g) spiked at 250 pg kg '
were extracted with 4 mL of 2.5 % TCA in water, recoveries
lower than 60 % for some compounds such as PARO, TOB, and
NEO were obtained. Moreover, when these extracts were dilut-
ed with ACN prior to injection to adapt the solvent composition
to the initial chromatographic conditions, precipitation of co-
extracted proteins was observed. So, the use of ACN-TCA
mixtures as extraction solvent was evaluated. When using a
1:1 mixture of ACN:2.5 % TCA in water the extraction yield
was improved by 10-15 %. This improvement was probably
because ACN helped with protein denaturalization and
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Fig. 4 Fragmentation mechanism for STR and DHSTR for product ions m/z 246 and 221

precipitation during the extraction step. In addition, it also
produced tissue swelling that would allow better penetration
of the extraction solvent through the tissue. An additional
advantage is that no further dilution with ACN to adapt the
solvent extract to the initial chromatographic conditions was
needed before injection into the LC-MS/MS system. The per-
centage of TCA in the extraction solvent was varied from 1 to
10 % TCA in water (1, 2.5, 5, 7.5 and 10 % TCA) in order to
increase extraction yield and the recoveries improved up to 60—
70 % for the more retained compounds with 5 % TCA, although
higher percentages of TCA did not provide better results. More-
over, we also evaluated the addition of small quantities of
EDTA (0.5-2 mM) to improve extraction recoveries of those
compounds with a high number of primary amine groups such
as NEO, as it has been recommended by other authors [38]. In
addition to a slight improvement on the recoveries (12 % for
NEO and 10 % for gentamicins), the variability of the extraction
yield was reduced from over 35 % (without EDTA) to below
14 % when adding EDTA, and the peak efficiency improved for
the lastly eluting compounds (for NEO, peak width decreased
close to 0.5 min). So, a 1:1 mixture of ACN and 5 % aqueous
TCA containing 2 mM EDTA is proposed as extraction solvent
for the analysis of aminoglycosides, obtaining extraction recov-
eries between 64 and 96 % for all compounds.

In order to evaluate matrix effects, blank sample extracts
spiked at 250 ug kg ' after sample treatment were injected in
the LC-MS/MS system and the chromatographic performance
was compared with that of standards prepared in the extraction
solvent (ACN:5 % aqueous TCA with 2 mM EDTA, 1:1v/v).
There was no significant peak distortion for the early eluting
compounds, even though the sample solvent had higher elution
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strength (50 % ACN) than the mobile phase at the initial
chromatographic conditions (85 % ACN). However, significant
matrix suppression was observed for most of the compounds
(41-83 %, expressed as the difference between the intensities of
the solvent-based standard and the matrix-based standard di-
vided by the intensity of the solvent-based standard). To reduce
matrix effects, improve sensitivity and to avoid column con-
tamination further clean-up and preconcentration of the samples
were studied. As a first step, the behavior of different cation
exchange SPE cartridges, Oasis MCX and WCX, were evalu-
ated using solvent-based standards. With the strong cation
exchanger (MCX) the elution of STR and DHSTR, which have
strong base guanidine groups (pK,>13) in their structures [40],
was not possible (recoveries below 5 %). Some authors used
basic elution solvents with high ionic strengths to elute these
compounds [13], however, these solvents were not compatible
with the mixed-mode Obelisc R LC column used in this work.
With the weak cation exchanger (WCX) low retentions for
most of the AGs (especially SPC) and recoveries below 30 %
were generally obtained. This might be because the presence of
ACN in the extraction solvent affected pH scale modifying pK,
values of both bases (compounds) and acids (sorbent) in oppo-
site directions and making difficult to select an adequate pH for
retention. For these reasons, the preconcentration step was
discarded and only clean-up of the extract was performed using
Oasis HLB cartridges. Matrix interferences were retained and
the highly polar AGs percolated being collected directly in the
cluate. With this treatment, matrix suppression decreased to 21,
representing a reduction up to 60 % for HYG, DHSTR, and
AMIK. Nevertheless, for gentamicins a reduction of only 10 %
was observed and strong matrix suppression for some
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compounds such as NEO and PARO (~60 %) occurred.
For these reasons, matrix-matched calibration was per-
formed to correct both extraction recovery and matrix
effects.

Method performance and application

Quality parameters such as the limit of detection, precision,
and linearity were estimated for the developed LC-MS/MS
method using SRM as acquisition mode. The obtained instru-
mental quality parameters are summarized in Table 2. Instru-
mental limits of detection (ILODs) based on a signal-to-noise
ratio of 3:1 of the confirmation transition were estimated by
injecting 20 pL of standard solutions at low concentration
levels (down to 0.1 pg kg ™"). ILODs at the low pg level (from
3 to 30 pg injected) were obtained (Table 2), with slightly
higher values for those compounds eluting later with higher
water content in the mobile phase that hinders ionization.
Also, the compounds that are strongly retained in the column
are more prone to be multiply charged, increasing the number
of potential precursors and thus decreasing the intensity of
SRM transitions. Good linearity with a correlation coefficient
(R?) better than 0.995 for the calibration curves in the working
range (6 concentration levels ranging from 5 to 300 ug kg ")
was observed for all the studied compounds. Run-to-run (n=
6) and day-to-day (n=6, 3 days) precisions were evaluated at
two concentration levels (low: 5 ug kg™'; high: 150 ug kg™")
and the relative standard deviations calculated for the concen-
tration were always lower than 11 %. Regarding retention time

Table 2 Instrumental quality parameters

precision, the RSD% values for the run-to-run (Table 2) were
lower than 1.1 % for all analytes. However, for the day-to-day
%RSDs increased up to 2.4 % specially for the lastly eluting
compounds, although they could be reduced to below 1.5 % if
the retention time was corrected using an internal standard.
The relatively high %RSDs in retention time precisions can be
related to the difficulty to condition the column, even if long
conditioning times (>1 h) are used as recommended by the
manufacturer. Finally, the evaluation of ion ratio precision
provided RSD% values below 13 % (n=6).

Method performance was assessed through the evaluation
of quality parameters such as method limits of quantitation
(MLOQs), precision, accuracy and limit of decision (CCx),
and detection capability (CCf3) using blank spiked samples.
The values for the studied compounds are listed in Table 3.
The MLOQs, based on a signal-to-noise ratio of 10:1, were
calculated by spiking blank samples at low concentration
levels (down to 0.5 ug kgﬁl). The resulting values were in
the low pg kg ' level (1-50 pg kg ') and in general were
slightly higher for veal, probably due to higher matrix sup-
pression. These values are below the MRL values (50—
1,000 ug kg ') established for these compounds, and similar
or better that those obtained in other published methods that
used either ion-pair chromatography (0.5-308 ug kg ') [5,
11-13, 41-44] or HILIC (2-264 pg kg') [20, 21, 38, 39].
Repeatability of the method was evaluated by the analysis of
six replicates of the three studied matrices spiked at two levels
(50 and 300 pg kg_l) and for the concentration RSD% values
were always lower than 15 % for the low concentration level

Compound LOD (pg) Run-to-run precision RSD(%) Day-to-day precision RSD(%) Ion ratio
Concentration Retention time Concentration Retention time RSD(%)
Low-level® High-level® Low-level® High-level®
AMIK 8 6 3 0.3 11 6 0.5 10
APRA 20 9 4 0.4 10 6 14 12
DHSTR 7 4 1 0.2 9 3 0.7 11
GENCI1 5 8 5 0.5 10 6 0.9 7
GENCla 8 8 5 0.3 10 5 1.2 11
GENC2 30 - 7 0.9 - 8 1.7 13
HYG 5 4 1 0.7 10 2 0.8 6
KANA 8 3 2 0.8 10 4 1.0 7
NEO 10 9 6 0.9 10 9 22 11
PARO 10 10 3 1.1 10 4 1.9 6
SPC 3 4 2 0.7 9 7 0.7 2
STR 7 2 2 0.3 9 5 0.7 9
TOB 15 7 2 0.2 10 4 22 9
Low concentration level: 5 pg kg™’
® High concentration level: 150 ug kg '
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and below 10 % for the high concentration level in all matri-
ces. Also, the retention time precision was comparable to that
obtained in the instrumental method assessment and signifi-
cant differences between the three matrices were not observed.
Accuracy, expressed as relative error, was also evaluated at
two levels (50 and 300 pg kg ') and relative errors below
23 % for the high concentration level and below 10 % for the
high concentration level in all matrices were obtained. Ion
ratios were comparable to those of the standards (relative
errors below 10 %) with precisions below 12 % (RSD%),
indicating that matrix interferences that could co-elute with
the monitored compounds did not significantly affect method
performance. The CCox and CCf for regulated compounds
were evaluated by analyzing blank samples spiked at the MRL
level indicated in Table 3, following the European Decision
Directive [27]. CCx was calculated as CCax=MRL+1.64-S,
being S the standard deviation for the samples spiked at the
MRL level. CC was then calculated as CC=CCx+1.64-S,
using the same standard deviation, since the CCx value is
close enough to the MRL. Finally, when blank samples were
analyzed, no signals at intensities above three times the S/N at
the retention time for the compounds were observed, demon-
strating the good selectivity and specificity of the developed
method.

Lastly, 27 samples of meat products from Spanish local
supermarkets were analyzed. These samples covered a repre-
sentative range of typical Spanish raw and processed meat
products including minced meat and sausages of veal, pork,
and chicken. These samples were processed as described in
the experimental section and analyzed in triplicate by the LC-
MS/MS method proposed. When residues of AGs were de-
tected the identification criteria was based on the presence of
chromatographic peaks for both transitions (qualifier and
quantifier) at the same retention time (three identification

.53
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0
5 7.41
1001 4 20€1
g
< 50
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points), with a deviation in the retention time lower than
2.5 % and a deviation in the ion ratio lower than 20 % in
comparison to that of a matrix-matched standard injected that
same day. The quantitation was performed by matrix-matched
calibration to correct both matrix effects and sample treatment
recoveries since labeled standards were not commercially
available. Among the 27 samples analyzed, only in one frank-
furter sausage sample (Fig. 5) were GENC1 and GENC2
identified at a concentration below the MLOQ (5 and
20 ug kg!, respectively). The gentamicin mixture is one of
the most used aminoglycoside antibiotics for the treatment of
bacterial infections in swine, and due to their high tissue
affinity, low level of residues of these compounds might be
present in food. However, the amount found in the frankfurter
sample was below the MRL established by the EU
(50 pg kg "), so it is safe for human consumption.

Conclusions

The use of a mixed-mode Obelisc R column, combining
reversed-phase, HILIC, and cation exchange mechanisms, is
proposed for the chromatographic separation of AGs. The
separation of 13 AGs is achieved in less than 10 min using a
mobile phase of ACN:aqueous formic acid, without the addi-
tion of ion-pair reagents or highly concentrated buffers. For
LC-MS coupling, H-ESI at 300 °C is proposed to enhance
sensitivity of [M+H]" by increasing thermal desolvation. Ad-
ditionally, at these conditions the intensity of the double
charged species is reduced. In addition to [M+H]" and [M+
2H]*" ions, the formation of hydrated forms of the carbonyl
groups of STR and SPC is observed in their mass spectra,
probably due to extreme pH conditions in the electrospray

100+
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Fig. 5 LC-MS/MS chromatogram of a frankfurter sample, positive for GENC1 (leff) and GENC2 (right) at concentrations below the MLOQ (5 and

20 ug kg ! respectively)
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charged droplets. Regarding tandem mass spectrometry, for
STR and DHSTR, accurate mass measurements allowed to
propose a new mechanism based for the formation of product
ions at m/z 246 and 221 based on the losses of
streptobiosamine and ammonia or cyanamide. A very quick
and effective sample treatment based on a clean-up with
hydrophilic-lipophilic-balanced SPE cartridges is recom-
mended for the analysis of these compounds in several meat
products. MLOQs ranging from 1 to 50 pug kg ' were obtain-
ed for the compounds in all matrices, which are below the
established MRLs. The applicability of the method has been
proved by analyzing a wide range of spiked food meat prod-
ucts such as frankfurter, sausages, and minced meat from veal,
pork, and chicken. For quantitation, matrix-matched calibra-
tion is required to correct matrix effects.
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Elida Alechaga, Encarnacion Moyano™* and M. Teresa Galceran

In this work an LC-MS/MS method has been developed for the simultaneous analysis of kasugamycin (KAS)
and streptomycin (STR) in vegetable samples. The use of a mixed-mode HPLC column and a ternary mobile
phase acetonitrile:water:0.5% aqueous formic acid in gradient elution mode are proposed to provide

enough retention and resolution for these highly polar compounds. Heated-electrospray ionization (H-

ESI) has been used to ionize KAS and STR when coupling liquid chromatography to mass spectrometry.

In contrast to what happens with most aminoglycosides, KAS only showed singly charged ions in the
full-scan mass spectrum. The [M + H]* of both KAS and STR are proposed as precursor ions for tandem
mass spectrometry since more stable product ions and better ion ratio precisions are obtained.
Fragmentation of KAS has been studied, showing that the cleavage of the glycosidic bonds provided the
main product ions and the most abundant and selective ones are proposed for quantitation and
confirmation purposes in MRM mode. The LC-MS/MS method developed has been applied to the
analysis of vegetables. A simple clean-up procedure using hydrophilic-lipophilic-balanced cartridges

was applied to several vegetable extracts from tomato, zucchini, chard and lettuce, obtaining recoveries

>80% for both compounds. The high matrix suppression observed for KAS in all matrices was reduced by

a 1:5 sample dilution with acetonitrile, providing a 100-fold improvement in sensitivity for this
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compound. Method quality parameters have been established for tomato matrices, obtaining method

limits of quantitation in the low pg kg™ level (5-10 ug kg~? for both compounds, precisions expressed
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1. Introduction

Kasugamycin (KAS) and streptomycin (STR) are two amino-
glycoside (AGs) antibiotics active against certain types of Gram-
negative bacteria.' Their general structure includes several
aminosugars linked by glycosidic bonds to a streptidine (STR)
or a 2-deoxystreptamine (KAS) unit. STR, produced by Strepto-
myces griseus, was the first antibiotic applied against plant
diseases® to control fire blight of apple and pear, wild fire of
tobacco and bacterial leaf blight of the rice plant, among others,
and its use is being reassessed due to the spread of resistant
bacterial strains.® KAS is produced by Streptomyces kasugaensis,
it has a strong preventive effect against rice blast caused by
Piricularia oryzae, and it has also been used for the treatment of
bacterial diseases in bell peppers, tomatoes, citruses, cucum-
bers and many other fruiting crops. Moreover, the use of KAS as
a substitute of STR for the treatment and prevention of fire
blight in pears and apples has been suggested* due to the low

Department of Analytical Chemistry, University of Barcelona, Diagonal 645, 08028,
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in %RSD better than 7% and accuracies expressed as relative error better than 8% at the 100 pg kg™t
level, making this method suitable for routine analysis.

toxicity of KAS to crops and mammals and its activity against
resistant strains. Thus, residues of these aminoglycosides
might be present in fruits and vegetables.

Since public concern over pesticide residues in foods has
become an important issue, recommended maximum residue
levels (MRL) for these compounds in agricultural products have
been established. Nevertheless, different levels have been set
depending on the food commodity and the country. For
instance, in the United States MRLs for KAS have been set at
0.04 mg kg~ in fruiting crops and at 0.05 mg kg~ " for apples®
whereas for STR the MRLs range from 0.25 to 0.5 mg kg™ ',
depending on the matrix.® In the European Community their
use is not authorised since 2005’ and thus a default MRL of
0.01 mg kg~ is recommended.®

Liquid chromatography coupled to mass spectrometry is the
analytical technique of choice for the analysis of KAS and STR,
which are highly hydrophilic compounds that lack chromophore
groups. Due to the amino groups present in their structures, both
STR and KAS are poorly retained in reversed-phase columns such
as C18>™ and for this reason, alternative chromatographic sepa-
ration modes such as ion pair liquid chromatography (IPLC),
hydrophilic interaction liquid chromatography (HILIC) and

This journal is © The Royal Society of Chemistry 2015
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mixed-mode chromatography have been used. The analysis of
KAS presents a high analytical challenge and this compound is
not currently included in the analysis of other AGs. In fact, only
two studies have been published dealing with the determination
of KAS in foods. The first one proposes a method for the analysis
of both KAS and STR, and other AGs in animal tissues, milk and
eggs using IPLC with trifluoroacetic acid" and in the second one,
KAS is determined in soils and chili peppers* using HILIC. This
last study is the only one published regarding the analysis of KAS
in vegetables. Moreover, most of the developed methods for STR
have been established for its determination in foods from an
animal origin. Some of them use IPLC with ion pair reagents like
heptafluorobutyric acid,"?*° perfluoropentanoic acid,” and tri-
fluoroacetic acid," while others use HILIC, often with high buffer
concentrations in the mobile phase, such as ammonium acetate
or formate at concentrations between 150 and 200 mM, and with
percentages of formic acid ranging from 0.1 to 1%.%*¢ Addition-
ally, mixed-mode chromatography with low ionic strength mobile
phases has also been proposed for the analysis of STR and other
AGs in meat.”” However, only two methods dealing with the
analysis of STR in fruits and vegetables can be found in the
literature. One of these studies proposes the use of IPLC with
heptafluorobutyric acid as an ion pair reagent for the determi-
nation of STR and tetracycline in pomegranate® and the other one
applies HILIC to determine STR in apples.®

All these methods use electrospray (ESI) in positive mode as
the ionization technique because protonation is favored by the
presence of amine groups in their chemical structure. Low
resolution analyzers such as triple quadrupole'>719-21,24-27.29
and quadrupole-ion trap***® combined with multiple reaction
monitoring (MRM) acquisition have been used to determine
KAS and STR at low concentration levels. The fragmentation
pathways of STR have been studied,’™*" but to the best of our
knowledge, the collision-induced dissociation (CID) mass
fragmentation and the product ion assignment for KAS have not
been proposed. Moreover, when coupling HILIC and IPLC
methods to mass spectrometry, the presence of ion pair
reagents and the high concentration of salts needed for ion
exchange chromatography or HILIC could affect the perfor-
mance of the mass spectrometric systems in both sensitivity
and maintenance. So there is a need for LC-MS methods to
analyze aminoglycosides that avoid the use of ion pair reagents
or high concentration buffers in the mobile phase.

The aim of this work is to develop a liquid chromatography-
tandem mass spectrometry method for the simultaneous anal-
ysis of KAS and STR, which are the only aminoglycoside anti-
biotics used as pesticides, in vegetables. For this purpose, the
use of a mixed-mode chromatographic column that combines
different retention mechanisms is evaluated in order to retain
and separate both compounds without using ion pair reagents
or high buffer concentrations as required for HILIC. The ioni-
zation of these compounds under electrospray conditions is
studied and their tandem mass spectrometry fragmentation is
discussed, especially for KAS which has not been previously
reported. Finally, the proposed LC-MS/MS method is applied to
the simultaneous determination of KAS and STR in vegetables
at a low pg kg™ level.

This journal is © The Royal Society of Chemistry 2015
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2. Experimental

2.1. Reagents and materials

Streptomycin sulfate (STR, 98%, CAS no. 3810-74-0) and kasu-
gamycin hydrochloride hydrate (KAS, 79%, CAS no. 19408-46-9)
were purchased from Dr Ehrenstorfer Gmbh (Augsburg, Ger-
many). Fig. 1 shows the structures of the studied compounds.
The glycosidic rings of the structures have been labeled with
capital letters to help with the discussion of the fragmentation
patterns. Ethylenediaminetetraacetic acid (EDTA) disodium salt
dihydrate (98.5%) was purchased from Sigma-Aldrich (Stein-
heim, Germany). LC/MS grade methanol, acetonitrile (ACN),
water and trichloroacetic acid (TCA) (99.5%) were obtained
from Fluka (Steinheim, Germany) and formic acid (98-100%)
was provided by Merck (Darmstadt, Germany). Stock standard
solutions of KAS and STR (2.0 g kg™ ') were individually
prepared by weight in water and stored at —20 °C. Intermediate
solutions were prepared monthly from a stock standard solu-
tion by appropriate dilution. As aminoglycosides present high
sorption affinity to polar surfaces all contacts with glass were
avoided and only a polypropylene laboratory material was used.
All samples and mobile phases were filtered through 0.22 pm
nylon membrane filters purchased from Whatman (Clifton, NJ,
USA) to avoid clogging. Nitrogen (99.8% pure) supplied by a gas
line from Air Liquide (Madrid, Spain) was used for the API
source. The collision-induced dissociation gas used for tandem
mass spectrometry experiments was high-purity argon
(ALPHAGAZ 1 Ar) also from Air Liquide (Madrid, Spain). Sample
clean-up was performed using Oasis HLB cartridges (150 mg,
6 cm?) and extraction manifold from Waters (Milford, MA, USA).
For the control of the pH of buffered solvents a pH meter Basic
20 from Crison Instruments (Alella, Spain) was used.

2.2. Sample treatment

Samples of tomato, chard, lettuce, zucchini and red pepper
bought from local supermarkets in Barcelona (Spain) were cut,
ground and homogenized with an Ultraturrax T25 basic (IKA-
Werke, Staufen, Germany) and kept frozen at —20 °C until anal-
ysis. Subsamples of 2 g were weighed in a 15 mL polypropylene
centrifuge tube (Serviquimia, Barcelona, Spain) and extracted in a
Sonorex RK100 ultrasonic bath (Bandelin Electronic GmbH & Co.,
Berlin, Germany) for 10 min with 2 mL of acetonitrile : aqueous
5% TCA, 2 mM EDTA (1 : 1 v/v) and then centrifuged at 4000 rpm
(Selecta-Macrotronic, J.P. SELECTA S.A., Abrera, Spain) for 10 min.
The supernatant was then loaded onto an Oasis HLB SPE
cartridge previously conditioned with 3 mL of methanol and 3 mL

OoH
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L 0, hH NH;
HaC, 2
HO/W A Hax l . -,
N
HO JI:::'C B o € om N/\\NH) H vl OH
HyC o. Py A %
o ¥ .
cHy M B %
H:}")""‘NH,
Streptomycin (STR)

Kasugamycin (KAS)

Fig. 1 Structures and acronyms of the studied compounds.
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of water for clean-up. After discarding the first 0.75 mL of the
eluate the rest was collected and filtered through a 0.22 pum nylon
membrane. Finally, 200 pL of the filtered extract were diluted with
800 pL of acetonitrile and injected into the LC-MS/MS system.
Matrix-matched calibration standards were prepared with blank
matrix samples spiked at 6 concentration levels ranging from 10
to 500 pug kg~' and submitting them to the same sample treat-
ment described above.

2.3. HPLC-MS/MS

HPLC separation was performed on an Open Accela liquid
chromatography system (Thermo Fisher Scientific, San José, CA,
USA), equipped with a quaternary UHPLC pump, and a CTC PAL
autosampler (CTC Analytics, Zwingen, Switzerland). An Obelisc
R (150 x 2.1 mm, 5 um) column (SIELC Technologies, Prospect
Heights, IL, USA) was used for the proposed method. Mobile
phases consisted of a mixture of acetonitrile (A), aqueous 0.5%
formic acid (B) and water (C). The chromatographic initial
conditions were 85% A, 3.8% B and 11.2% C, and a linear ramp
was performed in 1.5 min to 85% A, 7.5% B and 7.5% C. A
second linear ramp was carried out in 4.5 min to 5% A, 50% B
and 45% C and these conditions were maintained for 4 min,
moving back to initial conditions in 2 min and equilibrating the
column for 8 min. The flow rate was 300 uL min ' and the
column was kept at ambient temperature. The injection mode
was a full loop with a 5 pL loop.

Mass spectrometry was performed in a TSQ Quantum Ultra
AM (Thermo Fisher Scientific, San José, CA) triple quadrupole
mass spectrometer equipped with heated-electrospray ioniza-
tion (H-ESI) as the ionization source. The electrospray voltage
was set at 3.0 kV and the temperatures of the ion transfer tube
and the vaporizer were both held at 300 °C. Sheath gas, auxiliary
gas and ion sweep gas flow rates were 35, 10 and 0 a.u. (arbitrary
units), respectively. In tandem mass spectrometry experiments,
both quadrupoles worked in low resolution mode (0.7 full width
at half maximum, FWHM), the collision gas pressure was 1.5
mTorr and the collision energies (CE) ranged from 11 eV to 18
eV. Two transitions were monitored for each compound using a
dwell time of 250 ms (1 scan per cycle time). Transitions for
quantitation and confirmation purposes and the corresponding
collision energies and ion ratios are listed in Table 1. Other
instrument settings were optimized by infusion of standard
solutions (10 mg L") at a flow rate of 5 pL. min~', using the
built-in syringe pump and a zero dead volume T-piece to mix
them with the mobile phase.

Table 1 Tandem mass spectrometry working conditions. Selected SRM

Paper

3. Results and discussion
3.1. HPLC-MS/MS

Due to the high polarity of KAS and STR their analysis by LC is
usually performed by IPLC or HILIC. However, the use of these
chromatographic methods requires the addition of ion pair
reagents or buffers at high concentration to the mobile phase,
thus making difficult the compatibility with mass spectrometry.
In this work a mixed-mode Obelisc R column has been used to
explore the simultaneous chromatographic separation of KAS
and STR, as this column has been proposed for the separation
of STR and other AGs using gradient elution with a mobile
phase composed of a mixture of acetonitrile:1% aqueous formic
acid:water.”” These conditions worked well for STR but KAS
eluted too early in the chromatogram due to the high elution
strength of the mobile phase; so alternative chromatographic
conditions were optimized. To this end, different aqueous for-
mic acid gradients were tested. When the initial formic acid
concentration was lowered, the retention of KAS increased
because at low pHs hydrophilic interaction is the prevailing
retention mechanism, enhancing the retention with the
decrease of the ionic strength. However, the retention and peak
width of STR also increased for the same reason, resulting in
poor chromatographic efficiency (peak width >2 min) and long
analysis times. To achieve good retention and peak efficiency, a
ternary gradient simultaneously decreasing acetonitrile and
increasing the formic acid concentration was used, providing
the optimal conditions. The optimized gradient has been indi-
cated in the Experimental section and Fig. 2 shows the chro-
matogram obtained under those chromatographic conditions.
As can be seen, the compounds were baseline separated in less
than 6 minutes with a good peak shape and far enough from the
elution front.

Regarding mass spectrometry, thermally assisted electro-
spray (H-ESI) was used as the ionization source in LC/MS, as it
improved desolvation, especially with mobile phases with a
high percentage of water. Full-scan mass spectra were studied to
select the most adequate precursor ions for tandem mass
spectrometry. The mass spectrum of KAS (Fig. 2) is very simple
showing only the protonated molecule [M + H]" (m/z 380) and
the loss of CO, from the protonated molecule due to in-source
collision-induced dissociation (m/z 336). In contrast, the mass
spectrum of STR (Fig. 2) is more complex, because STR has two
guanidine groups with high pkK, values (13.40 £ 0.70)** that
favored the generation of multiply charged ions. So, in the mass

transitions, collision energies (CE), ion assignments and ion ratios

Precursor ion Product ion
Compound Retention time (min) mlz Assignment mlz Assignment CE (eV) Ion ratio
KAS 4.44 380.2 M +H]" 112.1 [M + H-B,-C,H,0,N,]" 18 Quantitation 1.3
200.1 [M + H-B,]" 11 Confirmation
STR 5.07 582.3 ™M +H]" 263.1 [Co] 31 Quantitation 1.7
246.1 [C,-NH;]" 35 Confirmation

3602 | Anal. Methods, 2015, 7, 3600-3607
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Fig.2 Chromatogram of a standard mixture (100 ng g%) using the conditions given in the Experimental section and full-scan mass spectra of

KAS and STR.

spectrum of STR the singly and doubly charged ions, [M + H]"
and [M + 2H]*" (m/z: 582 and 292, respectively), due to proton-
ation and also the singly and doubly charged ions due to the
hydrated form of the aldehyde group, [M + H,O + HJ" and
[M + H,0 + 2H]*" (m/z: 600 and 301 respectively), can be
observed. Moreover, some in-source fragmentation from the
cleavage of the glycosidic bonds also occurs (Fig. 2). The
[M + H]" was selected as the precursor ion for tandem mass
spectrometry since it showed the best fragmentation perfor-
mance, leading to more stable product ions and better preci-
sions than the doubly charged ions. As regards the hydrated
form of the singly charged ion, it showed the unspecific loss of
water as the most intense product ion, which is more suscep-
tible to interferences than the fragmentation from the

1121
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Fig. 3 Triple quadrupole product ion scan and fragmentation of KAS.
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protonated molecule. The chosen SRM transitions for STR are
listed and assigned in Table 1. For KAS, the [M + H]" was also
selected as the precursor ion and the triple quadrupole product
ion scan spectrum is shown in Fig. 3. The fragmentation pattern
of KAS has been discussed using the nomenclature defined by
Goolsby and Brodbelt,* which proposes the use of the subscript
“1” for the cleavage of the bond between the ring designated
with the uppercase letter and the glycosidic oxygen, and the
subscript “2” for that between the glycosidic oxygen and the
next ring. As happens with most AGs, the main product ions of
the [M + H]" of KAS involved the cleavage of the glycosidic bond
(Fig. 3), whether arising from the loss of the glucose ring ([M +
H-B,]", m/z: 200) or from the combined loss of the glucose ring
and the amino(imino)acetic side chain ([M + H-B,-C,H,0,N,]’,

.
m/z70
m/z336 T
m/z156
m/z112

NH,

HO

m/z200

(-8,) on
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m/z: 112). The presence of the carboxylic group in the side chain
favored also the loss of CO, from the protonated molecule (m/z:
336) or from the [M + H-B,]" (m/z: 156). Additionally, further
cross-ring cleavage and rearrangement of the m/z 112 would
yield the product ion at m/z 70. Fragmentation of KAS is shown
in Fig. 3 and the elemental compositions of all product ions
have been confirmed by MS/HRMS experiments in a Q-Exactive
(Thermo Fisher Scientific) at a mass resolution of 35 000 FWHM
(full width at half maximum) at m/z 200, obtaining mass errors
below 2 ppm. The most abundant product ions, at m/z 112 and
m/z 200, were selected for quantitation and confirmation,
respectively, of KAS when working in MRM mode (Table 1).

Instrumental quality parameters including limits of detec-
tion (LOD), linearity and run-to-run and day-to-day precisions
were calculated (Table 2). LODs, based on a signal-to-noise ratio
of 3:1 for the confirmation transition, were estimated by
injecting standard solutions at concentrations down to 0.1
ng kg™, obtaining results lower than 10 pg injected for both
compounds. KAS provided slightly better instrumental sensi-
tivity, probably because for this compound only one precursor
ion was obtained in ESI in contrast to what happened to STR,
where the total ion signal was split into different species.
Standard calibration curves with 6 concentration levels between
5 and 300 pg kg~ ' showed good linearity (R* > 0.996). Run-to run
(n = 5) and day-to-day (n = 5, 3 days) precisions were calculated
at two concentration levels, 15 pg kg™* and 150 pg kg™*, and
were always lower than 7% for both compounds. Retention time
precision was also evaluated in the same way as the concen-
tration precision, and low values, even for the day-to-day
precision (below 1%), were obtained. Regarding the ion ratio
(relative areas for quantifier vs. qualifier transitions) precisions,
the %RSD values were below 10% for both compounds.

3.2. Sample treatment

To analyse KAS and STR in vegetables, a sample treatment
previously proposed for the analysis of STR and other AGs in
meat” was evaluated, consisting in an extraction with an
aqueous solvent containing a strong acid (TCA) and a chelating
agent (EDTA) followed by a clean-up with hydrophilic-lipo-
philic-balanced cartridges (HLB). The clean-up with HLB
cartridges served to retain the matrix coextractives that gave a
cloudy and slightly coloured aspect to the extract. The highly
polar AGs were not retained in this sorbent and eluted directly.
Recoveries were evaluated by means of the analysis of blank
tomato samples (2 g) spiked at 250 pg kg™, and good recoveries
(>80%) were obtained for STR, which were similar to those
obtained in the previous work. However, KAS, which had not
been previously studied, was not recovered at all. Recoveries
with solvent based standards were close to 100%, and when
blank tomato extracts spiked after sample treatment were
analysed poor results for KAS were also obtained. Thus, the lack
of signal for KAS was due to high matrix suppression for this
compound and not due to poor recoveries. Variations of the
sample treatment method such as changes in the extraction
solvent, or the use of other SPE strategies like ion-exchange
cartridges not only failed to provide successful results for KAS

This journal is © The Royal Society of Chemistry 2015
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but also worsened the recoveries of STR as well; so alternative
methods were sought. As a first step, the use of an ionization
source less susceptible to matrix effects such as Atmospheric
Pressure Chemical Ionization (APCI) was tested. Although the
high polarity and low volatility of AGs would produce lower
ionization efficiency than ESI, the decrease in the ion suppres-
sion might produce an overall improvement in sensitivity. In
fact, the use of APCI has been previously proposed to overcome
ion suppression due to ion pair reagents for the LC-MS/MS
analysis of gentamicin impurities.** As expected, STR provided
lower signal intensities in APCI than in ESI, but no signal was
observed for KAS in APCI in both positive and negative modes.
The lack of response of KAS might be explained by the presence
of a carboxylic group in a side chain in KAS (Fig. 1) which might
favor the formation of an internal hydrogen bond with the
primary amino substituent in ring A that would make KAS
difficult to ionize in APCI in both positive and negative modes.
Anyway, as the ionization of KAS was not possible, the use of the
APCI source was discarded.

As a second step, the sample extract was diluted with ACN.
Blank vegetable samples (lettuce, zucchini, red pepper, chard
and tomato) spiked at 500 ug kg~ " were submitted to the sample
treatment and the obtained extracts were analysed without
dilution and with dilution at 1:1, 1: 5, and 1 : 10 with aceto-
nitrile. For all the samples, an important increase in the
response of KAS was achieved when diluting with acetonitrile,
which allowed its detection. As an example, Fig. 4 shows the
LC-MS/MS chromatograms of two aliquots of a blank tomato
extract spiked with KAS and STR at 500 pug kg~ * without dilution
(A) and with dilution at 1 : 5 with ACN (B). As can be seen, the
KAS response increased considerably after a 1:5 dilution,
showing up to a 100-fold enhancement in signal intensity,
which provided a significant decrease of the LODs allowing the
detection of KAS at the European MRL value (0.01 mg kg™ ")
which is the most restrictive one. Further dilution of the extracts
did not provide an improvement in signal intensity, probably

A)
1) ML: 1.13E4
KAS
e
§
=
5 m/z380.2 - 112.1
2
@
o
0 V-
100 9 637
ML 9 35E4
STR
8
g
5 m/z582.3 = 263.1
2
L3
£
=
&
3
L ——r— e T
] 2 4 6 8 10

Time (min)

Analytical Methods

because the decrease in signal due to dilution was higher than
the improvement due to the reduction of matrix suppression. As
a result, a 1 : 5 dilution of the extract is proposed for the anal-
ysis of KAS and STR in vegetable samples. As can be seen in
Fig. 4, signal intensity of STR significantly decreased when
diluting the sample, as apparently a lower matrix effect was
affecting this compound. Nevertheless, the response of STR
after the dilution is similar to that of KAS.

3.3. Method performance

Method quality parameters such as method limit of quantita-
tion (MLOQ), run-to-run and day-to-day precisions, accuracy
and ion ratio precision were evaluated using tomato samples
free of the analytes as blank samples, and the obtained values
are listed in Table 2. As KAS was affected by ion suppression,
matrix-matched calibration was used for the quantitation of the
samples. Matrix-matched calibration curves were prepared in
the 10-500 pg kg™ range by spiking blank tomato samples and
submitting them to the sample treatment detailed in the
experimental section. The MLOQs (signal-to-noise ratio of
10:1) were estimated by injecting samples spiked at low
concentration values (below 10 ug kg™ '). As can be seen in Table
2, in contrast to what happened with the instrumental LOD, the
MLOQ obtained for STR was better than that for KAS, probably
as a result of the higher matrix suppression that affected the
latter. MLOQs were at or below the default MRL values estab-
lished for these compounds in the European Union (10
pg kg™'), and far below the MRL allowed in other countries such
as USA (250 pg kg~ for STR),® Japan (300 ug kg~ * for KAS)* or
Canada (100 pg kg™* for both compounds).**** MLOQs in the
other vegetable matrices also were studied, and in all cases the
results were below 15 pg kg™ ' for both compounds, only being
above the MRL in the European Union in red pepper matrices.
To evaluate run-to-run precision, five replicate analyses of blank
samples spiked at two concentration levels, 10 pg kg™' and
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Fig. 4 LC-MS/MS chromatogram of a blank tomato extract spiked at the 500 pg kg~* level (A) without dilution and (B) with dilution at 1 : 5 with

acetonitrile.
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100 pg kg™, were performed. Day-to-day precision was calcu-
lated by analysing 5 replicates each day during three days at the
same two concentration levels. %RSD values based on concen-
trations (Table 2) ranged from 13 to 24% for the low concen-
tration level, and were below 8% for the high concentration
level. Accuracy expressed as the relative error was also evaluated
at the two concentration levels and can be seen in Table 2, KAS
provided worse accuracies than STR for the low level (23%
versus 15%), as it corresponded to the MLOQ for this compound
(10 pg kg™"). Ton ratio relative errors with respect to those of
standards were lower than 10% and ion ratio precisions were
consistent with those obtained with standard solutions (below
13%). In comparison with previous literature works that analyze
either KAS or STR in vegetables,’**** the proposed method
allows the simultaneous analysis of both compounds without
losing sensitivity. Also, ion pair reagents are not needed for the
chromatographic separation that favours MS performance and
maintenance, and provides slightly better LODs than those
reported from the analysis of KAS and STR in animal tissues."”

3.4. Method application

Over 24 vegetable samples, including tomato (2 samples),
lettuce (2 samples), chard (2 samples), red pepper (2 samples),
zucchini (2 samples) and pear (4 samples), purchased at local
supermarkets were analyzed. No residues of KAS or STR were
detected at levels above the MLOQ in any of the analyzed
samples. This fact shows the compliance of the European
Community regulations concerning the use of pesticides and
the control of the presence of residues of pesticides in foods.
Negative results were also found in the analysis of 10 tomato
samples acquired from a vegetable garden that had been treated
with both compounds. Although it was expected that some
residues should have been found in these samples, the short
extinction time of these compounds, which is lower than 6 days
for KAS in chili peppers," might be a possible reason for the
negative results. However, the method provided satisfactory
results with spiked blank samples at levels below the MRLs
established in most countries (Table 2), making it suitable for
routine analysis in laboratories dealing with the control in
countries where the use of this compounds as pesticides is
allowed (e.g. USA and Canada) and also in imported and
exported goods.

4. Conclusions

In this work a method is proposed for the simultaneous analysis
of KAS and STR in vegetable samples. A baseline chromatographic
separation, good peak shapes and short analysis time (less than 6
minutes) are achieved using a mixed-mode column and a ternary
mobile phase composed of acetonitrile:water:0.5% aqueous for-
mic acid in reversed gradient elution. Singly charged ions are
proposed as precursors for tandem mass spectrometry since they
show better fragmentation performance than the multiply
charged ions. The CID MS/MS fragmentation of KAS was studied
for the first time concluding that the main product ions arose
from the cleavage of the glycosidic bonds. The simultaneous loss

3606 | Anal. Methods, 2015, 7, 3600-3607
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of glucose and the amino(imino)acetic acid side chain (m/z: 112)
was used for quantitation, whereas the loss of glucose (m/z: 200)
was chosen for confirmation purposes. The high matrix
suppression that affects the electrospray KAS response when
analyzing vegetables can be greatly decreased by diluting the
obtained extract at 1 : 5 with ACN, achieving a 100-fold improve-
ment in signal intensity. Under the optimal working conditions
the LC-MS/MS developed method provided MLODs lower enough
to determine KAS and STR at the lower MRL established for them
in all countries (10 pg kg™"). The applicability of the method has
been assessed by analyzing spiked samples, and good method
quality parameters have been obtained.
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2.3. DISCUSSIO DE RESULTATS.

En aquest apartat de discussid de resultats es comenten i es discuteixen els resultats
obtinguts en el desenvolupament dels metodes de cromatografia de liquids per a
I'analisi de fenicols i aminoglicosids en mostres alimentaries inclosos a I'apartat 2.2

d’aquest capitol.

En aquesta tesi, s’ha comparat la separacié cromatografica obtinguda pels quatre
fenicols en columnes amb particules de nucli solid (2,7 um de diametre) amb fases
estacionaries d’octadecil (C18), HILIC (silice pura) i fenil-hexil, (Article I, Apartat 2.2.1).
Per a ajudar a comparar els resultats, a la Figura 2.1 es mostren les separacions
cromatografiques obtingudes en condicions optimes (incloses a I’article) per als quatre
fenicols en cadascuna de les columnes esmentades. Aixi mateix, a la Taula 2.2 s’inclouen
alguns parametres cromatografics importants com ara les amplades de pic a mitja algada
(wi/2), el nombre de plats (N) i els factors de retencidé (k). Com es pot observar en
aquesta taula, no és recomanable utilitzar la columna C18 (Figura 2.1 A) degut a la poca
retencié del compost més polar (FFA, k 1,0) que obliga a augmentar el pH de la fase
mobil (tampons amb pH superior a 5,5) per tal de desplacar I'equilibri de protonacié de
la florfenicol-amina (FFA) i afavorir la seva retencié. Ara bé, en aquestes condicions
saugmenta la desprotonacié dels silanols lliures del suport de silice, la qual cosa
afavoreix la interaccid i I'obtencid pics amb cues. Treballant a un pH encara més elevat
es podria afavorir més la retencio de la FFA, perd també augmentaria considerablement
la cua dels pics cromatografics dels compostos. Per tant, es va escollir un valor de pH de
5,5 com a optim per a la fase mobil emprada amb aquesta columna. L’eficacia de la
columna HILIC (Figura 2.1 B) per a la majoria dels compostos és molt baixa en
comparacido amb la de fase invertida (Taula 2.2). Aquest fet esta d’acord amb les dades
de la literatura que indiquen que, en general, s’obté una menor eficacia en les columnes
HILIC. En aquest sentit, els estudis de Gritti i Guiochon han posat de manifest que, ates
que la difusid dels analits en la capa d’aigua adsorbida sobre la silice és baixa, la
resisténcia a la transferéncia de massa a la interfase solid-liquid condiciona

I’eixamplament de banda (30%), encara que és la dispersio aparent (dispersié d'eddy) el
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parametre que més afecta (70%) I'eficacia en les columnes HILIC [Gritti i Guiochon,

2013].
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Figura 2.1. Separacions cromatografiques dels fenicols obtingudes en
columnes de nucli solid amb fases estacionaries A) C18, B) HILIC silice pura,
C) fenil-hexil. Compostos: 1.- FFA, 2.- TAP, 3.- FF, 4.- CAP. Les caracteristiques
de les columnes i les condicions cromatografiques es troben a l'article
cientific | (Apartat 2.2.1).

Els millors resultats s’han obtingut amb la columna de fase estacionaria fenil-hexil
(Figura 2.1C), ja que permet la separacio dels quatre fenicols en menys de dos minuts i
amb unes eficacies superiors o molt similars (FF) a les obtingudes en les altres columnes

per als antibiotics natius (Taula 2.2).
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Taula 2.2. Parametres cromatografics obtinguts per als fenicols en les diferents
columnes estudiades.

Columna Compost tz (min) k Wiy, (S) N

C18 CAP 2,62 7,5 4,1 8106
TAP 2,22 6,2 3,6 7515
FF 2,44 6,9 3,3 10985
FFA 0,62 1,0 6,6 177

HILIC CAP 0,55 0,1 3,3 558
TAP 0,56 0,1 3,3 579
FF 0,54 0,1 3,3 538
FFA 2,93 4,7 6,1 4628

Fenil-hexil CAP 1,81 2,6 2,5 10747
TAP 1,57 2,1 2,5 8086
FF 1,70 2,4 2,5 9480
FFA 1,14 1,3 4,1 1535

Les separacions cromatografiques obtingudes en aquesta tesi s’Than comparat amb les
publicades en altres treballs que analitzen fenicols amb columnes reblertes amb
particules sub-2 um de fase C18. En general, els resultats demostren que la utilitzacié
d’'una columna amb particules de nucli solid permet aconseguir bones eficacies
cromatografiques, properes a les obtingudes per aquests compostos amb columnes amb
particules de sub-2 um, amb |'avantatge de requerir pressions inferiors i, per tant, poder
treballar a cabals de fase mobil superiors i aconseguir aixi separacions equivalents en un
temps d’analisi menor. Per exemple, Kaufmann i Butcher [Kaufmann i Butcher, 2005]
necessiten un temps d’analisi superior als 2,5 min per eluir la CAP d’'una columna
Acquity BEH C18 de 1,7 um de 5 cm i Shi i cols. [Shi i cols., 2012] necessiten un temps
d’analisi superior als 2,7 minuts per a la separacié cromatografica dels quatre fenicols
(columna Acquity BEH C18 de 10 cm de longitud). En aquesta tesi, a més de les
columnes de nucli solid, també es va estudiar el comportament dels fenicols en una
columna de particules totalment poroses de fase estacionaria pentafluorofenilsila (PFP).
La separacié aconseguida es mostra a la Figura 2.2 (condicions descrites en |'apartat
experimental de I'Article |, Apartat 2.2.1). Les eficacies obtingudes en aquesta separacié
son prou bones en comparaciéo amb les de les columnes de nucli solid, tal i com es pot
observar en la Taula 2.3, on es recullen els parametres cromatografics corresponents a

aquesta separacid. No obstant aix0, el temps d’analisi és molt superior (entre 2 i 4
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vegades) al de la resta de columnes i el fet d'obtenir unes amplades de pic superiors fa
gue s'augmenti el limit de deteccid instrumental per als fenicols. Un dels trets més
diferenciadors d’aquesta columna és el canvi de selectivitat per a la FFA, que passa a ser
el compost més retingut (Figura 2.2). Aquest fet esta relacionat, com ja s’"ha comentat en
la introduccié del present capitol, amb la capacitat de les fases estacionaries PFP de
presentar un comportament tipus HILIC amb analits cationics petits. Aixd comporta que
la retencié de la FFA en aquesta columna s'incrementi en augmentar el percentatge de

modificador organic (en aquest cas metanol) quan la fase mobil té un elevat contingut

de modificador organic.

3
100 3.39
g 1
2 6.71
(1]
o 4
Q
= 201 4.24
Q
c
@
E 2
2 t,=1.32 2.72
1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Temps (min)

Figura 2.2. Separacid cromatografica dels fenicols en una columna de
particula totalment porosa (3 pum) de fase PFP. Compostos: 1.- FFA, 2.- TAP,
3.- FF, 4.- CAP. Les caracteristiques de la columna i les condicions
cromatografiques es troben a I’article cientific | (Apartat 2.2.1).

Taula 2.3. Parametres cromatografics obtinguts per a les separacions dels fenicols
en la columna PFP (Figura 2.2).

Columna Compost tz (min) k' Wy (s) N

Pentafluorofenil CAP 4,24 2,2 6,6 8293
TAP 2,72 1,1 6,6 3413
FF 3,39 1,6 6,1 6196
FFA 6,71 4,1 10,7 7865
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Una possible explicacid a aquest fet rau en la possibilitat d’una interaccid de bescanvi
ionic amb els silanols del suport de silice. A la Figura 2.3 es mostren els diferents tipus
d’interaccions que es poden donar entre la FFA i la fase estacionaria PFP quan les
cadenes de fase estacionaria es troben obertes com a conseqtiéncia de la preséncia a la
fase mobil d’'un elevat percentatge de modificador organic. Com es pot observar, la mida
de la molecula de FFA permet que aquesta s’introdueixi facilment entre les cadenes
pentafluorofenilsila i pugui arribar a interaccionar amb els silanols desprotonats del
suport. L'accessibilitat dels analits fins als silanols lliures en la columna PFP és més
pronunciada que en altres fases estacionaries, probablement perquée la mida dels grups
pentafluorofenil comporta que la densitat de recobriment sigui menor. Per altra banda,
alguns autors indiquen que els grups silanols lliures en aquest tipus de columnes
presenten una major acidesa, encara que les causes no estan del tot esclarides [Bell i
Jones, 2005]. En qualsevol cas, un dels mecanismes predominants en la retencio de la
FFA en la columna PFP és la interaccié electrostatica (Figura 2.3). Conseqlientment,
petites variacions de la forca ionica de la fase mobil produeixen canvis substancials en la
retencié d’aquest compost i, per tant, la reproductibilitat dels temps de retencié per a la

FFA és més baixa que en columnes de fase invertida (Article cientific I, Apartat 2.2.1).

H4C
\ P F
e F O-“c:_s/ F.

Figura 2.3. Esquema de les diferents interaccions possibles
(electrostatiques, ponts d’hidrogen, dispersives i de transferéncia de
carrega) entre la FFA (dibuixada en blau) i la fase estacionaria
pentafluorofenilpropilsila (dibuixada en negre).
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Una altra opcio recomanada a la literatura per a la separacié de compostos molt polars
per cromatografia de liquids és I'Gs de columnes de mode mixt. En aquesta tesi s’ha
avaluat una columna d’aquestes caracteristiques d’ultima generacié (Obelisc R) per a la
separacié de 13 aminoglicosids (Article Il, Apartat 2.2.2). Els resultats obtinguts amb
aquesta columna s’han comparat amb els obtinguts emprant una columna HILIC de silice
pura de particules de nucli solid. A la Figura 2.4 es mostren les estructures de les fases
estacionaries de les columnes HILIC silice pura (HILIC bare silica) i Obelisc R per facilitar
la discussié dels resultats. Cal dir, perd, que l'estructura quimica exacta de la fase
estacionaria de la columna Obelisc R no ha estat divulgada pel fabricant i només se’n
coneixen algunes propietats fisicoquimiques. A la figura s’inclou també I'estructura de la
fase estacionaria HILIC zwitterionica (ZIC-HILIC), ja que és la més emprada a la literatura

per a I'analisi d’aminoglicosids.

Silice pura
ZIC-HILIC
©
Obelisc R
J'\N\NWVVU’U’\NVUW‘U‘VW‘@
Subcapa Fase mobil
enriquida enriquida en
en aigua acetonitril

Figura 2.4. Estructures de les fases estacionaries HILIC (silice pura) (a dalt), HILIC
zwitterionica (centre) i Obelisc R (a baix).
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En una primera fase del treball es va estudiar el comportament dels aminoglicosids (AGs)
en la mateixa columna HILIC de silice pura utilitzada en I'analisi del fenicols i es va
avaluar I'efecte de la concentracié i el pH del tampd en la retencid i separacidé dels
compostos. En general, els aminoglicosids mostren una elevada retencié en aquesta
columna encara que la retencid disminueix en augmentar la concentracié del tampd a la
fase mobil. A mode d’exemple, a la Figura 2.5 es mostren els cromatogrames obtinguts
per a la dihidroestreptomicina (DHSTR) en la columna HILIC emprant com a fase mobil
acetonitril i una solucié amortidora d’acid formic-formiat d’amoni (pH 2,75) a dues
concentracions, 20 i 50 mM. Com es pot observar, en augmentar la concentracié de la
solucié amortidora la retencié de la DHSTR disminueix i 'amplada de pic es redueix
considerablement. Aquesta disminucid en el temps de retencié posa de manifest que el
mecanisme predominant en la retencié de la DHSTR és d’interaccié ionica, tot i que la
guantitat de silanols desprotonats del suport és baixa, ja que es treballa a un pH per sota
de 3. En augmentar la concentracié del tampd augmenten els cations presents a la fase
mobil que competeixen amb I'analit pels setis d’interaccié ionica, la qual cosa provoca
que la retencié disminueixi. En conseqliencia, convé utilitzar una concentracid

relativament elevada de tampd (50 mM o superior).
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Figura 2.5. Cromatograma obtingut per a la DHSTR en una columna
Ascentis Express HILIC (100 mm x 2,1 mm, 2,7 um) (Supelco) amb
elucié isocratica acetonitril:tampd acid formic/formiat d’amoni pH 2,75
(500 pL min'') a diferents concentracions de tampd, 20 i 50 mM.
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Ara bé, en aquestes condicions la major part dels aminoglicosids, i especialment la
neomicina (NEO), la paromomicina (PARO) i I'apramicina (APRA) (Figura 1, I’Article 1I,
Apartat 2.2.2), presenten una elevada retencié en aquesta columna i uns pics amb
moltes cues, probablement degut a la gran quantitat de grups donadors d’electrons i
acceptors de protons presents en els aminoglicosids que poden formar ponts
d’hidrogen. Aixo implica que per poder eluir aquests compostos i obtenir uns pics amb
una forma acceptable calgui augmentar la concentracié de la dissolucié amortidora de la
fase mobil per sobre dels valors recomanables per I'acoblament a I'espectrometria de
masses (50 mM) o bé augmentar el percentatge de fase aquosa per sobre del maxim
recomanat pel fabricant per a assegurar I'establiment de la bicapa de fase mobil que
permet la particié dels compostos segons el mecanisme HILIC. En conseqgliéncia, aquesta
columna es va descartar per a analisi dels compostos tot i que ha estat emprada a la
literatura [Gremilogianni i cols., 2010] per a la separacié de STR i DHSTR, que sén dos
dels aminoglicosids que menys retencid presenten. Aquests autors, pero, van necessitar
una concentracié de formiat d’amoni 150 mM per a aconseguir temps d’analisi inferiors
als 8 minuts. En aquest context cal esmentar que les columnes HILIC més emprades per
a la separacié cromatografica d’aminoglicosids sén les ZIC-HILIC (Figura 2.4, centre) que
presenten una retencié lleugerament inferior a les de silice pura. Aquesta fase conté un
grup sulfonic amb carrega negativa permanent amb independéncia del pH de la fase
mobil que fa que les interaccions per bescanvi cationic siguin molt importants, tot i que
es tracta d’'una fase amb una menor carrega superficial que la silice pura [Hemstrom i
Irgum, 2006] i un apantallament parcial dels silanols del suport per la funcionalitzacié. La
gran importancia del mecanisme de bescanvi ionic en la retencié comporta, també en
aquest cas, la utilitzacié de dissolucions amortidores d’elevada concentracié (> 150 mM)
per a aconseguir una adequada elucié dels AGs. Per exemple, alguns autors han
necessitat utilitzar acetat d’amoni 200 mM amb 0,1% d’acid formic [Bohm i cols., 2013],
acetat d’amoni 150 mM amb 1% d’acid formic [Ishii i cols., 2008] o formiat d’amoni 175
mM amb 0,2% d’acid formic [Kumar i cols., 2011; Kumar i cols., 2012]. Donat que
aquestes concentracions sén contraproduents per a I'acoblament a I'espectrometria de

masses, aquesta columna no s'ha avaluat en aquesta tesi.
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Per a la separacié dels aminoglicosids, en aquesta tesi s’ha utilitzat una columna Obelisc
R amb una fase estacionaria de mode mixt d’estructura similar a les fases HILIC
zwitterioniques i que conté dos grups ionics, un carregat positivament (tipus amina
guaternaria) i I'altre carregat negativament, separats per una cadena hidrofobica (Figura
2.4, inferior). A diferencia de les columnes ZIC-HILIC, en aquest cas el grup carregat
negativament és de tipus carboxilic, amb un pK, aproximat de 4,0 [Bu i cols., 2010], la
gual cosa permet regular la contribucid del mecanisme de bescanvi ionic en la separacid
cromatografica modificant el pH de la fase mobil. A més, la cadena hidrofobica és molt
més llarga, i per tant és d’esperar un major apantallament de les possibles carregues
superficials del suport. Aixo ens ha permes eliminar el tampé de la fase mobil i utilitzar
una mescla d’acetonitril i una dissolucié aquosa d’acid formic que permet mantenir el
grup carboxilic de la fase estacionaria neutralitzat i aixi poder eluir adequadament tots
els aminoglicosids analitzats sense necessitat d’emprar fases mobils amb forces idoniques
elevades. Pel que fa referéncia a I'ordre d’elucié dels compostos, aquest coincideix amb
I'observat en columnes tipus HILIC [Bohm i cols., 2013; Ishii i cols., 2008, Kumar i cols.,
2011; Kumar i cols., 2012], i a més sembla estar relacionat amb el nombre de grups
amino primaris presents en les seves estructures (Figura 1, Article Il, Apartat 2.2.2)
excepte en el cas de les gentamicines, que si es té en compte aquest criteri haurien
d’eluir just després de la higromicina (HYG) i en canvi elueixen practicament al final del
cromatograma (Figura 2, Article ll, Apartat 2.2.2). Aquest fet es pot explicar per
I"'avangcament dels compostos que elueixen entre la HYG y les gentamicines, degut a que
els grups amino d’aquests compostos no es troben disponibles per a interaccionar amb
la fase estacionaria, ja que intervenen en la formacié d’enllagos per pont d’hidrogen
intramoleculars. La formacié d’aquests enllacos esta afavorida per la preséncia de
substituents metanamino i hidroximetil en els anells glicosidics d’aquests compostos. A
mode d’exemple es mostren en la Figura 2.6 les estructures de la gentamicina C1
(GENC1) i la paromomicina (PARO), on es pot apreciar que la GENC1 té menys grups
amino primaris que la PARO, tot i que es queda més retinguda en la columna (Article I,
Apartat 2.2.2). Per contra, la major dificultat en establir interaccions intramoleculars
entre els substituents amino i hidroxil presents en la gentamicina permet explicar la

major interaccié d’aquests compostos amb la fase estacionaria.
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Figura 2.6. Estructura de la gentamicina C1 i la paromomicina.

A I’hora d’avaluar quin es el mecanisme predominant en la retencié dels aminoglicosids
en la fase estacionaria de les columnes Obelisc R, s’han de tenir en compte diferents
aspectes. En primer lloc i com ja s’ha comentat, el mecanisme de bescanvi ionic esta
restringit pel baix pH de la fase mobil (acid formic) utilitzada. El mecanisme de particié
entre la capa enriquida en aigua i la fase mobil enriquida en fase organica, que és un
dels predominants en aquesta columna segons Lammerhofer i cols. [Lammerhofer i
cols., 2008], permet explicar la disminucié dels temps de retencid en augmentar el
percentatge de fase aquosa a la fase mobil. No obstant aix0, aquest no és I'Unic
mecanisme que intervé en la interaccid, ja que l'ordre d’elucid no es correspon
directament amb I’hidrofilicitat dels compostos. D’altra banda, les interaccions per pont
d’hidrogen amb la fase estacionaria també sén significatives en la retencié de
compostos amb un gran nombre de grups hidroxil [Lémmerhofer i cols., 2008], i, en el
nostre cas, aixo0 hauria de comportar que aquells compostos amb més grups hidroxil
presentessin una retencié més elevada. Ara bé, compostos com I'amikacina (AMIK) o la
DHSTR amb molts grups formadors de ponts d’hidrogen es retenen menys que les GEN,
la qual cosa indica que aquest mecanisme no és en tot cas el principal. Un altre efecte
interessant observat en el nostre estudi és I'augment de la forca eluotropica en
augmentar el percentatge d’acid formic a la fase mobil (Article Il, Apartat 2.2.2). Aquest
fet podria estar relacionat amb I'apantallament dels setis tant de bescanvi idnic com

d’interaccions per ponts d’hidrogen de la fase estacionaria amb les molécules d’acid
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formic, com també per la possible formacio de parells idonics amb els analits. Tal com ja
s’ha comentat, la forca eluotropica de la fase mobil augmenta a percentatges elevats de
fase aquosa i també quan s’augmenta el percentatge d’acid formic a la mateixa. Aixi, per
tal d’aconseguir una retencié i elucié adequades dels compostos amb un temps raonable
es proposa treballar amb un gradient ternari de ACN, aigua i acid formic a I'1% (Article I,
Apartat 2.2.2 i Article Ill, Apartat 2.2.3). D’aquesta manera s’aconsegueix la retencié dels
compostos que elueixen primer (SPC i KAS) i un temps de retencié acceptable i uns pics
sense cues per als compostos que mostren una major retencié (NEO i GEN). Tot i que la
separacio dels aminoglicosids aconseguida en la columna Obelisc R no és a linia de base
(Figura 2, Article Il, Apartat 2.2.2), els metodes proposats a la literatura generalment
tampoc aconsegueixen separacions complertes, degut a la gran similitud dels analits i a
que la forta retencié que presenten dificulta la seva separacié cromatografica en temps
raonables. Aixo no obstant, la seleccié adequada dels ions precursor i dels ions producte
en I'adquisicié monitorant multiples reaccions (MRM) ha permes separar adequadament

els senyals de cadascun dels analits (Article I, Apartat 2.2.2).

Un cop establerta la separacid, s'ha procedit a avaluar les millors condicions per a
I'acoblament a l'espectrometria de masses i a establir el metode d'adquisicid més
adient. Per tal d'aconseguir la maxima sensibilitat i obtenir els suficients punts
d'identificacié d'acord amb la legislacié europea [657/2002/EC], s'ha escollit el mode
d'adquisicio MRM, seleccionant les dues transicions més sensibles i selectives per a cada
compost a partir de l'estudi de la fragmentacié dels fenicols i dels aminoglicosids
mitjangant I'espectrometria de masses en tandem. Les condicions d’ionitzacid i I'estudi
de la fragmentacid dels fenicols s’inclou en el Capitol 3 d'aquesta memoria (Apartat
3.2.1), el qual esta dedicat a I'espectrometria de masses. La font emprada per a la
ionitzacid dels aminoglicosids fou I'electrosprai assistit termicament (Heated-
electrospray, H-ESI) , donada l'elevada polaritat dels analits. Pel que fa referéncia a la
fragmentacid dels aminoglicosids, les rutes de fragmentaciéd han estat publicades a la
literatura [Kotretsou, 2004; Zhu i cols., 2008; Goolsby i Brodbelt, 2000; Hu i cols., 2000] i
mostren que els ions producte més importants sén els originats pel trencament de
I'enllag glicosidic i transferéencia protonica cap a l'oxigen glicosidic. No obstant aixo, la

composicié elemental de I'estructura proposada en alguns treballs per a I'id producte
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m/z 246 de l'estreptomicina (STR) i la DHSTR, emprada com a i6 producte de
confirmacio, no es corresponia amb la massa exacta observada en un espectrometre de
masses Q-Exactive amb analitzador hibrid quadrupol-orbitrap. Per aquest motiu, en
aquesta tesis es proposa una estructura diferent, que prové de la pérdua combinada de
la subunitat d'estreptobiosamina i amoniac per a I'id6 producte m/z 246 (Article Il,
Apartat 2.2.2). Igualment, s'han proposat les estructures per als ions producte més
importants de la kasugamicina (KAS) (Article Ill, Apartat 2.2.3), que no havien estat
descrits en la literatura. A la figura 2.7 es mostren les principals fragmentacions de
I'estreptomicina i la kasugamicina, les quals han estat descrites més en profunditat en

els articles cientifics Il (Apartat 2.2.2) i Ill (Apartat 2.2.3). Tal i com succeeix per a la

m/z 246
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Estreptomicina (STR) Kasugamicina (KAS)
Figura 2.7. Estructura i fragmentacions més importants de

I’estreptomicina i la kasugamicina.

resta d'aminoglicosids, els productes més intensos provenen de la fragmentacié de
I'enllag glicosidic, corresponent a la perdua de glucosa (m/z 200), i també la pérdua
simultania de glucosa i acid amino(imino)acétic (m/z 112). Aquests dos ions producte

van ser escollits per a les transicions MRM de la KAS.

Els métodes LC-MS/MS desenvolupats han estat aplicats a I'analisi de diferents matrius
alimentaries com ara carns (porc, vedella i pollastre), peix, mel i fruites i verdures. En
tots els casos, s'ha aconseguit arribar a la sensibilitat necessaria per a determinar els
analits al nivell de concentracio fixat pel MRL de cada matriu. Igualment, s'han avaluat

parametres de qualitat com ara la repetitivitat i la reproductibilitat, els limits de deteccid
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(LOD) i quantificacio (LOQ), i el limit de decisié (CCa) i la capacitat de deteccio (CCB) en
les matrius estudiades. En tots els casos, els valors obtinguts per als diferents
parametres han estat satisfactoris segons estableix la legislacié europea per als metodes
de control [657/2002/EC]. Per a la quantificacié de les mostres, s'ha emprat el métode
matrix-matched per tal de corregir I'efecte matriu i les pérdues d'analit durant el
tractament de la mostra. A més, en el métode per a la determinacié de KAS i STR en
fruites i verdures la dilucié de la mostra (1:5) amb acetonitril ha permeés reduir
notablement la supressié de la ionitzacié observada per a la KAS i obtenir una millora de
la sensibilitat per a aquest compost de fins a 100 cops (Article Ill, Apartat 2.2.3).
Finalment, es van analitzar diverses mostres adquirides en botigues locals i només es va
trobar una mostra de salsitxa tipus frankfurt positiva en gentamicina, tot i que per sota

del nivell legislat (Article Il, Apartat 2.2.2).

119



Capitol 2

120



CAPITOL 3

Espectrometria de masses: fonts, rutes de
fragmentacié i analisi directa






Capitol 3

Les excel-lents prestacions de |'espectrometria de masses tant pel que fa a sensibilitat,
selectivitat i a la gran quantitat d’informacié estructural que ofereix, especialment
acoblada a tecniques de separacid, fan que avui dia sigui I'eina de referéncia en molts
laboratoris analitics per a la determinacid de compostos organics regulats. La deteccid i
caracteritzacié de compostos organics de polaritat mitjana-alta es duu a terme avui dia
principalment mitjangant I'espectrometria de masses acoblada a la cromatografia de
liquids (LC-MS). La selectivitat i sensibilitat d’aquests metodes depenen basicament de
I’'adequada seleccié de la font d’ionitzacio, de I'analitzador de masses, aixi com del mode
d’adquisicié que permetin aprofitar al maxim les capacitats dels sistema instrumental. A
més, les capacitats d’alguns analitzadors de masses de dur a terme experiments
d’espectrometria de masses en tandem permeten realitzar estudis de fragmentacié
necessaris per a caracteritzar els compostos detectats, identificar els ions productes més
caracteristics i seleccionar les transicions més sensibles i selectives per tal de dotar als
meétodes de LC-MS d’una major selectivitat i sensibilitat. En aquesta tesi s’han avaluat
diferents fonts d’ionitzacid per a l'acoblament de la cromatografia de liquids a
I'espectrometria de masses. També s'han aprofitat les caracteristiques de diferents
analitzadors de masses per a estudiar els espectres de tandem en el temps i en I'espai
dels analits tant en baixa com en alta resolucid, i se n'han proposat les rutes de
fragmentacid. La informacié espectral s’ha aprofitat tant per a proposar les transicions
més adequades per a la determinacié quantitativa target per LC-MS/MS emprant el
mode d’adquisici6 MRM, com per a I'analisi non-target i la identificacié de compostos
desconeguts utilitzant I'espectrometria de masses d’alta resolucié. En aquest ultim cas
s’ha combinat I'Us de llibreries espectrals i programaris de fragmentacid in silico amb

bases de dades quimiques.

En aquest capitol s’inclou una introduccid breu sobre I'espectrometria de masses, una
part experimental amb els treballs publicats, i finalment una discussié de resultats. En la
breu introduccid es comenten els aspectes més rellevants de les fonts d'ionitzacié
emprades més comunament en |‘acoblament de la cromatografia de liquids a
I'espectrometria de masses (electrosprai, ionitzacié quimica a pressié atmosférica i
fotoionitzacid a pressid atmosferica), aixi com de les fonts d'ionitzacié emprades en

I'analisi directa de mostres. També es fa una breu descripcid dels analitzadors més
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emprats, fent émfasi en els modes de treball i els avantatges i inconvenients de
cadascun. A part, es comenten les capacitats dels nous analitzadors hibrids que
combinen la tecnologia orbitrap amb analitzadors de trampa d’ions o quadrupolars, que
permeten dur a terme experiments d’espectrometria de masses en tandem amb mesura
d'alta resolucio dels ions producte. Aquests instruments ofereixen interessants métodes
d’adquisicié que aporten més informacié estructural i de major qualitat. Igualment, es
comenten les estrategies més habituals per al tractament de les dades espectrals i per la
identificacié de desconeguts. L‘apartat experimental inclou un treball sobre I'Gs de les
diferents fonts d’ionitzacié a pressié atmosferica per a la ionitzacid dels compostos de la
familia dels fenicols, on a més, se n’estudien les rutes de fragmentacié. El seglient
apartat es dedica a estudiar la formacié d’adductes en espectrometria de masses en
tandem, fenomen que s’ha observat per alguns compostos (inclosos certs medicaments
veterinaris) i que produeix l'aparicié en l'espectre de tandem ions producte dificils
d'explicar. A més, en el cas d'afectar als ions emprats en les transicions SRM, pot
modificar-ne les intensitats relatives i, per tant, afectar negativament a la confirmacid
dels analits. Per ultim, s’inclou un treball on es desenvolupa un métode d’analisi directa
non-target de mostres de drogues il-legals i nous productes estupefaents mitjancant

espectrometria de masses d’alta resolucio.
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3.1. INTRODUCCIO.

Des de les primeres mesures de relacions massa/carrega (m/z) d’ions efectuades per J. J.
Thomson emprant camps electromagneétics a principis del segle XX, passant pel
desenvolupament dels primers analitzadors de temps de vol (1946) i quadrupolars
(1953), de fonts d’ionitzacié quimica (1966) i d’electrosprai (1968), fins arribar als ultims
analitzadors tipus orbitrap (2000), els avencgos realitzats en espectrometria de masses
han permés nombroses aplicacions i descobriments en camps cientifics tan diversos com
ara el farmacologic, el biomedic, I'analitic o el mediambiental, per donar alguns
exemples. Gran part d’aquestes aplicacions han estat possibles arran de I’acoblament de
les técniques de separacio a I'espectrometria de masses, ja que permet aconseguir una
deteccié i quantificacié sensible i selectiva dels compostos estudiats, a més de
proporcionar noves eines per a |'elucidacid estructural i la identificacié de substancies
desconegudes. En aquest sentit, les innovacions més recents han estat destinades d'una
part a desenvolupar noves fonts d'ionitzacié per a I'acoblament de la cromatografia de
liquids a I'espectrometria de masses i de I'altra, a millorar les capacitats dels analitzadors
existents o a crear-ne de nous amb els quals s'aconsegueixi informacié espectral de

millor qualitat.

3.1.1. FONTS D'IONITZACIO | ANALITZADORS.

Avui dia l'electrosprai (ESI) és, de lluny, la font d'ionitzacié a pressid6 atmosférica
(atmospheric pressure ionization, API) més emprada en |'acoblament de la cromatografia
de liquids a I'espectrometria de masses, ja que és compatible amb un gran ventall
d’analits de polaritat mitjana-alta i, a més, el seu mecanisme d'ionitzacié permet la
generacié d'especies multiplement carregades, la qual cosa possibilita analitzar
molecules d'elevat pes molecular sempre que aquestes presentin en la seva estructura
guimica diversos grups funcionals ionitzables. A més, és la font d'ionitzacido més "tova",
amb la qual cosa s'aconsegueix una baixa fragmentacié a la font i un senyal (ié) o grups
de senyals (cluster isotopic o d'ions multiplement carregats) per a cada molécula d’analit
(generalment la molecula protonada o desprotonada). Ara bé, la ionitzacié en

electrosprai té lloc en fase liquida on I'analit generalment es protona o desprotona via
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equilibris acid/base. En la posterior formacié de gotes carregades enriquides en ions
positius o negatius (depenent de la polaritat emprada) els ions passen a la fase gas via
procés d’evaporacio ionica. Ara bé, s’ha de tenir en compte que l'electrosprai és una
font més sensible que d’altres fonts APl a efectes de disminucio (supressid) o augment
(enhancement) de la ionitzacié. Aquests efectes de modificacié de I'eficacia en la
ionitzacio es produeixen per la presencia de substancies que coelueixen amb els analits
o pels mateixos additius de la fase mobil, que competeixen amb els ions d’analit per
passar a la fase gas. D'altra banda, la capacitat de I'analit de formar adductes amb els
constituents de la fase mobil (sodi, amoniac, clorur, formiat o acetat) pot fer disminuir la
intensitat dels ions [M+H]" o [M-H]" emprats normalment com a ions diagnostic. Un
efecte advers tant de la supressio de la ionitzaci6 com de I'augment del senyal és Ila
possible introduccié d’errors en la quantificacié si no es corregeixen adequadament.
Aix0 obliga a desenvolupar metodes d’analisi que contemplin I'eliminacid, o almenys la
minimitzacié, d’aquests efectes de supression/enhancement. Pel que fa referéncia a la
ionitzacid quimica a pressid atmosferica (Atmospheric Pressure Chemical lonization,
APCl), la segona font d'ionitzaci6 més emprada en LC-MS, la ionitzacié es produeix en
fase gas mitjancant reaccions i6-molécula iniciades en aplicar un elevat potencial a un
eléctrode en forma d’agulla (efecte corona). En aquests processos en fase gas els
compostos que coelueixen interfereixen menys en I'eficacia d'ionitzacié de les molecules
d’analit. Com a resultat, I'APCI es mostra com una font d’ionitzacid menys sensible a la
supressié de la ionitzacié i a la formacié d'adductes. Ara bé, és una técnica d’aplicacié
més restringida que I'ESI ja que és més adequada per a molécules de polaritat mitjana-
baixa i de pes molecular relativament baix. A més, les condicions més energetiques
d’aquesta tecnica fan que es pugui produir una major fragmentacié a la font i que com a
consequencia disminueixi la intensitat dels ions d’interes. Una altra font de ionitzacié
gque ha comencat a ser emprada en els ultims anys és la fotoionitzacid a pressid
atmosferica (Atmospheric  Pressure Photoionization, APPI), desenvolupada a
comencaments del segle XXI per Robb i cols. [Robb i cols., 2000] i que ha possibilitat
I'analisi de molecules menys polars com ara hidrocarburs aromatics policiclics,
esteroides, lipids o ful-lerens, entre d'altres [Marchi i cols., 2009]. La ionitzacié en APPI
es produeix en fase gas, gracies als fotons emesos per una lampada ultraviolada de buit

(Vacuum Ultraviolet, VUV). Generalment la fotoionitzacié directa de I'analit és poc eficag
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i cal emprar solvents organics (dopants) facilment fotoionitzables com ara tolue,
acetona, anisol o tetrahidrofura, que s’afegeixen a la fase mobil (5-20% v/v). Els dopants
inicien una cascada de reaccions i6-molécula en fase gas (transferencia de carrega,
transferéncia protonica o captura electronica) tant amb el solvent de la fase mobil com
amb els analits, que acaben produint finalment la ionitzacié d'aquests ultims [Robb i
Blades, 2008]. A finals de la decada passada es van desenvolupar també fonts
d'ionitzacié combinades ESI-APCI [Zhou i cols., 2008] i ESI-APPI [Short i Syage, 2008] per
tal d'intentar aprofitar els avantatges de cadascuna, tot i que ara com ara no

s'aconsegueix millorar les prestacions aconseguides amb les fonts d'ionitzacid simples.

D'altra banda, durant aquests ultims anys s’han introduit en el panorama de técniques
analitiques un nou grup de teécniques d’ionitzacié a pressid atmosferica que permeten
I'analisi directa de les mostres amb una minima o nul-la manipulacié. Aquestes tecniques
es coneixen com espectrometria de masses "ambient”, que es podria traduir com
"espectrometria de masses en el propi entorn". Aquests sistemes permeten la desorcid i
ionitzacio dels analits directament a partir de la mostra o d'un extracte de la mateixa
dipositat sobre d'un suport. El camp de les técniques "ambient MS" actualment agrupa
un nombre elevat i creixent de técniques [Monge i cols., 2013], d'entre les quals s’han
de destacar les dues pioneres i que sén per les que avui dia s’han desenvolupat un major
nombre d'aplicacions [Harris i cols., 2011], la ionitzacié per desorcidé per electrospray
(DESI, desorption electrospray) [Takats i cols., 2004; Cooks i cols., 2006] i I'analisi directe
en temps real (DART, direct analysis in real time) [Cody i cols., 2005]. En el DESI, que va
ser desenvolupat pel grup de treball de Cooks I'any 2004, un esprai de gotes carregades
generades per electrosprai assistit pneumaticament es fa impactar continuament sobre
la superficie de la mostra a analitzar. L'esprai de gotes carregades en una primera etapa
crea una capa fina de solvent sobre de la superficie on es produeix I'extraccid i/o
dissolucid de l'analit, i a continuacié les gotes carregades que continuen impactant
produeixen l'ejeccié de gotes carregades més petites (electrosprai secundari), on es
produeix la ionitzacié de Il'analit per mecanismes equivalents a ['electrosprai
convencional. En el DART, desenvolupat per Laramée i Cody I'any 2005 es generen
atoms metaestables d’He mitjancant una descarrega amb electrodes en una cambra de

glow discharge (efecte corona). Aquest gas es calenta abans d'incidir sobre la mostra per
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tal de ajudar en la desorcié termica de l'analit. Els atoms d’He excitats intervenen
inicialment en una ionitzacié tipus Penning amb el N, atmosféric i aquest inicia una
cascada de reaccions i6-molécula en fase gas per formar ions reactius que donen lloc a
reaccions de protonacid, desprotonacid i transferéncia de carrega amb els analits
desorbits termicament. Com ja s'ha comentat, el gran avantatge de les fonts d'ambient
MS és la possibilitat d'efectuar I'analisi directa de les mostres, sense tractament o
separacido cromatografica. A més, el fet de treballar amb superficies fa que aquestes
tecniques puguin ser emprades per a la generacié d'imatges (imaging) de la superficie.
No obstant aixd, aquestes tecniques presenten un greu inconvenient a I'hora
d'aconseguir una quantificacié acurada de les mostres, per la dificultat en els processos

de calibratge i mostreig.

Pel que respecte a I'analitzador de masses, aquest és una de les parts fonamentals d'un
espectrometre de masses i d’ell depenen en gran mesura caracteristiques com la
selectivitat i la sensibilitat, aixi com les possibilitats de modes de treball. Tot i que la
majoria d'analitzadors de masses emprats actualment en LC-MS es van desenvolupar a
meitat del segle XX en aquesta ultima decada alguns analitzadors com els temps de vol
han ressorgit i d’altres com el orbitrap s’han desenvolupat fent possible la utilitzacié de
I'espectrometria de masses d’alta resolucié de manera robusta i rutinaria en el

acoblament LC-MS.

Anys enrere, gran part dels metodes analitics desenvolupats empraven analitzadors
guadrupolars (Q), degut a la seva alta transmissivitat dels ions, una velocitat
relativament alta d'escombratge i que estan entre els analitzadors més barats i robustos
del mercat. Aixi, la seva utilitzacié en metodes GC-MS avui dia encara esta molt estesa.
En canvi, en metodes LC-MS, on es fan servir fonts d'ionitzaci6 més "toves" que
mantenen la integritat de [I'i6 molecular/quasi-molecular, I'Gs d'aquest tipus
d'analitzadors no permet obtenir en molts casos la informacid necessaria per a la
confirmacio de la identitat de I'analit, ja que no permeten treballar en espectrometria de
masses en tandem per si sols. Els analitzadors de trampa d'ions (IT) donen solucid a
aquest problema, ja que permeten realitzar fragmentacié en el temps, de manera que es
poden dur a terme escombratges d'ions producte, i fins i tot amb fragmentacié en

etapes successives (MS"), mode que proporciona una gran quantitat d'informacio
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estructural i I'ordre genealogic dels ions producte. Per aquest motiu, I'IT és encara un
dels analitzadors senzills més emprats, tant en el camp dels métodes d'analisi target
com per a l'elucidacié estructural de compostos desconeguts. L'analitzador de trampa
d'ions és, a diferéncia del quadrupol, un analitzador polsat que emmagatzema paquets
d'ions en trajectories d’oscil-lacié estables en aplicar un camp eléctric tridimensional.
Aquests ions son enviats al detector en el procés d’escombratge en provocar la
inestabilitat de les trajectories mitjangant els potencials aplicats en els eléctrodes. La
guantitat d'ions que s'introdueixen en la trampa en cada injeccié es controla mitjangant
el dispositiu d'AGC (automatic gain control) per tal d’evitar interaccions entre els ions
(espai de carrega). A conseqliéncia del seu mode de funcionament, el temps de
residencia dels ions dins d'aquest tipus d'analitzadors és molt superior (fins a tres ordres
de magnitud) que en els quadrupols, la qual cosa pot tenir conseqiiencies en els
espectres de tandem obtinguts, com es veura més endavant en aquesta tesi. La reduida
linealitat de la trampa d'ions ha estat un dels arguments emprats en contra del seu Us,
tot i que la quantificacié és molt fiable dins del interval de linealitat. En aquest sentit, a
partir dels anys 90 es van desenvolupar les trampes lineals (LIT) que emmagatzemen els
ions en dos dimensions en l'espai format per quatre electrodes en forma de barres
paral-leles que permeten un increment en l'eficacia de I'emmagatzematge i en la
capacitat de deteccié (dos detectors radials) que comporten una millora en la

sensibilitat, aixi com també una major velocitat d'escombratge.

Tot i els seus avantatges, tant els quadrupols com les trampes d'ions sén analitzadors de
baixa resolucid (resolucié unitaria), i, per tant, son molt propensos a interferencies
isobariques. Recentment la millora en la tecnologia de fabricacié dels quadrupols i en
especial I'Us de quadrupols hiperbolics que redueixen les distorsions del camp
guadrupolar han permes treballar amb aquests dispositius a resolucions superiors (fins a
Am/z de 0,1) sense haver de sacrificar sensibilitat. En el cas de les trampes d’ions, es pot
incrementar la resolucié treballant en mode zoom scan i duent a terme escombratges
lents de petits intervals de m/z. De totes maneres, aquesta millora en la resolucid és
insuficient per resoldre la majoria de les interferéncies isobariques que es poden
produir. En canvi, els analitzadors d’alta resolucié permeten realitzar mesures de massa

exacta amb precisid de fins a 0,0001 Da prevenint el problema de moltes de les
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interferencies comentades anteriorment. Un dels analitzadors de masses d’alta
resolucié més antics i més emprats avui en dia és I'analitzador de temps de vol (TOF).
Tot i que en els seus inicis la resolucié que oferia podia en alguns casos ser insuficient, el
desenvolupament en la tecnologia d'acceleracié ortogonal, que proporciona una
distribucid inicial dels ions en I'espai i en velocitat molt més estreta, i I'Us de reflectrons
gue permeten enfocar en energies cinetiques i incrementar la distancia al detector, fa
possible aconseguir resolucions de fins als 60.000 FWHM (full width half maximum,
amplada de pic a mitja algada) a m/z 1222, tot i que segueix sent molt inferior a la que
s'aconsegueix amb altres analitzadors d'alta resolucio. A més, per tal d’obtenir una bona
exactitud en la mesura de la massa (<5 ppm) cal utilitzar un calibratge intern de I'eix de
masses (lock mass) o aplicar correccions post-analisi. El gran avantatge del TOF davant la
resta d'analitzadors és la seva superior freqiéncia d'adquisicié, ja que la mesura dels
m/z dels ions es fa simultaniament en el sistema de deteccid sense que es dugui a terme
cap escombratge de voltatges en I'analitzador. A més, les noves tecnologies de deteccié
digital han permeés millorar tant I'exactitud de massa com la linealitat d'aquests
analitzadors. L'analitzador de masses que avui dia ofereix la maxima resolucié és el de
ressonancia ciclotronica d'ions amb transformada de Fourier (FT-ICR). En aquest
analitzador els ions sén atrapats en una cel-la cubica on els ions sén atrapats, excitats i
detectats mitjangant camps electrostatics i magneétics. En el FT-ICR les freqiiéncies de gir
dels ions depenen de la relaci6 m/z, i la resolucid és inversament proporcional a la
velocitat d'escombratge. El FT-ICR, a més d'una excel-lent capacitat per a resoldre
interferencies isobariques, proporciona mesures de massa exacta amb una exactitud per
sota de 1 ppm i amb calibratge extern de I'eix de masses. Generalment, les resolucions
en aquest analitzador estan per sobre del 100.000 FWHM a m/z 400, tot i que alguns
autors han arribat fins als 39.000.000 FWHM a m/z 609 [Nikolaev i cols., 2011], pero el
seu Us sovint és incompatible amb les separacions cromatografiques molt rapides. A
més, el seu cost de compra i manteniment és molt superior a la resta d'equips, atesa la
necessitat d'un camp magnétic intens i estable, la qual cosa fa que es destinin a
aplicacions molt concretes generalment relacionades amb protedomica i metabolomica
emprant separacions molt lentes o fins i tot analisi directa [Marshall i Hendrickson,

2008].
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L'orbitrap és un analitzador de masses d'alta resolucid desenvolupat recentment
[Makarov, 2000]. Aquest analitzador consta d’un eléctrode extern en forma de barril i un
electrode intern en forma de fus. Els ions sén injectats tangencialment per paquets dins
el camp eléctric generat entre els dos eléctrodes i queden atrapats degut a que |'atraccid
electrostatica cap a I'eléctrode interior es contraresta amb la for¢a centrifuga. Aixi, els
ions circulen en orbites al voltant de I'electrode central i a la vegada es desplacen al llarg
de I'eix d’aquest eléctrode, de manera que els ions amb una mateixa relacié m/z es
mouen en anells que oscil-lants al voltant del fus central i la freqliencia d’aquestes
oscil-lacions harmoniques és independent de la velocitat de l'id i inversament
proporcional a I'arrel quadrada de m/z. Per a injectar els ions s’utilitza una petita trampa
d'ions en forma de C (C-trap), que primer estabilitza emprant un gas buffer, després
compacta i finalment injecta els ions dins I'analitzador. Tot i que amb un orbitrap no
s'arriba a les resolucions d'un FT-ICR, aquest analitzador aconsegueix facilment
resolucions de 100.000-240.000 FWHM (m/z 200), proporciona una molt bona exactitud
en la mesura de la massa (< 2-3 ppm) i presenta una gran estabilitat de I'eix de masses,
sent possible treballar emprant calibratge extern. Ates que la resolucié en aquest
analitzador és inversament proporcional a la velocitat d’escombratge, es pot
compatibilitzar I'ds d'aquest equip amb una separacié cromatografica rapida reduint la
resolucié de treball. Encara que l'orbitrap és un analitzador basat en la tecnologia
trampa d'ions no permet dur a terme la fragmentacid dels ions dins del mateix
analitzador. No obstant aixo, els sistemes que incorporen aquest analitzador disposen
d’una cel-la de dissociacid HCD (Higher-energy Collisional Dissociation) que permet dur a
terme la fragmentacié dels ions (all-ion fragmentation) per tal de tenir informacio

estructural addicional (Figura 3.1).

3.1.2. ANALITZADORS HIBRIDS.

Els analitzadors hibrids sorgeixen de la necessitat d’obtenir informacié estructural
addicional i de la voluntat de combinar els punts forts de cada analitzador mencionats
en l'apartat anterior per tal d'aconseguir nous modes de treball més sensibles, selectius i
amb una major capacitat de caracteritzacido. En LC-MS els analitzadors hibrids sén

especialment atils ja que les fonts d’ionitzacid a pressid atmosferica emprades en aquest
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acoblament generen espectres de masses amb nul-la o molt baixa fragmentacid. Aixi,
I'espectrometria de masses en tandem permet obtenir informacid estructural a partir de
la fragmentacié dels ions generats a la font d’ionitzacié. Els analitzadors de masses com
la trampa d'ions i el FT-ICR permeten realitzar en el mateix dispositiu la fragmentacio
dels ions, previa seleccié de I'ié precursor i mitjangant experiments de tandem en el
temps. En canvi, la resta d’analitzadors com els quadrupols, el TOF o l'orbitrap s’ha de
recorrer a la fragmentacié a la font d'ionitzacié (in source) o a sistemes hibrids on
s’acoblen dos analitzadors de masses en série per dur a terme fragmentacions via

tandem en I'espai.

Cel:laHCD C-trap

Octapol (orbitrap) o
qguadrupol (Q-orbitrap)

Orbitrap

Figura 3.1. Esquema de l'espectrometre de masses amb
analitzador Q-orbitrap emprat en aquesta tesi (imatge de
ThermoFisher Scientific).

Els sistemes de triple quadrupol sén molt sensibles i selectius i molt adequats per
I'analisi quantitativa, especialment quant es treballa en el mode de MRM. Si es
segueixen dues transicions amb un id precursor i dos ions producte com recomanen
algunes normatives [657/2002/EC], s'obtenen 4 punts d'identificacid, suficients per a
una analisi confirmatoria segons la legislacié. Per aquest motiu, aquest analitzador és
I'emprat en prop d'un 80% dels metodes d'analisi quantitativa citats en la introduccid

d'aquesta tesi. Tot i aixi, en alguns casos no és suficient emprar dues transicions, ja que
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es poden produir interferéncies isobariques amb compostos coeluents de la matriu que
afecten a la relacié d'intensitats entre les dues transicions (ion ratio), donant lloc a falsos
negatius. En aquests casos, es recomana utilitzar una tercera transicié [657/2002/EC],
modificar la separacié cromatografica o emprar l'alta resolucié per tal de separar la
interferencia per poder confirmar la preséncia de I'analit i, si és possible, identificar el
compost interferent. D'altra banda, en els triple quadrupols els modes de treball "non-
target" com ara I'escombratge d'ions precursor o d'ions producte o fins i tot el mode de
pérdua de neutres, que poden ser Utils per a la identificacié de compostos analegs,
metabolits o productes de transformacid, impliquen I'obtencié d’espectres de masses en
full scan i com a conseqliéncia sén menys sensibles. Per contra, els sistemes de trampa
d’ions proporcionen espectres de masses en full scan amb molt bona sensibilitat, encara
gue alguns modes d’adquisici6 com el d’ions precursor o de pérdua de neutres no es
poden dur a terme i s’ha de recérrer a la combinaciéd de modes d’escombratge i post-

processament de les dades per tal d’obtenir aquest tipus d’informacié.

Els instruments hibrids d’avui dia poden assolir velocitats elevades d’escombratge amb
una molt bona sensibilitat combinant un quadrupol, com a primer analitzador per aillar
I'id precursor, i un segon analitzador dotat d’una elevada freqliéncia d’adquisicié
d'espectres full scan i gran sensibilitat. Aquest tipus d’analitzadors hibrids fan possible
tant I'analisi "target" d’un nombre de substancies molt elevat, com I'analisi "non-target"
per a la identificacié d’'un nombre il-limitat de substancies, sense discriminar en funcié
dels compostos d’interés, i poden realitzar un post-processament de les dades
mitjancant I'analisi retrospectiva de les mostres. Per aquest motiu, el Q-TOF i el Q-
orbitrap sén avui dia els analitzadors més emprats en metodes LC-MS [Hernandez i cols.,

2012].

L'analitzador de masses hibrid d'alta resolucié amb el qual s'ha realitzat part del treball
experimental d'aquesta tesi és el quadrupol-orbitrap (Q-orbitrap). Aquest analitzador
desenvolupat recentment combina, tal i com succeeix amb el Q-TOF, la velocitat
d'escombratge d'un quadrupol amb l'alta resolucié de l'orbitrap. La resolucié que
permet obtenir aquest analitzador (fins a 140.000 FWHM a m/z 200) és molt superior a
I'aconseguida amb els Q-TOF. Amb aquest analitzador hibrid (Figura 3.1) la fragmentacié

es pot realitzar amb seleccié de precursor al quadrupol (target-MSz) per dur a terme la
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seva fragmentacid en la cella HCD, aixi com emprar el quadrupol en mode de
transmissid i dur a terme la fragmentaciod simultania en la cel-la HCD de tots els ions
generats a la font d’ionitzacié (all-ion fragmentation). Aquest analitzador és
especialment atil per a I'analisi non-target, ja que facilita molt I'elucidacié estructural i la
identificacid de compostos desconeguts. El principal inconvenient del Q-orbitrap és la
baixa velocitat d'escombratge, especialment si es treballa a resolucions molt elevades o
es vol dur a terme diferents experiments en un mateix cicle d’adquisicié, que pot
dificultar l'acoblament amb sistemes cromatografics de molt elevada eficacia
cromatografica (UHPLC). Per aquest motiu, en alguns casos és necessari limitar el
nombre d'escombratges que es realitzen simultaniament durant I'adquisicio o treballar a
resolucions inferiors a 35.000 FWHM (a m/z 200). En els métodes target-MS’ i atés que
en els metodes target es coneix el comportament dels analits, es poden restringir els
escombratges d'ions producte en funcié del temps de retencid del compost (finestres
d'adquisicid). També es pot emprar el mode de multiplexing que acumula diversos ions
precursors per fragmentar-los a la vegada en la cel-la HCD, de manera que s'estalvia
temps en reduir el nombre d'escombratges. No obstant, s'ha de tenir en compte que
I'espectre de tandem que s'obté en aquest mode d’adquisicié és una barreja dels ions
producte generats a partir de tots els ions fragmentats simultaniament. Per tant,
aquesta opcid només és viable si els precursors seleccionats tenen ions producte
caracteristics de m/z diferent. En el cas d'analisi non-target no és recomanable la
utilitzacié del multiplexing ja que la obtencié d’un espectre mescla pot dificultar molt la

seva interpretacié per a la identificacié del compost concret.

Els analitzadors hibrids han permes desenvolupar nous meétodes d'adquisicid que
combinen la obtencid d’informacid general amb informacié molt més selectiva. Aixi, els
meétodes data-dependent analysis (DDA) aconsegueixen informacié espectral selectiva
sense emprar un procediment dirigit a uns analits predeterminats. Aquest métodes
consisteixen en un primer escombratge no selectiu (generalment un full scan)
denominat survey scan i un segon experiment més selectiu que generalment empra
espectrometria de masses en tandem. Aquest segon experiment només es duu a terme
si determinada informacié del survey scan es troba per sobre d’un cert llindar

d'intensitat (threshold). A més, amb I'objectiu de d'incrementar la informacid espectral
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obtinguda en tot l'interval de I'eix de m/z, es pot aplicar I'energia de col-lisid per a la
fragmentacid dels ions de diferents maneres. Per exemple, el mode d’energies de
col-lisié esglaonades (stepped), emprat en els sistemes de g-orbitrap, permet obtenir un
espectre de tandem Unic a partir de la mitja de 3 espectres adquirits a 3 energies de
col-lisié diferents (baixa, mitjana i alta). En canvi el mode de rampa inversa (RER, reverse
energy ramp), utilitzat en el sistema de triple quadrupol TSQ, sincronitza I'energia de
col-lisié amb I'escombratge de I'’eix de m/z de manera inversament proporcional. Un dels
principals inconvenients dels métodes DDA és la possibilitat de perdua d’informacio ja
gue no es pot realitzar un espectre d'ions producte per a tots els ions d'interés si el
nombre d'ions que coelueixen és molt elevat. Els metodes data-independent analysis
(DIA), de recent aparicio, permeten millorar en part aquest inconvenient. Aquests
meétodes realitzen dos tipus d'escombratges consecutius, el primer és un full scan i en el
segon es fragmenten tots els ions procedents de la font d’ionitzacié. En el cas dels
meétodes DIA, la informacié obtinguda no és tan selectiva com en el DDA, pero el metode
d'adquisicido és molt més rapid i es minimitza la possibilitat de pérdua d'informacio.
D'altra banda, recentment s'han desenvolupat métodes DIA on després del primer
fullscan s'aillen grups reduits d'ions precursors en finestres petites consecutives de m/z
gue son fragmentats i escombrats successivament (Sequential Windowed Acquisition of
All Theoretical Fragment lon Mass Spectra, SWATH). Aixi, sempre i quan els ions que
coelueixen no tinguin masses molt properes, els espectres de ions producte obtinguts

seran més simples.

Com ja s'ha comentat, I'Us d'analitzadors hibrids d'alta resolucié, i més en concret el Q-
orbitrap, és molt important en métodes non-target. Per aquest motiu, es poden trobar a
la literatura diversos métodes d'analisi que empren métodes d'adquisicié DDA i DIA per
a la identificacié de micotoxines en productes derivats de cereals [Liao i cols., 2015] o
plastificants en aliments envasats [Bignardi i cols., 2014], per citar tan sols alguns
exemples. En qualsevol cas, el tractament de la gran quantitat d'informacié adquirida
s'ha de realitzar correctament per tal de poder identificar de manera rapida i amb
seguretat els compostos presents en la mostra. Amb aquest objectiu, i donat que
generalment el nombre de senyals de I'espectre és molt elevat, cal realitzar abans un

cribratge (peak picking) de les dades adquirides, ja sigui emprant una base de dades amb

135



Capitol 3

els compostos d'interés o seleccionant només els senyals per sobre d'un cert llindar
d'intensitat. Una altra possibilitat és emprar un filtratge per defecte de massa (mass
defect filtering). Aquesta opcié és adequada quan es volen seleccionar els ions que
probablement tenen relaci6 amb un compost determinat, ja siguin productes de
transformacié o metabolits, i es basa en el fet que els compostos derivats d'una
molecula concreta tenen un defecte de massa (diferéncia entre massa nominal i massa
exacta) que sovint és molt propera a la de la molecula de la qual en deriven [Sleno,
2012]. Un cop es té el llistat d'ions d'interés es pot assignar una composicié elemental a
cadascun, generalment emprant els propis programaris que els fabricants dels
espectrometres de masses subministren amb els equips (per exemple, Xcalibur de
ThermoFisher Scientific). Tedricament, es pot identificar la composicié elemental de
gualsevol i6 sempre i quan es conegui la seva massa amb suficient exactitud [Beynon,
1954]. Tot i que aquesta premissa sembla senzilla d'aplicar, a la practica es necessita
informacié addicional per a la correcta assignacié de la composicié elemental, ja que
I'exactitud necessaria per a identificar un i6 sense tenir cap restriccié préevia en els
possibles elements que pot contenir és molt superior a la que pot oferir qualsevol
espectrometre de masses. En aquesta linia, Kind i Fiehn van proposar 7 normes (seven
golden rules) per a ajudar en l'assignacio, que inclouen tenir en compte restriccions en el
nombre maxim d'atoms de cada element d'acord amb la massa molecular total,
restriccions en la relacié H/C i heteroatom/C, correspondéncia amb el patré isotopic, i
correspondéncia amb les valéncies dels elements, entre d'altres [Kind i Fiehn, 2007]. En
general, la majoria de programaris d'assignacié de composicions elementals ja tenen en
compte algunes d'aquestes normes i, per tant, a la practica el més habitual és aplicar uns

criteris d'error maxim de 5 ppm i de correspondéncia del patro isotopic.

Un cop assignada la composicié elemental, es necessita obtenir un llistat de candidats
per a cada i6. Aquest llistat es pot obtenir de diferents maneres depenent de si es
disposa d'informacié prévia sobre els possibles compostos que poden estar presents
(analisi de sospitosos) o de si es desconeix completament la composicié de la mostra
(desconeguts). En el primer cas, es pot interrogar el llistat d'ions amb una base de dades
gue contingui informacié sobre els compostos buscats, i confirmar la identitat del

compost concret a partir de I'espectre de tandem obtingut (si es fa DDA) o a partir de la

136



Capitol 3

presencia d'ions producte caracteristics (si es fa DIA). En el cas dels desconeguts, es
poden emprar bases de dades espectrals com per exemple la NIST, MetLin o MassBank,
o programaris de fragmentacié in silico com ara MetFrag, MOLGEN-MS o MassFrontier
per tal d'aconseguir un llistat de possibles candidats, i posteriorment assignar el
candidat concret a partir de I'estudi de I'espectre de tandem, de la mateixa manera que
en el cas de I'analisi de sospitosos. Amb aquesta finalitat, és d'especial ajuda disposar
d'informacié bibliografica sobre la ruta de fragmentacié del compost candidat, o sobre la
familia a la qual pertany, ja que identificar els ions producte més caracteristics de cada
estructura és de vital importancia per a poder triar el candidat més probable. Com a
ultim pas, sempre és imprescindible confirmar la identificacié a partir de I'analisi d'un

patro.
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3.2. TREBALL EXPERIMENTAL.

En aquesta tesi s’ha estudiat la ionitzacid dels fenicols en els modes positiu i negatiu
emprant tres fonts d'ionitzacié: ESI, APCI i APPI. A més, s'han proposat les rutes de
fragmentacio per a la familia dels fenicols a partir dels ions precursors obtinguts en les
diferents fonts de ionitzacid. Aquest treball forma part de I'article cientific IV intitulat
“Atmospheric pressure ionization-tandem mass spectrometry of the phenicol drug
family” (Apartat 3.2.1), la informacié suplementaria del qual es troba recollida a
I'Apendix A. Un altre tema objecte d’estudi ha estat la formacié d'adductes i6-molecula
en I'etapa de fragmentacié en espectrometria de masses en tandem. Per aquest treball
s’han emprat espectrometres de masses amb analitzadors de caracteristiques diferents i
configuracions diverses i s’ha avaluat quins sén els factors que més afecten a la formacié
d'aquests adductes. El treball experimental corresponen es recull a 'article V intitulat
“lon-molecule adduct formation in tandem mass spectrometry” (Apartat 3.2.2), la
informacid suplementaria del qual es troba a I'Apéndix B. Per ultim, s'han aprofitat les
prestacions d'un espectrometre de masses amb un analitzador hibrid Q-orbitrap per a
proposar un metode d'analisi directa de productes estupefaents, emprant modes
d'adquisicid que aporten una gran quantitat d'informacidé espectral. Els espectres
obtinguts en alta resolucid combinats amb una base de dades propia han permés
identificar els constituents de les mostres (tant el compost psicotropic com els possibles
adulterants) emprant diferents estrategies per al tractament de les dades. El treball
experimental corresponent a aquest estudi s'inclou en l'article cientific VI intitulat
“Wide-range screening of psychoactive substances by FIA-HRMS: identification

strategies” (Apartat 3.2.3).
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Atmospheric pressure ionization-tandem mass
spectrometry of the phenicol drug family

Elida Alechaga, Encarnaciéon Moyano* and M. Teresa Galceran

In this work, the mass spectrometry behaviour of the veterinary drug family of phenicols, including chloramphenicol (CAP)
and its related compounds thiamphenicol (TAP), florfenicol (FF) and FF amine (FFA), was studied. Several atmospheric
pressure ionization sources, electrospray (ESI), atmospheric pressure chemical ionization and atmospheric pressure
photoionization were compared. In all atmospheric pressure ionization sources, CAP, TAP and FF were ionized in both positive
and negative modes; while for the metabolite FFA, only positive ionization was possible. In general, in positive mode, [M + H]*
dominated the mass spectrum for FFA, while the other compounds, CAP, TAP and FF, with lower proton affinity showed
intense adducts with species present in the mobile phase. In negative mode, ESI and atmospheric pressure photoionization
showed the deprotonated molecule [M-H] , while atmospheric pressure chemical ionization provided the radical molecular
ion by electron capture. All these ions were characterized by tandem mass spectrometry using the combined information
obtained by multistage mass spectrometry and high-resolution mass spectrometry in a quadrupole-Orbitrap instrument.
In general, the fragmentation occurred via cyclization and losses or fragmentation of the N-(alkyl)acetamide group, and
common fragmentation pathways were established for this family of compounds. A new chemical structure for the product
ion at m/z 257 for CAP, on the basis of the MS®> and MS* spectra is proposed. Thermally assisted ESI and selected reaction
monitoring are proposed for the determination of these compounds by ultra high-performance liquid chromatography
coupled to tandem mass spectrometry, achieving instrumental detection limits down to 0.1 pg. Copyright © 2013 John Wiley

& Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: phenicols; tandem mass spectrometry; multiple-stage mass spectrometry; APl sources; veterinary drugs
]

Introduction

The phenicol drugs are a family of wide-spectrum veterinary
antibiotics composed of chloramphenicol (CAP), the synthetic
analogues thiamphenicol (TAP) and florfenicol (FF) and the main
metabolite of FF amine (FFA). Because of its severe side effects,
CAP was banned in veterinary medicine for food producing
animals in 1994, and the European Community established max-
imum residue levels for TAP, FF and FFA!"? (50-2000 ug kgq) and
a minimum required performance level of 0.3 pgkg™" for CAP.”?!
Moreover, the Commission Decision 2002/657/EC,®! concerning
the performance criteria for analytical methods for the analysis
of veterinary residues in foods, established that confirmatory
methods of banned substances such as CAP (group A) should
be based on separation techniques coupled to mass spectrome-
try (MS), achieving the required identification points without
the need of complementary chromatographic methods. As a
result, confirmatory methods for the analysis of phenicols in
foods are generally based on gas chromatography-mMs™*! and
liquid chromatography-MS (LC-MS).[46-2¢]

All of the LC-MS methods established for the analysis of these
compounds use electrospray (ESI) as the ionization source,
except for one recent study that compared atmospheric pres-
sure chemical ionization (APCl) and atmospheric pressure pho-
toionization (APPI) for the LC-MS analysis of CAP in fish meat™
that concluded that both sources showed a similar performance.
Most of the published studies describe the application of
analytical methods where the m/z values for the confirmation
and quantification ions are indicated, but neither the elemental

composition nor the structure are provided. Only a few studies
have examined the fragmentation patterns for CAP?3-2! or for
the phenicols,®'??? and only some product ions have been
tentatively assigned. However, the nature of most of the product
ions remains unknown, and no common fragmentation path-
ways have been proposed for the phenicol drug family. The de-
tailed elucidation of the fragmentation patterns of phenicols
could be interesting for the development of successful MS
strategies for the screening of related drugs and metabolites in
control analysis.

In this work, both the atmospheric pressure ionization (API)
behaviour in three different ionization sources (ESI, APCI and
APPI) and the fragmentation pattern of CAP, TAP, FF and
FFA have been studied. Tandem mass fragmentation experi-
ments both in time (MS") and in space (MS/MS) are combined
for the correct assignment of the product ions generated
from the protonated ([M+H]"), deprotonated ([M-H]™) and
radical (IM]7) molecular ions. Additionally, high-resolution
MS is used to definitely confirm the elemental composition
when necessary.

* Correspondence to: Encarnacion Moyano, Department of Analytical
Chemistry, University of Barcelona. Diagonal 645, 08028, Barcelona, Spain.
E-mail: encarna.moyano@ub.edu

Department of Analytical Chemistry, University of Barcelona, Diagonal 645,
08028, Barcelona, Spain
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Experimental
Reagents and materials

Chloramphenicol (98%), TAP (98%), FF (99%), toluene (99.9%),
chlorobenzene (99.9%), tetrahydrofuran (99.9%), acetone (99.9%)
and ammonium acetate (98%) were purchased from Sigma-Aldrich
(Steinheim, Germany), and FFA hydrochloride analytical standard
was obtained from Toronto Research Chemicals Inc. (North York,
ON, Canada). Anisole (99.0%) and LC/MS grade methanol, acetoni-
trile and water were obtained from Fluka (Steinheim, Germany),
while acetic acid glacial (98-100%) was provided by Merck
(Darmstadt, Germany). The chemical structure, CAS number and
monoisotopic mass of the studied compounds are shown in Fig. 1.

Stock standard solutions (1000mgkg™" for CAP, TAP and FF
and 100mg kg~ for FFA) were individually prepared in acetoni-
trile by weight and stored at —20°C. Intermediate solutions were
prepared monthly from stock standard solution by appropriate
dilution in methanol. Mobile phases were filtered through
0.22um nylon membrane filters purchased from Whatman
(Clifton, NJ, USA). Nitrogen (99.8% pure) used for the API sources

NO, S0,CH3

H

N 0
HO I
oo o el

Chloramphenicol (CAP)
CAS num. 56-75-7
Moneisotopic mass 322.0 amu

S0:CH3y

H
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F Cl I
Florfenicol (FF)

CAS num. 73231-34-2
Monoisotopic mass 357.0 amu
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Thiamphenicol (TAP)
CAS num, 15318-45-3
Monoisotopic mass 355.0 amu

S0,CH;

MNH
HO :

F

Florfenicol-amine (FFA)
CAS num. 76639-93-5
Monoisotopic mass 247.1 amu

Figure 1. Structures of the studied compounds.

and high-purity argon (ALPHAGAZ 1 Ar) purchased from Air
Liquide (Madrid, Spain) was used as collision-induced dissocia-
tion gas in the triple quadrupole tandem MS experiments.

Liquid chromatography-tandem mass spectrometry

Mass spectrometry was performed using a TSQ Quantum Ultra AM
(Thermo Fisher Scientific, San José, CA, USA) triple quadrupole mass
spectrometer. Three API sources, ESI, and with thermal assistance
(H-ESI), APCI and APPI, were used, and the mass spectra were
acquired in full-scan, product ion scan and selected reaction mon-
itoring (SRM) scan mode. The APPI source consisted of the APCI
probe as desolvation device (without applying corona discharge)
and a Syagen PhotoMate VUV lamp source with a krypton dis-
charge lamp of 10,0eV (Syagen Technology Inc., Tustin, CA, USA).
In tandem MS experiments the collision gas was argon (1.5 mTorr).
Additionally, multiple-stage MS (MS") experiments were performed
in an LCQ Classic ion trap mass spectrometer (Thermo Fisher
Scientific, San José, CA, USA), and accurate mass measurements
were carried out in a Q-Exactive quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, San José, CA, USA).

Ultra high-performance LC (UHPLC) was performed on an
Accela LC system (Thermo Fisher Scientific, San José, CA, USA)
equipped with a quaternary pump, an autosampler and a
column oven. Flow injection analysis were performed injecting
10ul of 5mgkg ' standard solution of each compound
prepared in mobile phase, using 500 pl min™' of methanol:acetic
acid—ammonium acetate (5mM, pH5) 90:10 (v/v) as mobile
phase. API source parameters such as capillary and vaporizer
temperatures, sheath and auxiliary gas flow rates and lens
voltages were previously optimized by infusing 5mgkg™"
standard solutions of the compounds. Table 1 summarizes the
parameter values optimized for each API source.

The UHPLC separation was carried out on an Ascentis®
Express Phenyl-Hexyl (100 x 2.1 mm, 2.7 um) column provided
by Sigma-Aldrich (Steinheim, Germany). Methanol (solvent A) and
5 mM acetic acid-ammonium acetate buffer (pH 5) (solvent B) were
used as mobile phase. The gradient elution program was 7%
solvent A as initial conditions, followed by a linear gradient up to
100% solvent A in 1.3 min; this composition was maintained for
0.8 min before going back to the initial conditions in 0.9 min. The
mobile phase flow rate was 500 ulmin~', and the column oven
temperature was kept at 40°C during the chromatographic run.

Table 1. Atmospheric pressure ionization source working parameters
ESI H-ESI APCI APPI
API source Polarity Positive Negative Positive Negative Positive ~ Negative  Positive  Negative
Spray voltage (V) 4000 —3000 3500 —3000 - — —_ —
Discharge current (uA) — — — — 3 —-12 — —
VUV lamp energy (eV) - — —_ — - — 10 10
Vaporizer temperature (°C) — — 250 250 300 300 350 350
Capillary temperature (°C) 350 350 350 350 350 350 350 350
Sheath gas (a.u.) 60 50 40 50 20 20 40 40
lon sweep gas (a.u.) 20 20 4 4 5 5 6 6
Auxiliary gas (a.u.) 20 20 20 20 20 20 20 20
Tube lens offset (V) 117 —-90 93 —85 85 —-90 60 —50
API, atmospheric pressure ionization; ESI, electrospray; H-ESI, thermally assisted electrospray; APCl, atmospheric pressure chemical ionization;
APPI, atmospheric pressure photoionization; a.u., arbitrary units.

wileyonlinelibrary.com/journal/jms
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The retention times of the compounds were 1.14, 1.57, 1.70 and
1.81 min for FFA, TAP, FF and CAP, respectively.

When working with the APPI source, several dopants such as
toluene, anisole, tetrahydrofuran, chlorobenzene and acetone
were added postcolumn at a flow rate of 50 ulmin~"' and mixed
with the mobile phase using a zero dead volume T-piece.

Results and discussion
API sources

In this work, three API sources, ESI and H-ESI, APCI and APPI, in
both positive and negative ionization modes have been used.
MS spectra were obtained by flow injection analysis at the
optimum conditions indicated in Table 1. ESI required the highest
flow rates of the sheath and ion sweep gases that can be
explained by the lower desolvation capacity of ESI source
pneumatically assisted by nitrogen. Moreover, with this source,
the tube lens voltage had to be increased to favour the
desolvation in the intermedium pressure region.

Table 2 shows the ions (with a relative abundance higher
than 5%) obtained for each compound in full scan in both
positive and negative ionization modes using the API sources
(toluene was used as dopant with APPI), their relative
abundances and the corresponding ion assignment. The full-
scan mass spectra of these compounds reflected the different
behaviour of FFA. This compound could only be ionized in
positive mode yielding always the protonated molecule
[M+HI" (m/z 248) as the base peak of the spectrum.
Additionally, when using H-ESI (APCl and APPI) an ion shifted
18Da (m/z 230), attributed to the loss of water from the
protonated molecule, was always observed. In contrast, TAP, FF
and CAP could be ionized in both positive and negative modes.
In positive ionization mode, these compounds yielded the proton-
ated molecule [M+H]" (m/z 356, 358 and 323, respectively), the
ammonium adduct [M +NH4]" (m/z 373, 375 and 340) and/or the
loss of water [M+H-H,O]" (m/z 338, 340 and 305). The relative
abundances of these ions depended on the type of API source.
For instance, for CAP, the ESI mass spectrum showed the
ammonium adduct as base peak; while in APCI, the base peak
was the protonated molecule, and in APPI (toluene), the loss of
water was the most abundant ion. This loss of water occurred for
all the compounds and increased greatly when working with APCI
and APPI, becoming the base peak of the spectra in this last source.
When using ESI and H-ESI, sodium adducts [M+Na]* were also
observed (m/z 378,380 and 345). In APCI, the sodium adducts were
not present in contrast to what happened with other veterinary
drugs that can easily form stable complexes with Na*'*”! However,
methanol adducts [M +H +CH;OHI" were present in APCI for TAP
and FF (m/z 388 and 390, respectively). In ESI, adduct formation
(with Na* or NH}) was favoured instead of the protonated
molecule, because of the very low pKa values (<0.1) of the
functional groups of CAP, TAP and FF that makes their protonation
in liquid phase difficult.

In the negative ionization mode, the differences in the full-
scan mass spectra of the native antibiotics were more notice-
able. For instance, the deprotonated molecule [M-H]™ was
the base peak for all the compounds in ESI (ESI and H-ESI).
In-source fragmentation ions were also present for FF at low
relative abundance (<12%) mainly because of the loss of
HF. Moreover, adduct ions shifted 36 Da (m/z 390, 392 and
357 for TAP, FF and CAP, respectively) were always observed.

These adducts showed the isotope pattern of a three-chlorine
atom molecule, indicating that chloride adducts [M+CI]™
were formed. In contrast, in APCl, the base peak was always
the radical molecular ion [M]~, probably generated via a
direct electron capture mechanism favoured by the presence
of highly electronegative halogen atoms in the chemical
structure of these compounds. The deprotonated molecules
[M-H]" (relative abundances <10%) and in-source fragment
ions (relative abundances from 15% to 35%) were also
present. Regarding the APPI with toluene as dopant, CAP,
TAP and FF yielded the deprotonated molecule [M-H]  as
base peak, but in-source fragmentations because of the loss
of 2(HCl) or the N-(2-hydroxyethyl)acetamide chain were
present at relatively high abundances (51-100%). The
different base peaks obtained in APCl and in APPI could be
related to the differences in the ionization mechanism that
takes place in each source. Although the ionization process
in both APl sources begins with the formation of thermal
electrons, in APCI, the corona discharge provides a higher
concentration of electrons than the photoionization process,
favouring the formation of the radical ion.

As indicated before, the dopant used in the previous
experiments in APPI was toluene; nevertheless, it is well known
the importance of the dopant nature in the ionization. In this
work, several dopants (toluene, chlorobenzene, anisole, acetone
and tetrahydrofuran) were tested in order to study their effect in
both the mass spectra and the ionization efficiency of phenicols.
In general, no significant differences were observed in the
full-scan mass spectra of the native drugs in positive mode
(Table S1, Supporting Information), being the loss of water always
the base peak. In negative mode, the deprotonated molecule and
fragments arising from the loss of the N-(2-hydroxyethyl)acetamide
chain were obtained. However, when using chlorobenzene as
dopant, the addition of chlorine at relative high abundances
(11-38%) was observed. Chlorine might be generated from the
dopant by dissociative electron capture, as Kauppila et al.
suggested for other chlorinated solvents.”®! Regarding the
ionization efficiency, Fig. 2 shows the relative intensity of the base
peak obtained with each dopant. As can be seen, toluene pro-
vided high signal intensity for all the compounds; although for
CAP, the signal intensity was slightly higher when using anisole.
As a compromise, toluene was selected as the most suitable dop-
ant for APPI.

Tandem mass spectrometry

The product ion scan spectra of each compound at different
collision energies were acquired in a triple quadrupole instru-
ment in order to study the fragmentation of phenicols. Table 3
summarizes the product ions observed in the triple quadrupole
MS/MS  spectrum (relative abundance >5%), their relative
abundances and the corresponding ion assignment. However,
for FFA, because of its low fragmentation, product ions with less
than 5% of relative abundance were also included. The elemental
composition and index of hydrogen deficiency were confirmed
by measuring the accurate mass in a quadrupole-Orbitrap
instrument, and the information provided by an ion trap analyzer
and the triple quadrupole was combined to understand the
phenicols fragmentation pathway.

In Table 3, only the product ion scan of the protonated
molecule is given; although in positive mode, ammonium or

J. Mass Spectrom. 2013, 48, 1241-1251
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Table 2. Observed ions in the full-scan spectra of phenicols for each atmospheric pressure ionization source
Positive mode Negative mode
API source Compound m/z (%Rel.Ab.) lon assignment m/z (%Rel.Ab.) lon assignment
ESI FFA 248 (100%) [M+HI*
TAP 378 (53%) [M+NaJ* 390 (14%) M+CIT™
373 (100%) [M+NH,I* 354 (100%) [M=H]~
FF 380 (43%) [M+NaJ* 392 (22%) IM+ClI™
375 (100%) [M+NH,4" 356 (100%) [M-H]~
336 (5%) [M-H-HF]~
CAP 345 (65%) [M+NaJ* 357 (15%) IM+Cl™
340 (100%) [M+NH,]" 321 (100%) [M-H]
323 (21%) [M+HI*
H-ESI FFA 248 (100%) [M+H]*
230 (5%) M+ H-H,0T"
TAP 378 (10%) [M+Na]" 390 (11%) M+ClT™
373 (100%) M+ NH4]+ 354 (100%) [M-H]
338 (6%) [M+H-H,01" 290 (5%)
FF 380 (32%) [M+NaJ" 392 (16%) M+CIT™
375 (100%) [M+NH,I" 356 (100%) [M-H]~
340 (5%) [M + H-H,01* 336 (12%) [M=H-HF]™
CAP 345 (100%) [M+Nal* 357 (6%) M+ClI™
340 (31%) M+ NH4]+ 321 (100%) [M-H]™
323 (29%) M+H*
305 (9%) M+ H-H,07"
APCI FFA 248 (100%) [M+HI*
230 (6%) [M +H-H,01*
TAP 388 (100%) [M +H+ CH;OH]* 355 (100%) M
373 (44%) [M+NH,I" 319 (9%) IM-HCI]™
356 (49%) [M+H]* 283 (12%) [M=2(HCh] ™
338 (78%) [M + H-H,01* 184 (13%) [M~-CH(CH,OH)NHCOCHCI,]
FF 390 (50%) [M+H+ CH3OH]+ 357 (100%) Y
375 (84%) [M+NH,I" 321 (10%) IM-HCII™
358 (15%) [M+H]* 285 (11%) [M=2(HCD] ™
340 (100%) [M +H-H,01" 184 (12%) [M~-CH,(CH,F)NHCOCHCI,] ™
CAP 323 (100%) [M+H]* 322 (100%) M
305 (63%) [M + H-H,01* 321 (8%) [M-H]™
286 (27%) [M-HCI]™
250 (35%) [M=2(HCD] ™
151 (24%) [M-CH,(CH,OH)NHCOCHCI,] ™
APPI FFA 248 (100%) [M+HI*
(toluene) 230 (35%) [M +H-H,01*
TAP 373 (24%) [M+NH,I" 354 (100%) [M-H]™
356 (14%) [M+H]* 282 (88%) [M-H-2(HCI)]™
338 (100%) M+ H—HZO]+ 266 (24%) [M-2(HCI)-OH]~
225 (35%) [M-2(HCI)-NH,COCH,]
FF 375 (40%) [M+NH,]" 356 (28%) [M-H]
358 (5%) [M+H]" 285 (17%) IM-2(HCI)] ™
340 (100%) [M+H-H,01* 266 (40%) [M-H,FCl,]~
264 (100%) [M-H-2(HCl)-HF]~
CAP 323 (8%) [M+HI* 321 (81%) [M-H]™
305 (100%) [M + H-H,01* 250 (100%) [M=2(HC] ™
275 (17%) [M + H-H,0-CH,01* 249 (58%) [M-H-2(HCl)]
192 (22%) [M-2(HCI)"NH,COCH,]
API, atmospheric pressure ionization; ESI, electrospray; H-ESI, thermally assisted electrospray; APCI, atmospheric pressure chemical ionization;
APPI, atmospheric pressure photoionization; TAP, thiamphenicol; CAP, chloramphenicol; FF, florfenicol; FFA, florfenicol amine.
lons with relative abundance less than 5% were not included.

wileyonlinelibrary.com/journal/jms Copyright © 2013 John Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1241-1251

144



Capitol 3

API-MS/MS of phenicol drug family

SPECTROMETRY

120.0%%

100,07 *}

BOLYS
W FFA
: HTAP
o FF
) OCAP
200%
ey - = i = : =

Relative intensity (%)
2
2

&

&4‘9\ «&"6& & ?‘&‘ &
* @’FG 4 e&-'?

Dopant

Figure 2. Relative intensity of the base peak of the full-scan spectrum for
the studied compounds with each dopant using atmospheric pressure
photoionization.

methanol adducts were obtained as base peak of the spectrum
depending on the ionization source, as has been commented in
the previous texts. However, these ions always generated the
protonated molecule as the first step of their fragmentation.
The product ion scan spectra of the protonated molecules
[M+HI]* in the triple quadrupole was quite similar for the four
compounds. For instance, the loss of water (m/z 230) was the
base peak for FFA, and it was one of the most intense peaks
(46-83%) for CAP, TAP and FF. Additionally, ions arising from
the successive losses of H,O HF or CH,0, were also observed,
and they were the base peak of CAP and TAP spectra (m/z 275
and 308, respectively). The loss of nitro (CAP) and methylsulfonyl
groups (TAP, FF and FFA) only occurred after these successive losses.
For instance, the metabolite FFA yielded two ions at m/z 131 and
130 because of the fragmentation of the methylsulfonyl group after
the loss of H,O and HF, and the native drugs CAP, TAP and FF
showed a common product ion at m/z 241 as a consequence of
the equivalent successive losses, being the base peak of the
spectrum for FF. Figure 3 shows the common fragmentation path-
ways proposed for the protonated molecules of phenicols,
established from the results obtained in multiple-stage MS (MS").
The first step is the loss of water that might be due to the cleavage
of the C(3)-O bond with cyclization and charge migration (F1).
This mechanism has been previously described for amino alcohols
(NH,—(CH,),,—OH), being slightly more favoured when n= 21291 The
resulting three-membered aziridinium ring might endure losses via
formation of stable iminium ions (F2 for CAP and TAP and F3 for
all), as Sigsby et al. suggested for amine compounds,*® and produc-
ing the cleavage of the previously formed ring. The product ion F2
(m/z 275 and 308 for CAP and TAP, respectively) was only observed
when the substituent R; is a hydroxyl group, indicating that the
hydrogen of this hydroxyl group should participate in the fragmen-
tation mechanism. Afterwards, the iminium ions (F2 and F3) could
undergo the neutral loss of COCCl, (F4, m/z 165 or 198, for CAP
and TAP, respectively, and F6). Increasing the collision energy, the
R3—C(7) bond homolysis occurred, yielding radical product ions sta-
bilized by resonance (F5, m/z 229 for TAP; and F7, m/z 241 for CAP,
TAP and FF or 131, for FFA). Finally, the cyclization of the radical
ion F7 via the loss of hydrogen (F9, m/z 130 for FFA) or chlorine
(F8, m/z 206 for FF) could result in highly stable isoquinolinium-like
structures. As all the native drugs generated the ion m/z 241 (F7),
this fragment could be proposed for the screening of analogue com-
pounds of the phenicol drug family, and because the two chlorine

atoms are still present in the structure of the fragment ion, the iso-
tope m/z 243 could be used as an additional confirmation transition.

Regarding the deprotonated molecules [M-H]~, CAP and TAP
showed a similar fragmentation pattern and FF had a differenti-
ate behaviour (Table 3), while FFA could not be ionized in nega-
tive mode. The MS/MS spectra for CAP and TAP showed
numerous fragment ions arising from the common losses CHOCI,
2(HCl), CHOCI+NHCHCI and CH,Cl, +C(CH,OH)NCO, and the
similarities between the product ion spectra were even higher if
product ions of low abundance were considered. As a result, a
common fragmentation pathway could be proposed for CAP
and TAP (Fig. 4). The proposed mechanism for the product ions
at m/z 257 for CAP and m/z 290 for TAP is the intramolecular
nucleophilic substitution reaction from the negatively charged
nitrogen to the C(2), with cyclization and loss of HCl, in a similar
way to what happened with the loss of water from the
protonated molecules. The resulting three-membered ring, as it
is rather unstable, could rapidly open yielding the loss of the
carbonyl in C(1) and obtaining the product ion F1. According to
MS" experiments, F1 lost HCI (F2, m/z 221 for CAP) and CH,NCI
(F3, m/z 194 and 227, for CAP and TAP, respectively), and F3
showed a further loss of water yielding F4, (m/z 176 and 209,
for CAP and TAP, respectively). In the literature, the product ion
at m/z 257 for CAP has been assigned to the simultaneous loss
of chloride and the hydroxymethyl substituent at C(2) position
(structure F1'),2272% byt this assignment is not compatible with
our MS? experiments, and the alternative mechanism shown in
Fig. 4 is more reliable. Additionally, the elimination of two units
of HCl was also observed (F5), and considering that the fragment
shifted 36 Da from the deprotonated molecule was not obtained
for any phenicol, the loss of 2(HCI) should occur in a single step.
The presence of the fragment ion HCl; at low abundances (<5%)
indicated that the fragmentation occurred via the formation of an
jon-molecule complex,*"! which would produce fragment F5
through deprotonation and ion HCI; through displacement of
that complex. Lastly, the deprotonated molecule showed also
side chain losses (fragments F6, F7, F8 and F9; m/z 237, 207,
152 and 179 for CAP and 270, 240, 185 and 212 for TAP) that
might also occur by the initial formation of ion-molecule
complexes and further deprotonation or displacement.

In contrast, FF showed little fragmentation with a fragment at
m/z 336, the base peak of the spectrum, generated by the
loss of HF from the molecular ion, and the ions at m/z 219 and
m/z 185. This behaviour might be due to the strong intramolecu-
lar hydrogen bond between the hydroxyl in the C(1') position and
the fluorine in the fluoromethyl side chain, as has been described
by Krusic et al. for compounds with similar structures.®? Thus,
the first loss observed would be the elimination of HF obtaining
the product ion at m/z 336 and forming a four-membered ring
(Fig. 5). Moreover, the intramolecular chlorine nucleophilic
substitution at the C(1') might yield the product ion at m/z 219,
either directly from the deprotonated molecule (m/z 219 was
observed at low abundance in the ion trap MS? experiments) or
from the product ion at m/z 336. Furthermore, ion m/z 336
fragmented via the formation of an ion-molecule complex,
yielding the product ion at m/z 185 by deprotonation and the
product ion at m/z 152 by displacement.

Finally, the radical ions [M] " of CAP, TAP and FF obtained by
APCl in the negative mode were fragmented in the triple
quadrupole obtaining the product ion spectra (Table 3), and the
common fragmentation pathway showed in Fig. 6 is proposed.
In general, the fragmentation pattern of the radical ion of the
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Figure 4. Proposed fragmentation pathway of the [M-H]"~

spectrometry.

compounds was quite similar in contrast to what happened with
the deprotonated molecules. Direct electron capture is favoured
by the presence of the highly electronegative chlorine atoms in
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of chloramphenicol (CAP) and thiamphenicol (TAP), established with multiple-stage mass

the structure, so it is reasonable to think that the negative charge
will remain in a chlorine and the fragmentation will be initiated in
that part of the molecule. Thus, the base peak of the spectra was
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the loss of two HCl units (product ion F2 at m/z 250, 283 and 285
for CAP, TAP and FF, respectively). However, the loss of a single
HCl was also observed at low relative abundances (fragment
ion F1 at m/z 286, 319 and 321 for CAP, TAP and FF, respectively),
in contrast to what happened with the deprotonated molecules
where the simultaneous loss of two HClI was observed.
Additionally, the cleavage of the C(1)-C(2") bond with hydrogen
rearrangement yielded the product ion F3 (at m/z 151 for CAP
and m/z 184 for TAP and FF), which for FF and TAP could suffer
a o-bond cleavage, producing the loss of *CHsz (F4 at m/z 169).
The other product ions obtained (Table 3) were different for FF,
because of the presence of the fluorine atom in the structure.
Whereas CAP and TAP underwent the single o-bond cleavage
of the hydroxyl at R; (product ion F5, m/z 266 for TAP), FF showed
the neutral loss of HF (m/z 265). This ion yielded the product ion
at m/z 202 through the consecutive losses of *CH3 (m/z 250) and
SO from the methylsulfonyl group. It must be pointed out that
the experiments performed in the quadrupole-Orbitrap mass an-
alyzer showed the presence of two product ions at m/z 202 Da
(Figure S1, Supporting Information). One ion matched the molec-
ular composition [C;;HgOsN]™ with 1.0ppm of error, which
corresponds to the structure proposed in the fragmentation
pathway, and the other agreed with the elemental composition
[CgH,03FS1 ™" (1.1 ppm of error). The pathway leading to this last
structure is not clear, but it might arise from an intramolecular
substitution reaction of the fluorine to the C(1").

Ultra high-performance liquid chromatography-MS/MS

The UHPLC-MS/MS behaviour of the phenicol drug family was
studied using the three API sources and the UHPLC conditions
described in the Experimental Section. As the maximum sensitiv-
ity was always obtained monitoring FFA in positive and CAP, TAP
and FF in negative mode, polarity switching was performed at
1.45min, between the retention times of FFA (1.14min.) and
TAP (1.54min.). The most intense product ions from the base
peak obtained in each API source were selected as quantitation
and confirmation transitions for SRM. In negative ESI and APPI,
the quantitation transition corresponded to the loss of N-(alkyl)
acetamide for CAP and TAP. This transition was used as confirma-
tion for FF as the loss of HF is favoured providing higher signal
intensity. In negative APCI, the quantitation product ion was al-
ways that arising from the loss of 2(HCI) from [M]~; while for con-
firmation, the loss of 2(HCI) + HF was used for FF and the ions F3
and F7 for CAP and TAP, respectively (Fig. 6). For FFA, the most
intense transition corresponded to the loss of water from the

protonated molecule (m/z 248 — m/z 230), which is the most
commonly used in the literature.®*®?? However, this transition
is not selective enough and might lead to errors in quantitation
and even to false negatives. For this reason, the more selective
third generation product ions at m/z 130 and m/z 131 was chosen
that, as can be seen in Fig. 3 (structures F9 and F7, respectively),
involved cleavages in different parts of the structure. The SRM
transitions proposed for each API source are listed in Table 4 with
their optimum collision energies and ion ratios.

Instrumental limits of detection (ILODs), on the basis of a
signal-to-noise ratio of 3:1 in the confirmation transition, were
estimated by the injection of standards at very low concentration
levels. For the ESI sources, very low ILODs were obtained for the
compounds analyzed in negative mode (0.4, 0.7 and 0.3 pg for
CAP, TAP and FF, respectively); whereas for FFA, the ILOD was
an order of magnitude higher (24 pg). These values are low
enough for CAP, which as the only banned substance that
required very low ILODs. It must be pointed out that an increase
of the vaporizer temperature (H-ESI) only improved the ILOD for
FFA (10pg). For the APCI source, ILODs were slightly higher
(2,5 and 1 pg for CAP, TAP and FF, respectively) than those found
in ESI, although a great reduction for FFA (1 pg) was obtained,
which is in agreement with the improvement observed for this
compound using H-ESI instead of ESI. The ILODs obtained with
the APPI source were higher (500, 75, 100 and 200 pg for CAP,
TAP, FF and FFA, respectively) than with the other sources indi-
cating that this source offered less ionization efficiency for these
compounds. According to these results, H-ESI is recommended
for the analysis of phenicols by UHPLC-MS/MS.

Conclusions

The ionization behaviour of phenicols with APl sources has
shown that the most abundant ions generated are highly
dependent on the source. Thus, great care must be taken when
selecting precursor ions for MS/MS. For instance, in positive ESI,
adducts (Na*, NHZ) must be selected instead of the [M +HI* for
CAP, TAP and FF; while in APCI, the protonated molecule must
be chosen, and for APPI, the most suitable precursor would be
the loss of water. This fact is not as important in negative mode,
where the deprotonated molecule was always the base peak
except for APCl, where the high concentration of thermal
electrons favours the formation of radical ions.

Fragmentation pathways for the phenicol drug family have been
established by multiple-stage MS, and they allowed us to conclude

Table 4. Quantitation and confirmation transitions used in selected reaction monitoring mode

Compound Polarity API source Quantitation (CE, eV) Confirmation (CE, eV) IR (%RSD)
CAP Negative ESI/H-ESI/APPI 321.0—152.0 (15) 321.0—257.0 (9) 142 (7)
APCI 322.0—250.0 (11) 322.0—-151.0 (16) 1.58 (3)
TAP Negative ESI/H-ESI/APPI 354.0 — 185.0 (20) 354.0 —290.0 (11) 1.14 (4)
APCI 355.0—283.0 (10) 355.0 —225.0 (16) 1.83 (12)
FF Negative ESI/H-ESI/APPI 356.0 — 336.0 (10) 356.0 — 185.0 (22) 1.25 (3)
APCI 357.0—285.0 (11) 357.0 —265.0 (13) 1.82 (11)
FFA Positive All 248.1 — 130.0 (26) 248.1—131.0 (24) 1.80 (7)

API, atmospheric pressure ionization; CE, collision energy; IR, ion ratio; %RSD, relative standard deviation; CAP, chloramphenicol; TAP,
thiamphenicol; FF, florfenicol; FFA, florfenicol amine; API, atmospheric pressure ionization; ESI, electrospray; H-ESI, thermally assisted
electrospray; APCl, atmospheric pressure chemical ionization; APPI, atmospheric pressure photoionization. n=3.
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that in positive mode, the common product ion at m/z 241 can be
proposed for the screening of this family of compounds, because
all the parent drugs showed this ion in their MS/MS spectra.
Additionally, in negative mode, a new fragmentation mechanism
and a new structure for product ions at m/z 257 and m/z 290,
usually chosen for confirmation purposes for CAP and TAP,
respectively, have been suggested. Moreover, the combination of
multiple-stage MS and HRMS has enabled to demonstrate that at
m/z 202 for FF in negative APCI, there are two ions with different
elemental compositions arising from two independent fragmenta-
tion mechanisms.

Regarding UHPLC-MS/MS, H-ESI is recommended because it
provided the best sensitivity for the compounds, but selectivity
must be also considered to prevent errors in quantitation. Taking
this fact into account, the use of the product ions at m/z 130 and
m/z 131 are recommended for quantitation and confirmation of
FFA instead of product ions at m/z 230 and m/z 130, which are
the most commonly used in the literature.
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Table 1S. lons in the full-scan spectra of phenicols in APPI using different dopants.

Positive mode

Negative mode

Dopant Compound m/z (%oRel.Ab.)  lon assignment m/z (%oRel.Ab.) lon assignment
Toluene FFA 248 (100%) [M+H]"
230 (35%) [M+H - H,0O]"
TAP 373 (24%) [M+NH,]" 354 (100%) [M-HT
356 (14%) [M+H]" 282 (88%) [M-H - 2(HCDY
338 (100%) [M+H - H,O]" 266 (24%) [M - 2(HCI) - OHT
225 (35%) [M - 2(HCI) - NH,COCH,]
FF 375 (40%) [M+NH,]* 356 (28%) [M-HT
358 (5%) [M+H]" 285 (17%) [M-2(HCD]"
340 (100%) [M+H - H,O]" 266 (409%) [M - HFCL]
264 (100%) [M-H - 2(HCI) - HFT
CAP 323 (8%) [M+H]* 321 (81%) [M-H]
305 (100%) [M+H - H,O]" 250 (100%) [M-2(HCD]”
275 (17%) [M+H - H,0 - CH,0]" 249 (58%) [M-H - 2(HCDT
192 (22%) [M - 2(HCI) - NH,COCH,]
Chlorobenzene FFA 248 (100%) [M+H]"
230 (51%) [M+H - H,0]"
TAP 373 (27%) [M+NH,] 390 (38%) [M-H + HCIT
356 (13%) [M+H]" 354 (100%) [M-HT
338 (100%) [M+H - H,O]" 282 (7%) [M-H - 2(HCDT
FF 375 (64%) [M+NH,]" 392 (34%) [M-H + HCIT
358 (5%) [M+H]" 356 (100%) [M-HT
340 (100%) [M+H - H,0O]" 336 (13%) [M-H - HF]
264 (17%) [M-H - 2(HCI) - HF]
CAP 323 (10%) [M+H]* 357 (11%) [M-H + HCIT
305 (100%) [M+H - H,0O]" 321 (100%) [M-HT
275 (21%) [M+H - H,O - CH,0]" 250 (6%) [M-2HCD]”
Anisole FFA 248 (100) [M+H]*
230 (68%) [M+H - H,0O]"
TAP 373 (23%) [M+NH,]* 354 (84%) [M-HT
356 (17%) [M+H]* 282 (100%) [M-H - 2(HCDT
338 (100%) [M+H - H,O]" 185 (51%) [M-H - CH(CH,OH)NHCOCHCI,]
FF 375 (53%) [M+NH,]* 356 (50%) [M-HT
358 (20%) [M+H]* 264 (100%) [M-H - 2(HCI) - HFT
340 (100%) [M+H - H,O]" 185 (83%) [M-H - CH(CH,F)NHCOCHCI,]
CAP 323 (25%) [M+H]" 321 (100%) [M-HT
305 (100%) [M+H - H,0O]" 250 (89%) [M-2(HCD]"
Acetone FFA 248 (100) [M+H]"
230 (65%) [M+H - H,O]"
TAP 373 (20%) [M+NH,] 354 (100%) [M-H]
356 (11%) [M+H]" 282 (92%) [M-2(HCD]
338 (100%) [M+H - H,0O]" 266 (38%) [M - 2(HCI) - OH]
225 (35%) [M - 2(HCI) - NH,COCH,]
FF 375 (35%) [M+NH,]* 356 (19%) [M-HT
358 (5%) [M+H]* 264 (100%) [M-H - 2(HCI) - HFT

340 (100%)  [M+H - H,0]"
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CAP 323 (24%) [M+H]* 321 (100%)  [M-HT
305(100%)  [M+H - H,0]" 250 (92%) [M - 2(HCI)]”"
192 (22%) [M - 2(HCI) - NH,COCH,]
Tetrahydrofuran FFA 248 (100%) [M+H]*
230 (16%) [M+H - H,0]*
TAP 338 (100%)  [M+H - H,0]" 354 (100%)  [M-HT
282 (64%) [M-H - 2(HCI)]
266 (27%) [M - 2(HCI) - OHJ
FF 340 (100%)  [M+H - H,0]" 356 (44%) [M-H]
264 (100%)  [M-H - 2(HCI) - HF]
CAP 305 (100%)  [M+H - H,0]" 321 (100%)  [M-HT
250 (43%) [M - 2(HCI]”
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Figure 1S: Product ion scan of the [M]- of FF obtained with the quadrupole-orbitrap
instrument, showing the two product ions at m/z 202 and their proposed structures.
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Abstract

Nowadays most LC-MS methods rely on tandem mass spectrometry not only for
quantitation and confirmation of compounds by multiple reaction monitoring (MRM), but
also for the identification of unknowns from their product ion scan spectra. However, gas
phase reactions between charged and neutral species inside the mass analyzer can occur
yielding to product ions at m/z values higher than that of the precursor ion, or at m/z
values difficult to explain by logical losses, that complicate MS/MS spectra
interpretation. In this work, the formation of adducts in the mass analyzer was studied
using several mass spectrometers with different mass analyzers (ion trap, triple
quadrupole and quadrupole-orbitrap). Heterocyclic amines (AaC, MeAaC, Trp-P-1 and
Trp-P-2), photoinitiators (BP and THBP) and pharmaceuticals (phenacetin and
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levamisole), were selected as model compounds and infused in LCQ Classic, TSQ
Quantum Ultra AM and Q-Exactive Orbitrap (ThermoFisher Scientific) mass
spectrometers using electrospray as ionization source. The generation of ion-molecule
adducts depended on the compound and also on the instrument employed. Adducts with
neutral organic solvents (methanol and acetonitrile) were only observed in the ion trap
instrument (LCQ Classic), due to the ionization source on-axis configuration and the lack
of gas phase barriers, which allowed inertial entrance of the neutrals into the analyzer.
Adduct formation (only with water) in the triple quadrupole instruments was much lower
than in the ion trap and quadrupole-orbitrap mass spectrometers, due to the lower
residence time of the reactive product ions in the analyzer. The moisture concentration in
the CID and/or damper gas had a great effect in beam-like analyzers such as the triple
quadrupole, but not in trap-like analyzers, probably because of the long residence time
allowed adduct formation even with very low concentrations of water inside the mass

spectrometer.

1. Introduction

Liquid chromatography-mass spectrometry (LC-MS) has become a robust and well-
established analytical approach for the analysis of small molecules in food, biological and
environmental matrices. This technique allows the unequivocal identification and the
accurate quantitation of small amounts of a wide range of compounds in complex
matrices. A vast majority of the LC-MS methods developed rely on the high sensitivity
and selectivity of tandem mass spectrometry for the identification and quantitation of the
analytes by collision-induced-dissociation (CID) of a precursor ion and the selection of
characteristic product ions. Additionally, the role of product ion scan spectra is of a high
importance for the identification and structural characterization of unknowns. The
identification of the molecular/pseudo molecular ions generated in the ionization source
to assign elemental compositions, the use of mass spectra databases (precursor and
product ions) for compound identification and characterization, and the study of the
fragmentation pathways of specific analytes/families of compounds are valuable
strategies that help in the screening of metabolites or related compounds.

Generally, in a MS/MS spectrum of a mono-charged ion the expected product ions are of

lower mass-to-charge ratio (m/z) than the precursor ion. However, in some cases, product
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ions at m/z values higher than that of the precursor ion, or at m/z values difficult to
explain by logical losses have been observed, suggesting that ion-molecule gas phase
reactions inside the mass analyzer may occur. Although the formation mechanism of
these “unexpected” product ions has been reported by different authors [1-3] the cause
remains unclear. On the one hand, adducts arising from the reaction of product ions with
impurities such as water or organic solvents have been reported. Some authors pointed
out that these impurities might be residual mobile phase neutral molecules that remain
inside the mass spectrometric system [1,4-7]. It has been proposed that CID or damper
gas residual moisture is the source for water adduct ions [3,8-11] and even that
atmospheric moisture could be adsorbed on the inner stainless surfaces of the mass
spectrometer [8,10]. Moreover, it has also been pointed out that residual water from the
fore-vacuum zones of the MS instrument can be leaked during the operation of the
electric switching allowing the injection of neutral molecules into the mass analyzer [4].
Recently gas phase reactions between product ions and the actual CID gas (N,) have been
also described [12]. In rare occasions, additional intramolecular gas phase reactions of
ion-molecule adducts formed in the mass analyzer have been reported, which justify some
of the observed product ions that are difficult to explain even by adduct formation [2,13].
Overall, the presence of these ion-molecule adducts often complicates MS/MS spectra
interpretation, which could lead to dubious identifications. In addition, this phenomenon
has been suggested as a possible cause for inconsistency in quantitation based on MRM
acquisition if product ions involved in reversible water losses are selected for quantitation
or confirmation purposes [14].

As stated above, many factors affecting the formation of these ion-molecule adducts have
been proposed. However, in most studies only one or two of the cited aspects have been
evaluated. Moreover, it is difficult to establish the relevance of each factor causing adduct
formation since many of them are interdependent. In this work, the adduct formation in
mass spectrometric systems is studied. Several mass spectrometers based on different
mass analyzer technologies (ion trap, triple quadrupole and quadrupole-Orbitrap) and
hybrid configurations (90° vs. 180°) are used to evaluate how the mass spectrometer
configuration can affect the adduct ion generation. In addition, other aspects regarding the
influence of mobile phase constituents and moisture of CID gas in the formation of

adduct ions are also discussed.
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2. Experimental

2.1. Reagents and materials

All standards were high purity grade unless stated otherwise. 2-amino-a-carboline (AaC,
CAS No. 26148-68-5), 2-amino-3-methyl-a-carboline (MeAaC, CAS No. 68006-83-7),
tryptophan p 1 (Trp-P-1, CAS No. 62450-06-0), and tryptophan p 2 (Trp-P-2, CAS No.
62450-07-1) were purchased from Toronto Research Chemicals (Toronto, Canada).
Phenacetin (PHEN, CAS No. 62-44-2), levamisol (LEV, CAS No. 16595-80-5),
benzophenone (BP, CAS No. 119-61-9), and 2,2’.4,4’-tetrahydroxybenzophenone
(THBP, CAS No. 131-55-5) were obtained from Sigma-Aldrich (Steinheim, Germany).
The chemical structures of all the studied compounds are depicted in Figure 1. Solvents
(methanol, acetonitrile and water, all LC-MS grade) were purchased from Sigma-Aldrich.
Stock standard solutions at 1000 mg kg were prepared in methanol and acetonitrile by
weight and stored at -20°C. Working standard solutions at 1 mg kg* were prepared by

appropriate dilution with methanol or acetonitrile.

CH;
AN NH
—N
—N
N
H N
H
AaC MeAaC
HC HiC
N N
/ Ny —NH, / Ny —NH, i : \/“‘N/>
— — N’A\S
N CHg N
H H
Trp-P-1 Trp-P-2 LEV
OH © OH o N
/‘)‘\‘\ D/HTCH:B
O O 0
HO OH He” o
THBP BP PHEN

Figure 1. Chemical structures and acronyms of the studied compounds.
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2.2. Instrume ntation and methods

Full-scan and product ion scan were acquired using several MS instruments. Mass spectra
were acquired from direct infusion of 1 mg kg™ standard solution (in methanol or
acetonitrile) at 5 uL min™ using the built-in syringe pump, and also from the infusion of
the same standard (5 pL min®) in 200 pL min™ of mobile phase at four different
compositions (100% acetonitrile, 100% methanol, acetonitrile:water 1:1, and
methanol:water 1:1) using a zero dead volume T-piece for mixing. An Accela 1000 liquid
chromatography instrument (ThermoFisher Scientific, Bremen, Germany) was used to
supply the mobile phase. When the mobile phase was changed the LC-MS system was
flushed for at least an hour to ensure stabilization of the experimental conditions .An ion
trap LCQ Classic (ThermoFisher Scientific, Bremen, Germany), with helium (purity
grade 5.0) as damping and CID gas, was operated in fullscan and multi-stage mass
spectrometry (MS") product ion scan modes using an isolation width of 1.0 m/z,
normalized collision energy values ranging between 5 and 100%, and activation energy
parameters (AQ) between 0.35 and 0.45. Electrospray (ESI) was used as ionization source
under the following working conditions when performing direct infusion: spray voltage
was 5.4 kV; sheath gas and auxiliary gas were 6 and 2 arbitrary units (a.u.), respectively;
capillary temperature was held at 200°C; capillary voltage was 8 V. For experiments
regarding the infusion of standards in mobile phase flow rate, the sheath gas and auxiliary
gas values were increased up to 75 and 15 a.u. respectively, whereas the rest of the source
parameters were maintained at the same values.

A triple quadrupole TSQ Quantum ultra AM (argon purity 5.0 as CID gas, 1.0 mTorr)
from ThermoFisher Scientific (Bremen, Germany) equipped with a H-ESI | ionization
source was operated in fullscan and product ion scan modes using collision energy values
between 0 and 55 eV. The ionization source parameters when working with direct
infusion were as follows: spray voltage was 3.0 kV; sheath gas, auxiliary gas and ion
sweep gas were 5, 0 and 0 a.u., respectively; vaporizer temperature was held at 30 °C; ion
transfer tube temperature was 300 °C. When working with infusion of the standards in
mobile phase, the sheath gas and auxiliary gas values were increased up to 40 and 20 a.u.,
respectively.

A quadrupole-orbitrap Q-Exactive (ThermoFisher Scientific, Bremen, Germany) with N,
(purity 4.5) as CID and damper gas, was used in full scan mode. Orbitrap was run at a
resolution of 17,500 full width half maximum (FWHM), the automatic gain control
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(AGC) was set at 10° corresponding to an injection time of approximately 5 ms. During
product ion scan experiments the isolation width in the quadrupole was 1.0 m/z and the
resolution in the Orbitrap was 17,500 FWHM. Nevertheless, the AGC value had to be
lowered down to 2-10° to maintain the same injection time (5 ms). The normalized
collision energy (NCE %) was varied between 10 and 100% in tandem mass spectrometry
experiments. H-ESI Il source was used as ionization source under the following working
conditions: spray voltage was set at 3.0 kV; vaporizer and ion transfer tube temperatures
were held at 30 and 320 °C, respectively; sheath gas was 10 a.u. and neither auxiliary gas,
nor ion sweep gas were used when working with direct infusion, while values of 40, 10
and 0 a.u. were applied when the infusion was performed in mobile phase, respectively.

Data acquisition was performed in positive ionization mode for AaC, MeAaC, Trp-P-1,
Trp-P-2, PHEN, LEV and BP and negative ionization mode for THBP in all instruments.
N, (purity grade 4.5) was used in all mass spectrometers for desolvation in the ionization

source.

3. Results and discussion

In this work, four carbolines (AaC, MeAaC, Trp-P-1, Trp-P-2), two pharmaceuticals
(PHEN, LEV) and two photoinitiators (BP, THBP) have been selected as model
compounds to study the factors that might affect ion-molecule adduct formation. All of
the selected model compounds have shown unexpected product ions when studying their
fragmentation in tandem mass spectrometry. Standard solutions of the model compounds
prepared in either methanol or acetonitrile have been introduced into different mass
spectrometry systems to study the causes that favor the adduct ion generation. The
standard solutions were both directly infused into the ESI-MS system and also introduced
in a carrier solvent (mobile phase) pumped by a liquid chromatography system. In this
last case, different mobile phase compositions were tested.

Aside from product ion reactivity, CID and/or damper gas residual moisture, residence
time of product ions inside the mass analyzer and ion source axis configuration have been
suggested as the main contributors to the formation of adducts in tandem mass
spectrometry. So, mass spectrometers with single (ion trap) or hybrid (triple-quadrupole,
quadrupole-orbitrap) mass analyzers, with capabilities of performing tandem mass
spectrometry either in-time or in-space have been used in this work. Moreover, product

ion elemental composition assignments have been confirmed by accurate mass
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measurements in the quadrupole-orbitrap mass spectrometer. The selected MS
instruments present various configurations (schematics in Figure S1, supporting
information) of the ion source (on- and off-axis) and the collision cell (at angles of 90° or
180°). Additionally, each of them uses CID and/or damper gas of different purity,
99.999% or 99.995% pure, corresponding to maximum accounted moisture levels of 3 or
10 ppm, as reported by the supplier.

As a first step, the product ion scan spectra of all the model compounds were acquired in
both a "trap-like" mass analyzer (ion trap, Figure S1A, supporting information) and a
"beam-like™ mass analyzer (triple-quadrupole, Figure S1B, supporting information) and
using high purity gases as damper gas and/or for CID fragmentation (less than 3 ppm of
moisture). For all the model compounds the product ion spectra were significantly
different in each mass spectrometer. As an example, Figure 2 shows the product ion scan
spectra obtained for both THBP and PHEN using both instruments. Regarding THBP,
aside from the ions at m/z 135 and m/z 109 that corresponded to the cleavage of the
benzoyl bond, and to the loss of water (m/z 227) from the precursor ion (m/z 245), other
product ions were also observed in the ion trap product ion scan spectrum (Figure 2A).
lons at m/z 153 and m/z 167 might be assigned as adduct ions probably originated by ion-
molecule reactions between the product ion at m/z 135 and water and methanol
molecules, respectively. However, these adduct ions were not observed in the product ion
spectrum obtained in the triple-quadrupole (Figure 2B). For PHEN, adduct formation has
been observed when performing 3" generation multistage mass spectrometry (MS®) in the
ion trap. The product ions in the ion trap MS/MS spectrum, m/z 162, m/z 152, m/z 138
and m/z 110 (Figure 2C), can be assigned to the losses of water, C,H,;, C,H,0, and the
concurrent losses of C,H, and C,H,0, respectively, from the precursor at m/z 180.
Nevertheless, in the MS? spectrum of m/z 110 (also depicted in Figure 2C) several
product ions at m/z higher than the precursor ion were also present. These product ions
(m/z values 110, 111, 124 and 125) were water and methanol adducts generated by ion-
molecule reactions with product ions arising from the losses of ammonia and water (m/z
93 and m/z 92, respectively). This fact was further corroborated by the so-called "ping-
pong effect” produced by the cyclic loss and gain of the neutral molecules (water or
methanol). This phenomenon can be followed by multistage mass spectrometry by
subsequently isolating and fragmenting the adduct and the product ion produced by the
adduct in each step, as has been previously described for other compounds [9,15,16].
However, when product ions of 3™ generation were obtained in the triple-quadrupole
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(MS/MS fragmentation of 2™ generation product ion at m/z 110 originated by in-source
fragmentation), the adduct ions commented above m/z 111, 124 and 125 (Figure 2D) were
not present in the MS/MS spectrum. The rest of the model compounds showed the same
behavior, that is, ion-molecule adducts (water, methanol and/or acetonitrile) were
observed at high relative abundances when using the ion trap, whereas with the triple-
quadrupole organic solvent adducts were not observed, and the presence of water adducts
was minimal, only noticeable for the most reactive compounds such as the carbolines
(AaC, MeAaC, Trp-P-1 and Trp-P-2).

To further explore the influence of the mobile phase organic solvent in adduct ion
generation, the ion trap product ion scan spectrum of each model compound was obtained
by infusing the standard solutions in different binary and ternary mobile phase mixtures
of methanol:water:acetonitrile, and noticeable differences in the MS/MS spectra were
observed. As an example, Figure 3 shows the MS/MS spectra acquired for MeAaC. As it
can be seen, when the mobile phase was changed from acetonitrile:water 1:1 (Figure 3A)
to methanol:water 1:1 (Figure 3D), the adduct species changed from acetonitrile (m/z
222) to methanol (m/z 213). When both solvents were present both methanol and
acetonitrile adduct ions were observed with relative intensities depending on the solvent
percentage (Figure 3B and 3C). Additionally, the water adduct (m/z 199) was always
present at high relative intensities. However, when these experiments were performed ina
triple-quadrupole and in a quadrupole-orbitrap (Figure S1C, supporting information)
instruments, both with off-axis ion source configuration and a 90° transmission lenses
and/or collision cell, the presence of ion-molecule adducts was reduced drastically. No
adducts with methanol or acetonitrile were observed, and the same product ion mass
spectrum was obtained regardless of the organic solvent used. This can be explained
because in early MS instruments such as the ion trap LCQ Classic, the inertial entrance of
neutral solvent molecules into the mass analyzer region is favored by the linear
configuration (on-axis source, mass analyzer at a 180° angle) of the mass spectrometer,
and the vacuum level (10® Torr) is not low enough to properly evacuate all the neutral
molecules. Nowadays, almost all modern mass spectrometric systems use off-axis
ionization source configurations and gas phase barriers (sweep gas or curtain gas) to
reduce background noise and also to improve sensitivity, preventing the formation of ion-

molecule adducts with solvents from the mobile phase.

169



Capitol 3

[M+H-NH, + H,0T*

gm/z 198 (NCE 40%)

100 |

[M+H-NH31+ H,0]*
[M+H]* =

198.1 198.1
A) ~ B) N
[ @
e ! [M+H-NH, + CH,OH]*
© @
E 183.1 = 183.1
I N M+H-NH, + CH,CN]*
2 50 | [M+H-NH_J* [M+I-2lzl\1|-I93+ CH,CN] 2 50 | [M+H-NH.J* [ H-NHs sCN]
o 181.1 . e 181.1
B ™ K}
[} [3)
o 14
213.1
0 —t b ¥ r T ‘ 0 e L —t ‘ ‘
100 140 180 220 260 100 140 180 220 260
mz m/iz

[M+H-NH, + H,0]* [M+H-NH, + H,0]*
199.1 199.1

[M+H]*

[M+H]*
C) 181, D) 198.1
8 8
= =
fus] @
T kel
5 183.1 5 183.1
=) O
< 50 [M+H-NH3]+ < 50 4 [M+H-NH3]+ [M+H-NH3+ CH30H1+
v 181.1 . o 181.] 213.1
2 [M+H-NH, + CH,OH] 2
i‘; 213.1 E
[M+H-NH, + CH,CNJ*
222.0 J
0 — L . . S— : 0 —— ‘ : : :
100 140 180 220 260 100 140 180 220 260
mz mz

Figure 3. Product ion spectra of a standard solution of MeAaC (precursor ion
m/z 198, NCE 40%) acquired inanion trap mass spectrometer by infusion (5 uL
min™) of the standard into different mobile phase (300 pL min™) compositions:
A) acetonitrile:water 1:1; B) methanol:acetonitrile:water 2.5:48.75:48.75; C)

methanol:acetonitrile:water 48.75:2.5:48.75; D) methanol:water 1:1.

To evaluate the effect of the collision cell layout, two QgQ instruments, one with a 90°
curved collision cell (TSQ) and another with a linear collision cell (API 3000, scheme
shown in Figure S1D, supporting information), were compared. Figure 4 shows the
MS/MS spectra of Trp-P-2 acquired in the two triple quadrupole instruments where it can
be observed that the relative intensity of the water adduct (m/z 199) is slightly higher
(22%) in the API 3000 (Figure 4, bottom), than in the TSQ (5%) instrument (Figure 4,
top). However, the observed difference in the relative intensity of the water adduct ion
can be also attributed to other factors such as the pressure inside the mass analyzer region,
that is one order of magnitude higher in the API 3000 mass spectrometer (10 Torr) than
in the TSQ instrument (10 Torr), allowing a higher content in neutral molecules. The

origin of the water molecules causing the observed adducts may be the mobile phase
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solvent or the moisture of the CID gas used in the collision cell (up to 10 ppm in the N,
used in the API 3000 vs. less than 3 ppm in the Ar used in the TSQ). Since adducts with
neutral organic solvent molecules such as methanol and acetonitrile are not present in the
API 3000 MS/MS spectra, the most probable origin of the water inside the MS system
seems to be the moisture of the CID gas. This is in agreement with some results found in
the literature that indicated the generation of adducts when performing tandem mass
spectrometry experiments using CID gas doped with D,O [8]. However, it must be
pointed out that these experiments used a very high water concentration in the CID gas

(~2.300 ppm of D,0O vs. <10 ppm of water present in a 99.995% CID gas) and that could

be the cause for such strong dependence.
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Figure 4. Product ion scan spectra of Trp-P-2 obtained in two triple-

quadrupole mass spectrometers: A) TSQ (off-axis configuration of both

ionization source and mass analyzer) and B) API

3000 (off-axis

configuration of the ionization source and on-axis configuration of the mass

analyzer), reprinted with permission from [17], copyright (2004) Elsevier.
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To provide further evidence on the effect of CID gas moisture in adduct formation, the
product ion spectra of the model compounds acquired in the TSQ triple-quadrupole (Ar, <
3 ppm moisture) were compared with those observed in the Q-Exactive quadrupole-
orbitrap (N, < 10 ppm moisture). It must be taken into account that both instruments have
tandem mass analyzer off-line configuration (90° transmission lenses and/or collision
cell). As an example, Figure 5 shows the MS/MS spectra of AaC obtained in the triple-
quadrupole (Figure 5, top) and in the quadrupole-orbitrap (Figure 5, bottom). As it can be
seen, the ion ratio of the water adduct ion (m/z 185) and the product ion (m/z 167) from
which it was generated (promoting ion) was much higher in the Q-Exactive (ion ratio:
1.4) instrument than in the TSQ (ion ratio: 0.1). Water adducts with high relative
intensities were obtained in the Q-Exactive for the rest of the studied compounds, as it is
shown in Table 1, that lists the relative abundances of the ion-molecule adducts and their
corresponding promoting ions in the quadrupole-orbitrap mass spectrometer. As it can be
seen, adduct relative intensities ranged from very low, (2.3% relative abundance for
LEV), to high relative abundances, such as 60% for AaC, and in some cases they even
became the base peak at some collision energies (Figure 5B). This indicates that water
adduct formation is favored in the quadrupole-orbitrap, either by CID/damper gas with
higher moisture content or by the longer residence time of product ions in this instrument.
Since the quadrupole-orbitrap instrument operated under a much lower vacuum (107*°
Torr) than the triple-quadrupole (10 Torr), less residual ambient moisture was expected,
and as a consequence less water adduct formation should be also observed. However, as
the quadrupole-orbitrap used a CID/damper gas that contained up to 10 ppm of water
(99.995% purity), further experiments were performed to assess the importance of the
CID gas moisture content in the formation of water adducts. To this end, a moisture trap
was installed between the gas supply and the quadrupole-orbitrap mass spectrometer gas
inlet and the experiments were repeated. Nonetheless, the observed relative intensity did
not decrease either after installing the moisture trap, or after performing a system bake-
out (heating the mass analyzer area for 10 h) to remove moisture absorbed to the inner
surfaces of the instrument. Additional experiments were performed in a single orbitrap
mass spectrometer (Exactive also from ThermoFisher Scientific) which used high purity
N, as CID/damper gas (less than 3 ppm of water), and the all-ion fragmentation spectra of
the model compounds showed water adducts with relative intensities similar to those
observed in the Q-Exactive also operating in all-ion fragmentation mode (data not
shown). This led to the conclusion that the small residual moisture content present in the
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system is enough to generate water adducts in orbitrap mass spectrometers when dealing
with highly reactive ions. This is in agreement with the work of Beuck et al., who also
observed no impact in adduct formation when the N, used as CID gas was changed for

another of a higher purity (5.0) when working with an ion trap-orbitrap instrument [15].
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Figure 5. Product ion scan spectra of AaC in (A) a triple-quadrupole
and (B) a quadrupole-orbitrap mass spectrometer.

A possible reason as to why even at small moisture quantities water adduct formation can
be observed in orbitrap mass spectrometers might be the several ion trapping steps taking
place during the instrument operation. When a MS/HRMS spectrum is performed,
product ions are trapped several times (C-trap, HCD cell, orbitrap) which results in a high
residence time (milliseconds) that allows high interaction of the reactive product ion with
the residual moisture. The same behavior was found by other authors, for instance, Chan

et al. observed that adduct formation not only was proportional to the product ion affinity
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for the neutral molecule (reactivity) but also to the residence time of the production in the
mass analyzer [3]. Attygale et al. compared the formation of adducts with halogenated
benzoic acids using different mass spectrometers and no adducts were observed when
triple-quadrupole and Q-TOF (beam-like) instruments were used whereas they were

frequently present when using ion trap and Q-trap (trap-like) mass spectrometers [13].

4. Conclusions

In this work, adduct ion generation has been studied taking into account several factors
such as instrument configuration and CID gas impurities. The results have demonstrated
that adduct formation can occur more frequently than expected. The main factor affecting
adduct formation in tandem mass spectrometry is the instrument configuration. The use of
an on-axis ionization source, without gas phase barriers (curtain or ion sweep gases) and a
relatively low vacuum level in the MS instrument (such as in the LCQ Classic ion trap
mass spectrometer) led to high relative abundances of adducts with solvent molecules
(water and organic solvents) from the mobile phase. Conversely, the off-axis ionization
sources used in modern mass spectrometers prevented mobile phase adduct generation
and only water adducts, originated from the moisture of the CID and/or damper gas are
observed. In beam-like analyzers such as the triple quadrupoles, ion-molecule gas phase
reactions forming water adducts can be further reduced by increasing the quality of the
CID gas. However, in trap-like instruments this approach (the use of moisture traps or
CID/damper gases of a high purity) does not greatly affect adduct formation, as the long
residence time inside the analyzer or the multiple entrapments performed seem to be the
most important factors in this case. For other mass analyzers such as the triple-
quadrupole, TOF or Q-TOF, the presence of ion-molecule adducts is less probable and
only should be taken into account for those compounds generating highly reactive product

ions such as the carbolines.
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Abstract Recreational drugs (illicit drugs, human and veter-
inary medicines, legal highs, etc.) often contain lacing agents
and adulterants which are not related to the main active ingre-
dient. Serious side effects and even the death of the consumer
have been related to the consumption of mixtures of psycho-
active substances and/or adulterants, so it is important to know
the actual composition of recreational drugs. In this work, a
method based on flow injection analysis (FIA) coupled with
high-resolution mass spectrometry (HRMS) is proposed for
the fast identification of psychoactive substances in recrea-
tional drugs and legal highs. The FIA and HRMS working
conditions were optimized in order to detect a wide range of
psychoactive compounds. As most of the psychoactive sub-
stances are acid—base compounds, methanol-0.1 % aqueous
formic acid (1:1 v/v) as a carrier solvent and electrospray in
both positive ion mode and negative ion mode were used. Two
data acquisition modes, full scan at high mass resolution
(HRMS) and data-dependent tandem mass spectrometry
(ddMS/HRMS) with a quadrupole—Orbitrap mass analyzer
were used, resulting in sufficient selectivity for identification
of the components of the samples. A custom-made database
containing over 450 substances, including psychoactive com-
pounds and common adulterants, was built to perform a high-
throughput target and suspect screening. Moreover, online
accurate mass databases and mass fragmenter software were
used to identify unknowns. Some examples, selected among
the analyzed samples of recreational drugs and legal highs
using the FIA-HRMS(ddMS/HRMS) method developed,

P4 Encarnacién Moyano
encarna.moyano@ub.edu

Department of Analytical Chemistry, University of Barcelona,
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are discussed to illustrate the screening strategy used in this
study. The results showed that many of the analyzed samples
were adulterated, and in some cases the sample composition
did not match that of the supposed marketed substance.

Keywords Psychoactive substances - Flow injection
analysis—high-resolution mass spectrometry - Orbitrap - Legal
highs - Screening

Introduction

The recreational use of psychoactive substances is one of the
main causes for concern in our society. Some illicit drugs such
as cannabis, cocaine, and methamphetamine are still con-
sumed in quite great quantities in Europe, and only heroin
consumption seems to be declining [1]. Moreover, the con-
sumption of multiple drugs is a common practice owing to
either voluntary consumption of different drug products, or
nonvoluntary consumption of impurities or adulterating
agents, as well as the use of fraudulent products. For instance,
some reports indicate that drug-induced deaths usually occur
among individuals who have consumed multiple psychoactive
substances [1]. In addition, new psychoactive substances,
commonly known as “research chemicals” or “legal highs,”
have appeared on the market. These drugs were synthesized in
the last few decades originally for research purposes. As most
of them have psychotropic effects that can mimic those of
more traditional drugs of abuse, they have been intentionally
manufactured and distributed, circumventing the existing laws
concerning controlled substances. To this end, legal highs are
sold mostly as “herbal blends,” “bath salts,” or “plant food”
and are marketed as “not for human consumption” to avoid
clinical health tests. Their use has also raised concern owing to
the obvious misinformation shown on the packaging, where

@ Springer
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the actual composition is often not indicated. The high number
of substances marketed as legal highs and their fast develop-
ment and modification by drug designers challenge analytical
tasks. The substances most frequently found in these products
are synthetic cannabinoids, salvia, mephedrone, and synthetic
cathinones, although substituted phenethylamines and other
derivatives have also been reported [1-3].

In 1971 the United Nations adopted the Convention on
Psychotropic Substances establishing the protocol for the con-
trol of psychoactive substances. Among the cathinone family,
cathinone and methcathinone are listed in Schedule I and
amfepramone and pyrovalerone are in Schedule IV of that
convention, but other derivatives are not under international
control. A few other cathinone derivatives are controlled in
some EU member states, and by Council Decision of 2 De-
cember 2010, 4-methylmethcathinone (mephedrone) was sub-
mitted to control measures in EU member states [4]. No can-
nabinoids are under international control by the UN drug con-
trol conventions, but JWH-018, JWH-073, HU-210, and CP
47,497 (and its C6, C8, and C9 homologues) are scheduled
drugs in some EU member states. In spite of the legal devel-
opments, new compounds are constantly being introduced on
the black market and distributed by the Internet, hindering the
control of these substances. Governmental institutions such as
the European Monitoring Centre for Drugs and Drug Addic-
tion have started to control and to inform about psychoactive
substances, adulterants, and frauds in recreational drug mar-
keting. In Spain, many NGOs (e.g., Red Cross, Energy Con-
trol, and Ai Laket) are working on campaigns to collect sam-
ples donated by anonymous individuals in places where these
substances are consumed. The purpose of these sampling
campaigns is to obtain first-hand information on drug con-
sumption and drug composition in order to inform young
people about the risks of using recreational drugs. In many
cases it has not been possible to identify the alleged sub-
stances, indicating that for recreational drugs, frauds and
adulterations are frequent, and that analytical methods must
be able to deal with the identification of unknown com-
pounds that may not be related to the recreational drug sup-
posedly provided.

Most of the analytical methods that deal with the screening
or quantitation of psychoactive substances are based on liquid
chromatography (LC) or gas chromatography coupled with
low-resolution mass spectrometry (MS) and tandem MS
(MS/MS) [5-10]. However, these analytical methods allow
only targeted or nontargeted approaches for a small number
of substances. Additionally, for the screening of a high num-
ber of synthetic drugs, the separation efficiency of ultra-high-
performance LC (UHPLC) coupled with the high selectivity
of high-resolution MS (HRMS) is often required. For in-
stance, the screening of new synthetic cannabinoids has been
performed with UHPLC-time-of flight (TOF) and UHPLC—
quadrupole TOF (QTOF) systems [11, 12]. With the use of
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HRMS, some unknown analogues within the cannabinoid
family were identified in legal highs, but to perform such
identification, chromatographic separations were needed.
New MS approaches have also been proposed for the surveil-
lance of emerging drugs of abuse [13], such as direct analysis
in real time [ 14], desorption electrospray ionization (EST) [15],
and ion mobility [16], but most of these applications are fo-
cused on the targeted analysis of a reduced number of com-
pounds, often belonging to one specific family of psychoac-
tive substances. To the best of our knowledge, only one meth-
od based on flow injection analysis (FIA) coupled with MS
has been published [17] for the targeted analysis of psychoac-
tive substances, including mephedrone, ketamine, and
amphetamine-like stimulants in urine. But to this day, no
methods based on FIA-MS for global nontargeted analysis
of recreational drugs have been published.

In this work, we report on the development of a method
based on FIA coupled with HRMS for the screening of recre-
ational drugs and legal highs. The method combines the sim-
plicity of FIA and the high selectivity of HRMS. Full-scan
HRMS and data-dependent MS/MS (ddMS/HRMS) on a
quadrupole—Orbitrap system provide accurate mass structural
information for the subsequent automated database search in
both custom-made and online databases. The proposed meth-
od allows the fast and reliable identification of a wide range of
compounds, including target compounds, suspect com-
pounds, and unknowns, in drug samples.

Experimental
Reagents and materials

Cocaine (1 mg mL™" in acetonitrile, CAS no. 50-36-2), (£)-3,
4-methylenedioxymethamphetamine (MDMA; 1 mg mL™" in
methanol, CAS no. 42542-10-9), ketamine hydrochloride
(1 mg mL™" in methanol, CAS no. 1867-66-9), (+)-amphet-
amine (1 mg mL™" in methanol, CAS no. 300-62-9), (+)-meth-
amphetamine (1 mg mL™" in methanol, CAS no. 4846-07-5),
ethylone hydrochloride (1 mg mL™" in methanol, CAS no.
1112937-64-0), butylone hydrochloride (1 mg mL™" in meth-
anol, CAS no. 17762-90-2), 3-fluoromethcathinone hydro-
chloride (1 mg mL™" in methanol, CAS no. 1346600-40-5),
and 4-fluoromethcathinone hydrochloride (1 mg mL™" in
methanol, CAS no. 7589-35-7), were purchased from
Cerilliant (Round Rock, TX, USA). Benzocaine (analytical
standard, CAS no. 94-09-7), levamisole (analytical standard,
CAS no. 16595-80-5), phenacetin (98 %, CAS no. 62-44-2),
caffeine (reagent plus, CAS no. 58-08-2), lidocaine (analytical
standard, CAS no. 137-58-6), 2-aminoindan (97 %, CAS no.
2975-41-9), and N-methylephedrine (analytical standard,
CAS no. 552-79-4) were obtained from Sigma-Aldrich
(Steinheim, Germany). (+)-ephedrine hydrochloride (99 %,
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CAS no. 134-71-4) was purchased from Analyticals Carlo
Erba (Val de Reuil, France). LC/MS grade acetonitrile, meth-
anol, and water were obtained from Fluka (Steinheim, Germa-
ny), and formic acid (98-100 %) was provided by Merck
(Darmstadt, Germany). Stock solutions of the standards (1,
000 mg kg ") were prepared individually by weight in meth-
anol and were stored at -20 °C. Intermediate solutions were
prepared monthly from the stock standard solution by appro-
priate dilution with methanol-0.1 % aqueous formic acid
(1:1 v/v). All samples and mobile phases were filtered through
0.22-pm nylon membrane filters purchased from Whatman
(Clifton, NJ, USA) to avoid clogging of the electrospray
capillary.

Instrumentation and methods

For FIA, a carrier solvent of a 1:1 mixture of methanol and
0.1 % aqueous formic acid at a flow rate of 150 uL min™" was
delivered by an Accela LC system (Thermo Fisher Scientific,
San Jose, CA, USA) equipped with a quaternary UHPLC
pump. A sample volume of 10 pL was injected into the carrier
flow via an Accela AS autosampler (Thermo Fisher Scientific,
San Jose, CA, USA). MS was performed with a Q Exactive
quadrupole—Orbitrap mass spectrometer (Thermo Fisher Sci-
entific, San Jose, CA, USA) equipped with a heated ESI probe
(HESI-II) as the ionization source and a high-energy collision-
al dissociation cell for MS/MS. Nitrogen (99.95 % pure, Air
Liquide, Madrid, Spain) was used as the collision gas and for
the heated ESI source. The electrospray voltage was set at
3.0 kV, the ion transfer tube temperature was set at 320 °C,
and the vaporizer temperature adjuster was turned off. The
sheath gas, auxiliary gas, and ion sweep gas flow rates were
40, 12 and 0 arbitrary units (a.u.), respectively. Data acquisi-
tion was performed for 1.5 min in full-scan data-dependent
MS/MS mode with positive and negative polarities. For the
full scan, a mass resolution of 70,000 full width at half max-
imum (FWHM) at m/z 200, an automatic gain control (AGC)
target of 3% 10° a.u., a maximum injection time of 100 ms, and
a scan range from m/z 70 to m/z 1,000 were used. The product
ion scan was performed at a mass resolution of 17,500
FWHM (at m/z 200), with an AGC target of 5x10° a.u. and
a maximum injection time of 100 ms, and with an isolation
width of 0.5m/z. The stepped normalized collision energy
(NCE) applied was 50 % with a 50 % step. The data-
dependent intensity threshold was fixed at an underfill ratio
of 20 % from the full-scan AGC, resulting in an intensity
threshold of 4x10° a.u. An exclusion list with the ions ob-
served in the full-scan mass spectra of blanks was also used,
and the dynamic exclusion parameter was fixed at 10 s. For
instrument calibration, two standard mixtures were used: a
mixture of n-butylamine, caffeine, MRFA (Met-Arg-Phe-
Ala) peptide, and Ultramark 1621 for positive ionization
mode, and a solution of sodium dodecyl sulfate, sodium
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taurocholate, and Ultramark 1621 for negative ionization
mode. External mass axis calibration was applied, and data
acquisition and data processing were performed with Xcalibur
version 2.2 SP2 and Exact Finder version 2.0 (Thermo Fisher
Scientific, San Jose, CA, USA). For screening purposes, a
custom-made database built with more than 450 compounds
including illegal drugs, legal highs, medicines, known adul-
terants, cutting agents, lacing chemicals, common excipients,
and drug precursors was used. Moreover, the MetFrag soft-
ware suite [18] was also used for the screening of unknowns.

Sample analysis

Eight samples of recreational drugs (indicated by “RD”) were
kindly provided by Spanish NGOs, seven samples of legal
highs (indicated by “LH”) were bought from Internet distribu-
tors, and one tea sample (indicated by “T”) was acquired from
a local store in Barcelona (Spain). Table 1 lists the sample
identifier, the product type, and the brand name or the alleged
substance. Powdered samples were dissolved in 1:1 acetoni-
trile-methanol, whereas samples that were not totally soluble
in the solvent mixture were extracted for 10 min with 1:1 ace-
tonitrile—methanol in an ultrasonic bath (Bandelin Electronic,
Berlin, Germany) and then centrifuged. An aliquot of either the
sample solution or the supernatant of the extracted sample was
then diluted with 1:1 methanol-0.1 % aqueous formic acid to
obtain a concentration of 20 pg g ', and 10 uL was injected
into the FIA-HRMS system for screening purposes.

Results and discussion

The analysis of psychoactive substances is a challenging task
owing to the constant innovation in the synthesis of new sub-
stances that renders most targeted analytical methods rapidly
obsolete. For this reason, there is a need for global screening
methods adaptable to the constant innovation in this area. In
this work, the capability of a powerful hybrid mass analyzer
such as the quadrupole—Orbitrap analyzer, which offers the
possibility of applying acquisition methods that combine
HRMS, tandem MS/MS, and data-dependent analysis
(ddMS/HRMS), was evaluated for the identification and con-
firmation of these compounds even without any chromato-
graphic separation. To this end, working conditions such as
the ionization source, solvent composition, and data-
dependent acquisition parameters were optimized, and the
use of different data searching strategies was evaluated for
the analysis of different drug samples.

FIA-HRMS(ddMS/HRMS) conditions

A wide-range screening MS method requires a mostly univer-
sal ionization technique working under operational conditions
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5 o suitable for a wide range of compounds. Most of the psycho-
=3 22 = active substances are acid—base and polar compounds, so they
=& s < S g may be easily ionized by electrospray (ESI) in positive and/or
. g negative ion mode. For this reason, ESI was selected as the
*"g’ g ionization source for the coupling of the FIA system to the
© _ 2 mass spectrometer. Other aspects that have to be considered
§ s I I IR BB T E are the carrier solvent and the sample solvent, which must also
7R n . . . .
== RN A A be compatible with as many analytes as possible, ensuring
- £ their solubilization and facilitating their ionization. To this
§ § end, a solvent composed of a 1:1 mixture of methanol and
S -é 0.1 % aqueous formic acid was used as the carrier solvent,
2 g 190 ooyt~ | 8 since most substances can be dissolved in this solvent,
B T = T S L e = .. .. . . . . .
=S Lo T or e é avoiding salt precipitation and not compromising the ioniza-
" 5 tion efficiency in the ESI source. The presence of formic acid
g i\ § § % § % 3 § 2 5|2 in the carrier solvent is recommended to improve the ioniza-
Bl el - i Sl S B B Y tion of basic compounds when working in positive ion mode
= - = = A I~ although it can suppress the ionization of acidic compounds
< when operating in negative ion mode. In this work, since most
T geaLsITaaT |0 : : :
23 RS $Z8855EE |3 of the psychoactive drugs of general interest are basic com-
3 3 TeEIgIggzad g pounds, 0.1 % formic acid was added to the carrier solvent.
AN AN O~ AN = . .
< E -0 T T - T = e - Moreover, the concentration of the analytes in the drug sam-
_ ‘g ples is usually high enough to be detectable in negative ion
TH £ o525 _ |8 mode even under ion suppression conditions. To obtain FIA
cQo % SooQ=m=| 8 .
%2Z2Z9 - 2%ZQ3| & peaks wide enough to perform enough data-dependent exper-
e g === 2 iments and to provide a minimum number of data points to
5 SEEEZE2E0Y E reconstruct the FIA peak, the carrier solvent flow rate was
E EEEESEEEEE| S adjusted to 150 uL min™'.
2 SO e S e SR DL D = The ESI source was operated under standard working con-
5 22223322223 ¢8 e P Y
o ditions in order to be suitable for as many compounds as
N = possible (see “Experimental”). The vaporizer temperature ad-
s g ;é: juster was turned off to minimize thermal degradation and in-
e S| = source collision-induced dissociation (CID) fragmentation of
3] —- = 5 . . . ..
—é En 22| ¢ the most labile compounds. The optimization of additional
é £ g P E "g E parameters for the coupling of the FIA system to the MS
§ ; = g g S g system and the HRMS and ddMS/HRMS working conditions
ks Zo g £ o 2 g g g =S :‘% 2 was conducted by injecting a 200 pg L' standard mixture that
% _§ & L% 5 RS Tg | g 5 § contained 20 compounds, including illegal drugs (cocaine,
= ROasLoaoEE ‘S amphetamine, methamphetamine, MDMA), cathinones
- E (butylone, 4-fluoromethcathinone), pharmaceuticals (benzo-
ED g caine, phenacetin, lidocaine), veterinary drugs (ketamine, le-
= § vamisole), and some psychoactive substances commonly used
g o 8 E‘; . as adulterants in recreational drugs [ephedrine, N-
9 . . . . .
38 o E N § E S methylephedrine, 2-aminoindan, caffeine]. Additionally, to
L > . = . . . o el
g _% S 2 g2 g %‘ § achieve a nondirected screening method, for data acquisition
= 3 © M = = B g the hybrid quadrupole—Orbitrap analyzer was operated using
5 g . .
= 2 two scan events; a high-resolution full scan (70,000 FWHM,
Z 8 e .
E 2 m/z 200) for identification and quantitation purposes, and a
=) < 5 5 ] data-dependent product ion scan (ddMS/HRMS) for confir-
- = o 4 . . . .
E = = = 8 2 mation and structural elucidation. In this second scan event,
g & 5 5 Y 5] < 8 ions were isolated at low resolution in the quadrupole,
S = a3 ) = S g . . . . .
- S E fragmented in the high-energy collisional dissociation cell,
K] = O . . . .
= & - o ~ 3 é» and scanned in the Orbitrap at high resolution. Nevertheless,
el dle 55 5 E < s to prevent data-dependent experiments on background noise
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ions and guarantee the detection of analytes with low intensity,
several strategies were performed simultaneously. First, the
data-dependent threshold value was optimized (between 10°
and 10° a.u.) using the standard mixture mentioned above, and
4x10° a.u. was selected since it resulted in data-dependent
experiments for all the compounds but not for background
noise ions. Second, an exclusion list with those ions detected
in the carrier flow was used to automatically omit high-
intensity background ions in the data-dependent analysis. Fi-
nally, to prevent repeated ddMS/HRMS experiments of al-
ready detected precursor ions, an exclusion time of 10 s was
set, thus launching the data-dependent experiment on the less
intense ions.

Another important aspect to be taken into account in a
FIA-MS analysis is the complexity of the mass spectra and
the possible interferences due to the absence of a chromato-
graphic separation. The increase of mass resolution from 17,
500 (minimum value) to 140,000 FWHM (maximum value)
reduces the probability of isobaric interferences and improves
the quality of isotope patterns. Nevertheless, increasing the
working mass resolution in the Orbitrap leads to a longer scan
duty cycle. In this work, to guarantee sufficient selectivity, the
mass resolution of the survey scan (HRMS full scan) was set
at 70,000 FWHM (at m/z 200). However, in the data-
dependent event the Orbitrap was operated at a mass resolu-
tion of 17,500 FWHM (m/z 200) in order to achieve a faster
duty cycle, without compromising selectivity as the system
operated in MS/MS mode with precursor ion selection. An-
other parameter to consider is the collision energy, since the
optimum value depends on the chemical structure of the pre-
cursor ion, and not all the useful product ions can be generated
simultaneously at the same collision energy. To obtain for a
given compound independent product ion scans with useful
ions in the whole m/z range, a stepped NCE of 50 %, with
50 % steps, was used in this work. This strategy allows an
averaged spectrum to be obtained from the product ion scan
spectra acquired at three NCEs (25, 50, and 75 %). Since this
spectrum included ions generated at both low and high colli-
sion energies, it guaranteed more structural information, espe-
cially for those compounds for which standards were not
available (suspect and unknown analysis) and for which the
optimal collision energy was not known.

As an example of the FIA—-HRMS(ddMS/HRMS) method
developed, Fig. 1 shows the full-scan HRMS spectrum in
positive ion mode (bottom left) corresponding to the FIA peak
(top left) of a standard mixture where the [M + H]" ions of
each compound are identified with a mass accuracy better than
5 ppm. Additionally, in Fig. 1 (bottom right) the ddMS/HRMS
spectrum obtained for the precursor ion at m/z 238.1 corre-
sponding to ketamine is shown. As can be seen, the averaged
product ion scan obtained after the application of the stepped
NCE shows product ions in the whole m/z range which are in
agreement with those ions previously reported by other
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authors using UHPLC-MS/MS with a QTOF instrument
[19]. Although the ESI source operated under mild conditions,
in-source CID fragmentation can occur. The full-scan HRMS
spectrum must be carefully studied to prevent false identifica-
tions, and the possible fragment ions must be identified, since
they might be considered as independent compounds. For this
reason, in this work those ddMS/HRMS product ions also
present in the full-scan HRMS spectrum were suspected to
be in-source CID fragment ions. To confirm their in-source
CID fragmentation nature, a more detailed study of the MS/
HRMS spectra of those suspected ions was performed. For
instance, ions at m/z 91.05396 and m/z 119.08522 observed
in the full-scan HRMS spectrum (Fig. 1) were also present in
the ddMS/HRMS spectra of amphetamine and methamphet-
amine, so they were discarded from the identification list and
were identified as in-source CID fragments (tropylium and
phenylpropanylium ions, respectively).

Sample screening

A custom-made database was built with more than 450 com-
pounds, including illegal drugs, legal highs, common adulter-
ants, cutting agents, some human and veterinary medicines,
and common excipients. For each substance the compound
name, CAS number, elemental composition, and the chemical
structure were included in each compound record. Moreover,
taking into account the functional groups in the chemical
structure of each compound, we also added the expected ion-
ization mode. Finally, if standards were available, MS/MS
experiments were performed and the ddMS/HRMS spectra
were added to the mass spectral library. If they were not avail-
able, expected product ions obtained from the literature were
included in the database.

Drug samples were processed as indicated in “Experimental”
and were injected into the FIA-HRMS(ddMS/HRMS) system.
No sample treatment was performed, and samples were just
dissolved in 1:1 acetonitrile-methanol, filtered to remove
nonsoluble excipients, and analyzed directly. Raw data files
were processed using Exact Finder and were interrogated by
the custom-made database to automatically identify the elemen-
tal compositions and possible structures. For each sample, a list
with the detected compounds classified into three categories was
created: the first category included the identified target com-
pounds, the second group contained compounds included in
the database for which identification was based on literature
information (suspect compounds), and the third one included
the rest of the ions detected above a fixed threshold for which
no compounds could be assigned (unknowns). The criteria ap-
plied for positive identification of an elemental composition
were a mass accuracy better than 5 ppm and an isotope cluster
fit better than 85 % (both mass relative deviation and relative
intensity differences, for each isotope peak within the cluster
ion, were taken into account). Finally, the chemical structures
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Fig. 1 Flow injection analysis—high resolution mass spectrometry
(HRMS)/data-dependent mass spectrometry (ddMS)/HRMS of a
200 ng mL™" standard mixture of compounds and mass spectrometry/
HRMS of the ion at m/z 238.1, corresponding to the anesthetic ketamine.
All ions provided mass accuracies better than 5 ppm. AMP amphetamine,

assigned to the target compounds were confirmed by compari-
son of the ddMS/HRMS spectra with those in the mass spectral
library, which had to provide a score higher than 0.850. For the
suspect compounds, the expected product ions according to the
bibliographic information were sought in the ddMS/HRMS
product ion scan. The identification of unknowns required a
more detailed data search. First, elemental compositions were
assigned to the different unknowns taking into account both the
accurate mass and the isotope pattern fit. Then, the formulae
were used for the online search in databases for drugs and related
compounds and for the in silico fragmentation by the mass
fragmenter software program MetFrag, which sorted the candi-
dates according to the match between the predicted product ions
and the experimental ddMS/HRMS product ions. Once the un-
known had been identified, LC-MS/MS and HRMS biblio-
graphic information on the suspected compound was compared
with the experimental data to provide further evidence for the
identification, and if the standard was available, it was bought

méz

CID collision-induced dissociation, COC cocaine, ETHY ethylone, LEV
levamisole, LIDO lidocaine, MAMP methamphetamine, MDMA 3,4-
methylenedioxymethamphetamine, NCE normalized collision energy,
PHEN phenacetin, 7/C total ion current

and analyzed by FIA-HRMS(ddMS/HRMS) to definitely con-
firm its identity. Table 1 lists the compounds identified in the
analyzed samples along with the identification criteria (mass
accuracy, isotope cluster fit, and MS/HRMS match score), and
those that could be confirmed are highlighted. The results ob-
tained are discussed in the following section, and some exam-
ples illustrating the different screening approaches are given.

Selected examples

Target screening Figure 2 shows the full-scan mass spectrum
in positive ion mode obtained for the RD1 sample, allegedly
cocaine. The predominant ions in the spectrum, m/z
180.10170, 205.07901, and 304.15357, were assigned to the
chemical compositions [C;oH;4NO,]" (mass accuracy -1.2 ppm,
isotope cluster fit 93.8 %), [C;H;5N,S]" (mass accuracy -
1.9 ppm, isotope cluster fit 98.3 %), and [C;7H,,NO,]" (mass
accuracy -2.5 ppm, isotope cluster fit 97.2 %), respectively. After
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Fig. 2 Positive ion full-scan HRMS spectrum of a cocaine sample adulterated with phenacetin and levamisole (4), and ddMS/HRMS spectra of the
sample and standards of phenacetin (B) and cocaine (C). COC cocaine, LEV levamisole, PHEN phenacetin

the screening software had been run with the custom-made data-
base, four candidates for the ion at m/z 180.10170 were found:
the legal highs 2,3-methylenedioxyamphetamine, 3,4-
methylenedioxyamphetamine, and 3,4-methylenedioxy-N-
methylphenethylamine, and the analgesic and antipyretic drug
phenacetin. Among them, only phenacetin can yield the product
ions corresponding to the loss of water (m/z 162.09123) or eth-
ylene (m/z 152.07077) from the protonated molecule. The com-
parison of the ddMS/HRMS spectrum of the sample and that of a
phenacetin standard (Fig. 2, panel B) showed a good match
(score 0.958), thus confirming the presence in the sample of this
compound, which has been commonly listed as a cutting agent
for cocaine. The ion at m/z 205.07901 was identified as the
antihelminthic drug levamisole by the custom-made database,
and it was confirmed by comparison of the ddMS/HRMS prod-
uct ion scan spectrum with that in the mass spectral library (not
shown), resulting in a score 0f 0.921 for the match. Lastly, the ion
at m/z 304.15357 could correspond to cocaine or scopolamine,
but only cocaine provided a good match for the product ion scan
spectra (score 1.000). Additionally, considering the structure of

@ Springer

scopolamine, the loss of benzoic acid from the precursor ion (m/z
182.11777, Fig. 2, panel C) is not possible. In conclusion, the
allegedly cocaine sample contained cocaine, but it was adulter-
ated with phenacetin and levamisole.

Another example is given in Fig. 3, where the full-scan
HRMS spectrum in positive ion mode obtained for the legal
high sample LH7 is shown (Fig. 3a). The chemical composi-
tion [C;,H,,NO;]" was assigned to the base peak of the spec-
trum (m/z 222.11214; mass accuracy -1.5 ppm; isotope cluster
fit 98.2 %), and the database search provided three possible
candidates for that composition, all of them belonging to the
cathinone family: butylone, ethylone, and x-methylmethylone
(where x can be 2, 5, or 6). The ddMS/HRMS spectrum fit
scores for butylone and ethylone were above the established
cutoff value (0.850) for confirmation, being 0.931 and 0.872,
respectively. However, the ddMS/HRMS spectrum of the
sample (Fig. 3b) showed two less abundant (less than 35 %
relative abundance) product ions at m/z 191.07027 and m/z
72.08083 that were possible only for butylone, as can be seen
in Fig. 3c. These product ions, which allowed the correct
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Fig. 3 a Full-scan HRMS spectrum of a legal high sample, positive for butylone, b ddMS/HRMS spectra of the sample and a butylone standard, and ¢

structures and fragmentation of the three candidates

identification of the compound, were obtained at low (m/z
191) and high (m/z 72) collision energies, showing the impor-
tance of acquiring ddMS/HRMS data at different collision
energies (stepped NCE).

Suspect screening As an example of the suspect screening
approach, Fig. 4 shows the full-scan ESI (positive) HRMS
spectrum of an alleged sample of amphetamine (RDS5), and
the ddMS/HRMS spectrum of the detected ion at m/z
150.12753. The presence of amphetamine and caffeine was
confirmed following the targeted approach explained in the
previous section, with precursor ion mass accuracies better
than 4 ppm and ddMS/HRMS fit scores above 0.850
(Table 1). Additionally, ions at m/z 119.08544 and m/z
91.05432, were assigned to phenylpropanylium and tropylium
ions, respectively, originating from in-source CID fragmenta-
tion of amphetamine. For the ion at m/z 150.12753, the esti-
mated elemental composition was [C;oH;¢N]" (mass accuracy
-1.3 ppm, isotope cluster fit 97.5 %). According to our
custom-made database, this ion matched the protonated mol-
ecules of methamphetamine and phentermine. However, the
product ion scan spectrum obtained indicated the loss of NH;

(m/z 133.10115), which was possible only if we considered
the phentermine structure (Fig. 4). This ddMS/HRMS spec-
trum is in agreement with the product ion scan of phentermine
obtained with a QTOF instrument by other authors [20], lead-
ing to a high-certainty identification of the presence of phen-
termine in this amphetamine sample. Moreover, in the ddMS/
HRMS spectrum, the absence of the phenylpropanylium ion
(m/z 119), a highly probable product ion for methamphet-
amine, makes it possible to discard this compound as a
candidate.

The FIA-HRMS(ddMS/HRMS) method developed was
also used for the analysis of a cannabis tea sample (T1). As
expected, a more complex full-scan spectrum was obtained
owing to the high number of extracted compounds, but even
so tetrahydrocannabinol (m/z 313.21764) and its main meta-
bolic precursor tetrahydrocannabinolic acid (m/z 357.20757)
were identified in the full-scan negative ion HRMS spectrum
of the sample (mass accuracy less than 1 ppm, isotope cluster
fit more than 95 %) (Table 1). The corresponding ddMS/
HRMS product ion scans were in good agreement with those
published in the literature [21, 22]. So, even though no sample
treatment and no chromatographic separation were used, the
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Fig.4 Full-scan HRMS spectrum of a supposed sample of amphetamine,
adulterated with caffeine and phentermine and structures of the
candidates for ion at m/z 150.12753. AMP amphetamine, CAFF

method developed demonstrated its applicability to complex
samples.

In some cases it was not possible to unequivocally confirm
the presence of a specific compound, because some positional
isomers, especially those arising from benzene ring substitu-
ents, may show indistinguishable product ion scan spectra.
For instance, this happened in the identification of the main
component of the legal high sample LH4 (data not shown). In
the full-scan positive ion HRMS spectrum, in addition to caf-
feine and benzocaine, an ion at m/z 182.09735 was also ob-
served. This ion might be assigned to any of the three
fluoromethcathinone isomers (2-fluoromethcathinone, 3-
fluoromethcathinone, or 4-fluoromethcathinone; mass accura-
cy -1.0 ppm, isotope cluster fit 98.2 %), since all of them
provide roughly the same product ion scan spectrum. Individ-
ual identification of these isomers was not possible even with
the use of UHPLC-MS and a standard C;g column, and more
selective columns are needed [23].

Unknown screening Figure 5 shows the mass spectra obtain-
ed for the analysis of an alleged sample of cocaine (RD2) in
both positive mode and negative mode. As can be seen, in the
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caffeine, CID collision-induced dissociation, MAMP methamphetamine,
NCE normalized collision energy

full-scan HRMS spectrum (positive ion mode), [M + H]" of
cocaine (m/z 304.15433) is not present, and the base peak is
the ion at m/z 218.12838. The full-scan spectrum in negative
ion mode showed an ion at m/z 310.08702 as the base peak,
and the isotope cluster indicated the presence of a sulfur atom,
so the elemental composition [Cy3H;604N3S] was assigned
to this ion (mass accuracy 1.0 ppm, isotope cluster fit 96.7 %).
Nevertheless, none of the compounds in the custom-made
database matched this formula. The elemental composition
proposed from the negative ion mode and the spectrum list
of the corresponding ddMS/HRMS spectrum were submitted
to the MetFrag suite [18] for the online search for potential
candidates. A list of candidate structures for the elemental
composition with an error below 3 ppm was obtained after
an automated search in the ChemSpider database (Royal So-
ciety of Chemistry). The returned potential candidates, in this
case 888, were in silico fragmented by the MetFrag suite fol-
lowing general fragmentation rules and sorted by the
matching of the predicted product ions with those in the
ddMS/HRMS spectrum obtained for the unknown ion in the
sample. Surprisingly, only two final candidates provided a
matching score above 70 %: the analgesic metamizole (score
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Fig. 5 a Positive ion and negative ion full-scan HRMS spectra of a
fraudulent sample of cocaine containing metamizole, and b ddMS/
HRMS spectrum of the ion at m/z 310.08703 in the sample and that of

100 %) and [[(1,5-dimethyl-3-0x0-2-phenyl-2,3-dihydro-1H-
pyrazol-4-yl)methyl]amino]methanesulfonic acid (score
100 %), which is a close isomer of metamizole. Taking into
account the availability of the analgesic in comparison with
the related isomer, we supposed that the unknown compound
would be metamizole. To confirm this identification, a medicine
containing metamizole (Nolotil®) was analyzed using the FIA—
HRMS(ddMS/HRMS) method. The mass spectra obtained for
this medicine matched perfectly those obtained for the sample
RD2 in both positive ion mode and negative ion mode, as well
as the corresponding ddMS/HRMS spectrum (see Fig. 5, MS/
HRMS score 0.953). For the ion at m/z 218.12838 observed in
the full-scan mass spectrum in positive ion mode, the molecular
formula matched that of N-methyl-4-aminoantipyrine, which is
the hydrolysis product of metamizole. These results confirmed
the presence of metamizole and indicated that this sample of
cocaine was a fraud.

However, in many cases the fragmenter software provided
too many candidates, all of them with a high score fit. For
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a medicine containing metamizole. MS/MS tandem mass spectrometry,
NCE normalized collision energy

instance, the full-scan HRMS spectrum (positive ion mode)
of the legal high sample LH1 showed as the base peak the ion
at m/z 198.07587, which could be assigned to the elemental
composition [CoH,,04N]" (mass accuracy 1.1 ppm, isotope
cluster fit 97.9 %). Nevertheless, when a data search with the
ChemSpider database and in silico fragmentation with
MetFrag was performed, the number of candidates that
matched a MetFrag score above 80 % was very high (more
than 30 chemical structures). To be more selective and to
reduce the number of candidates, the elemental composition
was searched in the compound list of a more specific designer
drug database (Designer Drugs, DigiLab Software, Altenholz,
Germany), and then, only two possible candidates were ob-
tained: syringaldehyde oxime and levodopa (L-dopa). Only L-
dopa has the chemical structure with adequate functional
groups to provide the product ions observed in the ddMS/
HRMS spectrum of the sample, such as those generated from
the losses of ammonia, water, and formic acid, as well as the
ions at m/z 93, 107, and 111, which typically originate from
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phenolic compounds. Additionally, when the in silico frag-
mentation with MetFrag (ChemSpider database) was applied,
when L-dopa achieved a high score (98.6 %). Finally, the
ddMS/HRMS spectrum obtained for the purchased L-dopa
standard perfectly matched (score fit 0.987) that observed
for the sample, thus confirming the presence in this legal high
sample of L-dopa, a drug commonly used for the treatment of
Alzheimer’s disease.

As a final example, another legal high sample (LH2)
showed as the base peak the ion at m/z 178.12233 in the
full-scan HRMS spectrum (positive ion mode), and the ele-
mental composition assigned to this ion was [C;;H;¢ON]"
(mass accuracy -1.7 ppm, isotope score fit 97.6 %). The results
from the custom-made database indicated that many isomers
of the cathinone family, such as mephedrone, 3-
methylmethcathinone, ethcathinone, dimethylcathinone, and
buphedrone, presented the same elemental composition, but
for none of them was there a match with the ddMS/HRMS
spectrum. Moreover, all the cathinone compounds were
discarded since the characteristic loss of water from the proton-
ated molecule, a common fragmentation for this family of com-
pounds [2, 24], was not found in this spectrum. In addition, the
ddMS/HRMS spectrum of the protonated molecule showed the
losses of ammonia and C,H;N as the most abundant peaks in
the mass spectrum. Among the substances included in the
custom-made database, only methylphenethylamines showed
these losses as main peaks in the MS/HRMS spectrum,
thus indicating that the unknown ion could be a
methylphenethylamine-related compound. The online search
of the chemical structure and the in silico fragmentation using
MetFrag (ChemSpider database) provided a list with 1,294
candidates, but only 206 of those had a score above 80 %.
Among them, only two compounds had a
methylphenethylamine-like structure, and both were isomers
of desoxymethylenedioxyamphetamine: 6-(2-aminopropyl)-2,
3-dihydrobenzofuran, and 5-(2-aminopropyl)-2,3-
dihydrobenzofuran. For these research chemicals the
fragmenter software provided high scores (97.5 %) and ex-
plained the most important product ions observed in the
ddMS/HRMS spectrum of the sample. However, there was no
standard commercially available to unequivocally confirm the
presence of one of these isomers in the sample, and for that
reason, only a tentative identification of the compound was
achieved.

Screening results

The FIA-HRMS(ddMS/HRMS) method developed was ap-
plied to the analysis of 16 samples, including recreational
drugs, legal highs, and herbal blends, to demonstrate its appli-
cability (Table 1). As can be seen, caffeine was the substance
most frequently found in the analyzed samples, probably be-
cause of its low price and high availability. Moreover, most of
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the recreational drug samples were adulterated with pharma-
ceuticals such as levamisole, phenacetin, or phentermine.
Adulteration may represent a higher risk for human health
than the sole consumption of the psychoactive substance.
The combined consumption of psychedelic substances such
as amphetamine, caffeine, and phentermine (sample RD5) is
discouraged by pharmaceutical companies since it could rep-
resent an increased danger to the consumer’s health because of
the synergic effect of the substances. Additionally, phenacetin
(sample RD1) was withdrawn from the market in 1983 in the
USA [25] and the EU because of its carcinogenic properties
(group 2A classification, International Agency for Research
on Cancer), and the adulteration of cocaine with levamisole
(sample RD1) has been associated with the development of
agranulocytosis in cocaine users [26, 27].

Many of the analyzed recreational drug samples may be
considered as frauds, as the actual composition did not corre-
spond to the labeled or marketed composition. For instance,
samples RD2, RD3, RD4, RD7, and RD8, which were sup-
posed to be cocaine, contained only metamizole. Also, most
of the legal highs were supposed to be herbal blends, but the
appearance of the sample (white powder) and the cleanness of
the mass spectra suggested that they could be a mixture of
mostly pure substances. In only two legal high samples did
the presence of natural products such as choline and glycine
betaine (samples LH3 and LH6) provide evidence for the
herbal origin of the sample.

To obtain a general idea of the concentration of the com-
pounds identified in the analyzed samples, a fast quantitation
method using standard addition was applied when the stan-
dard of the identified substance was commercially available.
The standard addition was performed in triplicate with four
addition levels, and the FIA peak height was plotted versus
added concentration. The results obtained (n=3, 95 % confi-
dence level) are given in Table 2. As can be seen, most recre-
ational drug samples exhibited low purity, with concentrations
for the main active component between 18 and 66 % (w/w).
Also, the concentration of adulterants such as caffeine, benzo-
caine, and phenacetin was significant (5 17 % w/w). For legal
highs, the concentrations found for cathinone derivatives in
samples LH4 and LH7 are similar to those obtained by other
authors in street samples using gas chromatography with
flame ionization detection [7]. In the LH3 sample, the low
concentration determined for ephedrine is consistent with its
natural occurrence in plant extracts [28], thus confirming that
this sample was indeed a plant supplement, as stated on the
packaging.

Conclusions

The FIA-HRMS(ddMS/HRMS) method developed is a
powerful tool that makes possible the screening of a wide
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Table 2  Quantitation results

Sample ID Compound Concentration
(% w/w=confidence interval)
RDI1 Cocaine 41+4
Phenacetin 17+1
Levamisole 3.4+0.2
RDS5 Amphetamine 452+04
Caffeine 5.4+0.6
RD6 MDMA 33+1
LH1 Caffeine 66+8
Benzocaine 4.9+0.2
LH2 Caffeine 5.3+0.6
LH3 2-Aminoindan 0.19+0.01
Ephedrine 0.8+0.1
LH4 Caffeine 16.1+£0.4
FMC 5242
Benzocaine 10.8+0.6
LH5 2-Aminoindan 41+10

n=3, 95 % confidence level

range of compounds with minimal sample manipulation
and in a short analysis time, providing both reliable iden-
tification and quantitative results in the field of analysis
of recreational drugs and legal highs. The use of mild
conditions in the ionization source to reduce in-source
fragmentation, an acidic solvent to facilitate the ioniza-
tion of basic compounds, and acquisition in both positive
ion mode and negative ion mode allowed the detection
of a large number of substances. Data acquired in high
resolution, and processed and interrogated with the
custom-made database provided the identification of tar-
get and suspect compounds on the basis of accurate mass
measurements and isotope cluster fits from the full-scan
HRMS spectra and scores from the ddMS/HRMS spec-
tra. For identification of unknowns, the pros and cons of
the use of additional online accurate mass databases
combined with fragmenter software were discussed. The
use of a stepped NCE is recommended to obtain suffi-
cient structural information both for confirmation of tar-
get and suspect compounds, and to narrow down the
chemical structure candidate list for unknowns. The il-
lustrative examples support the strong potential of the
method developed for the identification of target com-
pounds, suspect compounds, and unknowns, and is pro-
posed for the first time for the wide-range screening of
psychoactive substances in recreational drugs and legal
highs. The compounds found in the analyzed samples
showed that adulteration of recreational drugs and legal
highs with unrelated substances and frauds is quite com-
mon, and therefore, the use of wide-range screening
methods is highly recommended.
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3.3. DIScusSIO DE RESULTATS.

En aquest apartat es discuteixen els resultats obtinguts en els treball experimental inclos
en aquests capitol. En primer lloc, s'ha estudiat la ionitzacid dels fenicols (cloramfenicol,
tiamfenicol, florfenicol i florfenicol-amina) en les principals fonts d'ionitzacié utilitzades
en |'acoblament LC-MS (ESI, APCI i APPI). Els espectres de full scan obtinguts (Article 1V,
Apartat 3.2.1) mostren un comportament similar per a tots els compostos excepte pel
metabolit florfenicol-amina (FFA), que no s'ionitza en mode negatiu i en mode positiu
sempre déna com a pic base I'ié protonat (m/z 248). En canvi, els antibiotics natius
cloramfenicol (CAP), tiamfenicol (TAP) i florfenicol (FF) que no tenen a la seva estructura
cap grup funcional que pugui acceptar facilment un protd, tenen tendéncia en mode
positiu, a formar adductes amb amoni, sodi o metanol, les abundancies relatives dels
guals depenen de les diferents fonts (Taula 2, Article IV, Apartat 3.2.1). Per exemple, a la
Figura 3.2, on es mostren els espectres de full scan del TAP en mode positiu i negatiu en
cadascuna de les fonts, es pot observar que en APCl en mode positiu I'adducte amb
metanol és el pic base de I'espectre mentre que en H-ESI ho és I'adducte amb NH,". En
mode negatiu s’obtenen tant els ions desprotonats com els ions radicals depenent de la
font d’ionitzacié (Figura 3.2). En APCI I'’elevada concentracié d'electrons lliures que es
generen poden ser captats facilment pels atoms electronegatius (clor i fluor) presents a
I'estructura d'aquests compostos donant lloc a I'ié radical mentre que en APPI, en ser la
guantitat d'electrons generats per fotoionitzacié del dopant més baixa, la ionitzacié dels
compostos té lloc més aviat per transferéncia protonica. En els espectres de full scan
també s’observa una certa fragmentacié en la font que augmenta en les fonts
d'ionitzacid més energetiques. Per exemple, per al TAP en mode positiu (Figura 3.2), la
perdua d’aigua passa d'un 5% d’abundancia en H-ESI a ser el pic base en I'espectre en

APPI.

En aquesta tesi s’han utilitzat els espectres de fragmentacié dels ions protonats,
desprotonats i radicals, obtinguts en un analitzador de triple quadrupol, a més dels
espectres de fragmentacid en etapes successives (MS") obtinguts en un analitzador de

trampa d'ions, que permeten establir 'ordre genealogic dels ions, aixi com la
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confirmacié de les assignacions dels ions mitjancant la mesura de la massa exacta
(errors < 5 ppm) emprant un espectrometre de masses amb analitzador Q-orbitrap
(Taula 3 de I'Article IV Apartat 3.2.1), per construir les rutes de fragmentacié comunes
per a cada tipus de precursor, que es mostren a les Figures 3, 4, 5 i 6 de I'esmentat
article. En general, tant les molécules protonades com els ions radical segueixen una
ruta de fragmentacié comuna per a tots els compostos mentre que per a les molécules
desprotonades la ruta depén del compost ja que el FF perd HF en una primera etapa. Els
ions protonats, mostren en primer lloc la perdua d'aigua mitjangant un mecanisme de
ciclacid i migracié de carrega caracteristic en aminoalcohols (F1 de la Figura 3 de I'Article
IV) i posteriors perdues dels substituents alquilics de I'anell aziridini (H,0, HF i/o CH,0).
En el cas dels antibiotics natius, el posterior trencament déna lloc a un ié comu per a
tota la familia, de m/z 241 (F7 en la Figura 3 de I'Article IV) que es pot proposar per a la
identificacié d'analegs de la familia dels fenicols en metodes d’identificacié non-target.
Pel que respecta als ions radical, els principals ions producte de la ruta comuna de
fragmentacid es donen per pérdues de HCl i posterior trencament de la cadena alquilica.
Tot i que les pérdues successives de HCl sén comunes, no es poden proposar per a la
identificacié d'analegs ja que no sén suficientment selectives. L'estudi de la ruta de
fragmentacié comuna pel CAP i TAP en ESI en mode negatiu ha permés proposar una
estructura alternativa per a I'ié producte emprat comunament a la literatura per a la
confirmacié del CAP i el TAP (m/z 257 i 290, respectivament). A la Figura 3.3 es mostra a
mode d'exemple I'espectre d'ions producte en ESI en mode negatiu per al CAP obtingut
en un espectrometre de masses de triple quadrupol (esquerra) i en un espectrometre de
masses de trampa d'ions (centre), aixi com I'espectre de tandem en etapes successives
de I'ié m/z 257 (dreta). A la part inferior de la Figura 3.3 es mostra l'estructura de la
molécula desprotonada de CAP (m/z 321), I'estructura proposada a la bibliografia (A)
[Bogusz i cols., 2004; Verzegnassi i cols., 2003; Gentili i cols., 2005; Mottier i cols., 2003] i
la proposada en aquesta tesi (B) per a I'ié producte m/z 257, a més de I'estructura de I'i6
producte m/z 194 on es pot observar que I'estructura A de I'ié m/z 257 no és compatible
amb l'estructura de I'i6 m/z 194, que s’obté en I'espectre de MS>. Per tant, en aquesta
tesi es proposa un nou mecanisme (Figura 4, Article 1V, Apartat 3.2.1) consistent en una
substitucid nucleofilica intramolecular que déna lloc a la pérdua de HCl i formacio d'un

cicle de tres membres que rapidament s'obre i perd CO (Figura 3.2, estructura B).
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Figura 3.3. A dalt: Espectres de tandem en triple quadrupol (esquerra) i
trampa d’ions (centre) i espectre MS? en trampa d’ions (dreta) del CAP.
A baix: Estructura de la molécula desprotonada del CAP (m/z 321),
estructura proposada per a I'ié producte m/z 257, (A) bibliografia (B)
aquesta tesi, estructura de l'i6 producte m/z 194. Referéncies
bibliografiques: Bogusz i cols, 2004; Verzegnassi i cols., 2003; Gentili i
cols., 2005; Mottier i cols., 2003.

Generalment, en els espectres de fragmentacio d'un ié precursor monocarregat els ions
producte obtinguts sén de relacid massa-carrega inferior a la de I'ié precursor. No
obstant aixo0, en l'espectre de tandem de quarta generacié de la FFA que es mostra a la
Figura 3.4 es poden observar diversos ions producte (m/z 144, 146 i 169) de m/z per
sobre de la corresponent a I'ié precursor (m/z 130). Aquest fenomen s'havia observat
previament en treballs realitzats en el grup d'investigacié en el qual s'ha dut a terme
aquesta tesi, els quals analitzaven amines aromatiques heterocicliques, i on la preséncia
d'aquests ions "estranys" es va atribuir a la formacié d'adductes amb molécules neutres
presents a l'interior de I'analitzador de masses i provinents de la fase mobil [Toribio i

cols., 2002; Barcelé-Barrachina i cols., 2004]. En el cas de la FFA, els ions m/z 146 i 169
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s'han assignat, respectivament, als adductes de 1'id producte de m/z 128 amb aigua i
acetonitril, que soén els dissolvents en el qual es realitza la infusid6 el patrd
(acetonitril:aigua 1:1, 300 pl min™), mentre que I'i6 m/z 144 s'ha assignat a 'adducte

amb acetonitril de I'ié producte m/z 103.
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Figura 3.4. Espectre MS* de la FFA obtingut en un espectrometre de
masses amb analitzador IT on es pot observar la formacid
d’adductes i6-molecula.

L'observacié d’aquests adductes va propiciar I'estudi dels factors que afecten a la
formacié d’adductes en espectrometria de masses en tandem, treball que es troba
recollit a I'Article V (Apartat 3.2.2) d'aquesta tesi doctoral. L'objectiu de I'estudi és
avaluar la importancia de les condicions d'analisi, dissolvents, humitat del gas de
col-lisio, aixi com del tipus d’analitzador i la configuracié de la font d’ionitzacié (on-
axis/off-axis) i de la cel-la de col-lisid6 (on-axis o en angle) de l'equip utilitzat en la

formacié d’adductes. Coneixer per quin motiu es formen aquests adductes i quins
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factors afecten a la seva formacid és important, ja que la preséncia d'adductes en els
espectres de fragmentacid pot dificultar-ne I'elucidacié i afectar a la identificacid
d'analits emprant aquests espectres. A més, cal tenir present que la formacié d'adductes
i6-molécula no és un fet aillat, ja que en aquesta tesi s'han observat adductes en
analitzadors tan diferents com un IT, un QqQ o un Q-orbitrap, i amb diverses families de
compostos (amines aromatiques heterocicliques, fotoiniciadors, drogues veterinaries i/o

analgeésics).

L'efecte de la orientacié de la font d'ionitzacié queda palés a la Figura 3.5, on es mostren
els espectres de tandem de la 2-amino-3-metil-a-carbolina (MeAaC) obtinguts en
espectrometres de masses amb un analitzador de trampa d'ions (LCQ) amb la font
d’ionitzacié en configuracié on-axis (Figura 3.4A), un triple quadrupol (TSQ) amb la font
en configuracid off-axis (Figura 3.4B) i una trampa d'ions (LTQ) amb la font off-axis
(Figura 3.4C). En tots els espectres s’observen adductes i6-molécula amb aigua, pero
només en l'espectre de I'espectrometre de masses amb la font on-axis (Figura 3.4A) es
poden veure adductes amb el solvent organic de la fase mobil (metanol). Cal dir, a més,
gue aquest cas tant el tipus d'adductes (H,0, metanol, acetonitril) com la intensitat dels
mateixos depenen de la composicié de la fase mobil (Figura 3, Article V, Apartat 3.2.2).
Aquests fets suggereixen que la orientacié totalment en linia (on-axis) de la font i de
I'analitzador (Figura S1A, Article V, Apartat 3.2.2), que comporta que les molécules
neutres dels dissolvents de la propia fase mobil puguin arribar a entrar dins de
I'analitzador per la propia inércia de |'esprai, sigui la causa principal de la formacié dels
adductes en I'espectrometre LCQ. Aixd també implica que els adductes amb aigua (m/z
199) observats en els espectres adquirits en espectrometres amb font off-axis s’han
d’explicar per alguna rad diferent de la configuracié de la font. Alguns autors han
proposat que l'origen de I'aigua que ddna lloc als adductes pot estar en |'adsorcié de la
humitat sobre les superficies internes de |'espectrometre de masses [Tuytten i cols.,
2005; Chander i cols., 2012] o la humitat residual present en el gas emprat per a la
dissociacié induida per col-lisio (collision induced dissociation, CID) o per a |'estabilitzacid
dels ions en la trampa (damper) [Lee i cols., 2009; Chan i cols., 2010; Neta i cols., 2014].
Malgrat tot, els estudis duts a terme en aquesta tesi mostren que si bé l'aigua present

als analitzadors dels espectrometres de masses prové probablement de la humitat
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residual del gas d'estabilitzacié i/o collisid, la magnitud de I'efecte observat en
I'espectre depén molt de I'espectrometre emprat. Aixi, en el cas dels espectrometres de
masses QqQ, la influéncia de la puresa del gas de col-lisi6 és molt marcada, tal i com es
pot observar en la Figura 4 de I'Article V (Apartat 3.2.2) on es compara |'espectre
adquirit en un espectrometre que utilitza un gas de col-lisié d'alta puresa (Ar 99,999%)
amb un altre que utilitza un gas amb més humitat (N, 99,95%). En canvi, en el cas de
I'espectrometre amb analitzador Q-orbitrap no es veu una variaciéd en la intensitat
relativa dels adductes abans i després de muntar una trampa d'humitat o emprant un
equip de caracteristiques similars (Exactive, amb analitzador orbitrap) amb un gas de
col-lisi6 d'alta puresa. Aixo indica que en el cas dels analitzadors d'emmagatzematge (IT,
orbitrap) l'elevat temps de residéncia (20-200 ms) permet la formacié dels adductes
proporcionant abundancies relatives importants fins i tot amb concentracions
extremadament baixes d'humitat. En canvi, en analitzadors de feix, amb un temps de
residéncia baix (de I'ordre de ps) com ara el QqQ, la quantitat d'humitat present si que
afecta molt a la intensitat dels adductes, tot i que és inferior a la observada en

espectrometres amb analitzadors d'emmagatzematge (Figura 5, Article V, Apartat 3.2.2).

Com ja s'ha comentat en la introduccid, la utilitzacié de I'espectrometria de masses
d’alta resolucié emprant fons de ionitzacié tova (que déna majoritariament tan sols I'ié
molecular protonat o desprotonat) ha permes avencos importants en la identificacié de
compostos desconeguts i, a més, ha propiciat I'Us de les tecniques d'espectrometria de
masses “ambient”, ja que proporciona la selectivitat necessaria per eliminar les possibles
interferencies. En aquesta tesi i en una primera aproximacié a l'analisi directa per
espectrometria de masses, s’ha utilitzat I'analisi per injeccié en flux (FIA) acoblat a un
espectrometre de masses amb analitzador Q-orbitrap per a desenvolupar un metode per
a l'analisi de drogues d'abus i nous productes estupefaents (Article VI, Apartat 3.2.3).
L’estudi incideix en un tema d’importancia social que és el desconeixement de la
composicid de molts productes emprats com a drogues d’abls, que en alguns casos
contenen medicaments d'Us veterinari, especialment sedants, la qual cosa pot portar al
consum inconscient de barreges contraindicades de compostos, dosis superiors a les

recomanades, productes nocius o fraus [EMCDDA, 2014].
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Figura 3.5. Espectre de d’ions producte de la 2-amino-3-metil-a-
carbolina (MeAaC) obtingut en: A) IT, font on-axis (LCQ, ThermoFisher
Scientific); B) QqQ, font off-axis (TSQ, ThermoFisher Scientific); C) IT,
font off-axis (LTQ, ThermoFisher Scientific)

En aquesta tesi s’ha dut a terme una analisi global de productes estupefaents,
determinant-ne tant el producte actiu principal (la propia droga) com els adulterants
gue també hi poden ser presents. Atés que es pot suposar que les mostres a analitzar
contenen pocs constituents i en concentracions relativament elevades, s’ha utilitzat un
meétode d’analisi directa (FIA) sense tractament ni separacié cromatografica. D'aquesta
manera, es disposa d’'un métode d'analisi molt rapid i senzill. En aquest treball, donat
gue no es disposa del temps de retencié cromatografic, tota la informacié per a la
identificacié dels compostos s'ha d’extreure dels espectres de masses de full scan i de

tandem. Per tant, cal aconseguir la maxima quantitat possible d'informacié espectral i
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gue sigui de la maxima qualitat. Amb aquest objectiu, en aquesta tesi s'ha utilitzat un
meétode DDA, efectuant I'escombratge full scan a resolucié 70.000 (FWHM a m/z 200)
per tal d'aconseguir una bona selectivitat. A més, per aconseguir la maxima informacié
estructural especialment necessaria si es té en compte que no es pot emprar l'energia
de col-lisié optima per a cada compost, s’ha obtingut I'espectre d’ions producte mescla
dels espectres de tandem a tres energies de col-lisi¢ diferents (stepped). En un metode
DDA cal garantir que tots els ions precursor s’hagin seleccionat i que no en quedin per
fragmentar degut a un temps de cicle massa gran. Per tant, en aquesta tesi s'ha optat
per adquirir els espectres d'ions producte a una resolucié inferior (17.500 FWHM) per tal
de millorar la velocitat d'escombratge, ja que es manté la selectivitat en seleccionar un
Unic id precursor en el quadrupol, aixi com seleccionar adequadament el llindar

d'intensitat dels experiments data-dependent i el temps d'exclusié dinamic.

Tal com s’ha comentat a la introduccié d’aquest capitol, la quantitat d'informacié
obtinguda és molt gran i es necessita un cribratge de les dades per tal de poder
identificar els compostos presents en les mostres. Els procediments a emprar en I'analisi
de compostos target i de compostos sospitosos han estat tractats en profunditat a la
literatura, i en general les estrategies a emprar estan bastant estandarditzades. En canvi,
si cal analitzar compostos desconeguts, en no tenir cap tipus d'informacid previa sobre
el compost, en molts casos cal ajustar |'estrategia a utilitzar en cada problema. La Figura
3.6 mostra el diagrama de flux que s'ha seguit per a la identificacié dels components de
les mostres analitzades. Com es pot observar, en l'analisi de compostos target i
sospitosos s'ha seguit el procediment habitual de creuar els m/z dels ions observats en el
espectre de full scan emprant el programari ExactFinder (ThermoFisher Scientific) amb la
informacié continguda en una base de dades que s’ha construit a partir de dades de la
literatura amb prop de 450 compostos susceptibles de ser trobats en les mostres. Per a
la identificacio, es van emprar els criteris d'error de massa inferior a 5 ppm i coeficient
de semblanga del cluster isotopic superior al 85%, i en el cas de disposar de patrons, un
coeficient de semblanca dels espectres de tandem continguts en una llibreria propia

amb espectres obtinguts en les mateixes condicions d'analisi superior al 90%.
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Figura 3.6. Esquema del procediment d’identificacié seguit en el metode
d’analisi global de productes estupefaents per FIA acoblat a HRMS.

Per a l'analisi de compostos desconeguts, en aquesta tesi s'ha emprat un programari
lliure de fragmentacié in silico (MetFrag) que parteix de la composicié elemental donada
(obtinguda amb el programari ExactFinder amb els mateixos criteris estipulats abans)
per trobar possibles estructures en una base de dades quimica (ChemSpider, PubChem,
entre d'altres) i fragmentar virtualment cadascuna d'aquestes estructures seguint les
normes generals de fragmentacid. La comparacid dels espectres virtuals amb
I'experimental permet ordenar les estructures candidates segons el grau de similitud.
Ara bé, el principal problema d'aquesta metodologia és que generalment el nombre
d'estructures candidates és massa gran, com a resultat d'emprar una base de dades

guimica el més complerta possible (ChemSpider). A més, els fragments obtinguts sén
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massa generics i per tant, la discriminacié dels candidats és poc eficag si I'id a identificar
no té una caracteristica molt distintiva. Per exemple, en el nostre estudi aquesta opcid
només va ser viable en un cas,una suposada mostra de cocaina de composicid
desconeguda. La presencia d'un atom de sofre en la composicid elemental de l'ié
observat en mode negatiu va permetre identificar aquest component com |'analgesic
metamizol (Figura 5, Article VI, Apartat 3.2.3). No obstant aix0, I'estudi de |'espectre de
fragmentacid del compost desconegut pot permetre trobar informacié addicional que es
pot emprar per a limitar la llista de candidats. En el cas de la mostra de legal high LH2
(Taula 1, Article VI, Apartat 3.2.3), I'espectre d'ions producte de I'id desconegut m/z
178.1223 mostrava els ions producte caracteristics d'una estructura derivada de la
metilfenetilamina (pérdues d'amoniac i C;H;N molt intenses). Aquesta informacié va
permetre reduir el nimero de candidats proposats pel programari de fragmentacié in
silico amb un index de semblanca superior al 80% de més de 206 compostos a només
dos candidats:  6-(2-aminopropil)-2,3-dihidrobenzofura i 5-(2-aminopropil)-2,3-
dihidrobenzofura, que sén dos compostos relacionats amb la metilendioxiamfetamina.
El compost concret no va poder ser identificat, ja que no existeixen patrons comercials
d'aquestes substancies, aixi que només es va poder arribar a formular una identificacio
temptativa. Una altra estratégia proposada a la literatura per a la identificacié de
desconeguts és la utilitzacié de llibreries espectrals, seguint la tendéncia de GC-MS. Per
exemple, Wang i cols. van emprar la comparacié d'arbres espectrals obtinguts en un
espectrometre de masses IT-orbitrap per a identificar adulterants il-legals en aliments
funcionals emprant el programari MassFrontier (HighChem) que incorpora la
funcionalitat de fragmentacid in silico i també una llibreria espectral [Wang i cols., 2015].
En aquesta tesi, es va intentar la utilitzacio de la llibreria espectral MZCloud (HighChem),
de caracteristiques semblants a I'anterior, per a la identificacié de compostos sospitosos
i desconeguts, pero els coeficients de correspondéencia no superaven el 50%. Ates que
ambdues llibreries han estat construides emprant equips amb analitzadors orbitrap, de
manera que la variabilitat espectral deguda a emprar equips diferents queda disminuida,
aquest resultat insuficient és probablement degut a que I'espectre de fragmentacio de la
llibreria s'ha obtingut a una Unica energia de col-lisid, mentre que els espectres
obtinguts en aquesta tesi i que es volen comparar s'han adquirit en mode "stepped"

(combinat de tres energies de col-lisié), la qual cosa distorsiona els resultats de la
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comparacio d'espectres. Tot i aixi, I'aplicacié de I'energia de col:lisi6 en mode "stepped"
segueix sent recomanable per la gran quantitat d'informacié estructural que
proporciona, especialment si es té en compte que el nombre de compostos inclosos en
aquestes llibreries encara no és suficient com per poder ser emprades de manera
universal. Tot i aixi, la tendéncia general és avui dia crear llibreries obertes construides a
partir de la col-laboracié de diferents laboratoris (com ara MZcloud) de manera que en

un futur es pugui emprar aquesta opcidé amb resultats satisfactoris.
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Conclusions

En la present tesi doctoral s'ha estudiat I'aplicabilitat de I'espectrometria de masses per
al desenvolupament de metodologia analitica per a la determinacié de compostos
veterinaris tant mitjangant el seu acoblament a la cromatografia de liquids com per
analisi directa per injeccié en flux (FIA). En concret, s'ha avaluat I'aplicabilitat de nous
rebliments i fases estacionaries per a I'analisi de fenicols i aminoglicosids i s'ha estudiat
el comportament d'aquestes families de compostos en espectrometria de masses amb
I'objectiu de proposar estratégies d'analisi non-target. lgualment, s'ha desenvolupat un
meétode directe per a l'analisi global de nous productes estupefaents i s'han avaluat

diferents estrategies per a la identificacid dels compostos presents en les mostres.

De la realitzacid del treball dut a terme en aquesta tesi es poden extreure les seglients

conclusions:

Sobre la separacid per cromatografia de liquids,

e Les Uniques fases estacionaries d'entre les estudiades que permeten retenir
adequadament la florfenicol-amina (FFA), i en conseqliéncia, la separacid de tots
els fenicols sén la fenil-hexil i la pentafluorofenil (PFP), gracies a la combinacié de
les interaccions hidrofobiques i - que es poden establir entre les fases i
aquests compostos. La major retencié de la FFA en la fase estacionaria PFP
s'explica per una interaccié de bescanvi cationic amb els silanols desprotonats
del suport quan el percentatge de modificador organic a la fase mobil és suficient
per permetre |I'obertura de les cadenes de la fase estacionaria.

e L'estabilitat dels temps de retencié en la columna amb la fase de fenil-hexil és
molt millor (%RSD inferior a 0,7%) que la de la PFP (amb variacions de fins un
7%), que en ser de bescanvi ionic és molt sensible a petites diferéncies en la forca
ionica de la fase mobil. En conseqliéncia, es proposa la columna fenil-hexil per a
la separacié cromatografica dels fenicols que a més, en tenir un rebliment de
particules de nucli solid, permet obtenir millor eficacia cromatografica i un temps
d'analisi fins a 6 cops menor que el dels métodes publicats a la literatura.

e S'ha posat de manifest que la utilitzacié d'una columna HILIC de silice pura per a

la separacid dels aminoglicosids requereix concentracions molt elevades de sals a
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la fase mobil, atés que el mecanisme predominant en la separacié és el bescanvi
cationic.

Es proposa utilitzar per a la separacié dels aminoglicosids una columna amb una
fase estacionaria multimodal Obelisc R, que permet regular la contribucioé de
cadascun dels mecanismes d’interaccié (HILIC, bescanvi cationic, interaccid per
ponts d’hidrogen, fase invertida). L'Us d'una fase mobil ternaria
acetonitril:aigua:acid formic permet aconseguir una bona separacid dels
aminoglicosids en un temps d’analisi inferior a 10 minuts i sense la necessitat
d’emprar concentracions elevades de sals o formadors de parells ionics a la fase
mobil, la qual cosa permet disposar d’'un métode compatible amb I'acoblament a

I’espectrometria de masses.

Sobre I'estudi de fonts d'ionitzacid i espectres de tandem,

Els espectres obtinguts en les diferents fonts d’ionitzacié pels fenicols posen de
manifest el comportament marcadament diferent d'aquests compostos en les
fonts d'ionitzacié a pressi6 atmosferica. Els fenicols tenen una tendencia
marcada a formar adductes (especialment en mode d'ionitzacié positiu) per
I'abséncia de grups facilment ionitzables, i a donar I'ié radical en APCI negatiu per
la preséncia d'haldgens en la seva estructura. S'ha proposat I'us de la font ESI en
mode negatiu per als antibiotics natius i en mode positiu per a la FFA, ja que
proporciona la maxima intensitat de I'i6 molecular (desprotonat o protonat) amb
una minima quantitat d'adductes i una molt baixa fragmentacié a la font.

L'estudi de les rutes de fragmentacid dels fenicols ha permes proposar, a més
dels ions més adients per a la seva determinacié per monitoritzacié de reaccions
multiples (MRM), I'ié producte a m/z 241, comu per a tots els antibiotics natius
de la familia dels fenicols, per a la identificacié d'analegs d'aquesta familia en
metodes d'analisi non-target. Es proposa també un nou mecanisme de
fragmentacid, consistent en una substitucié nucleofilica intramolecular amb

ciclacié i perdua d’HCl i CO de I'i6 precursor [M-H]’, per als ions producte a m/z
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257 i 290, emprats habitualment per a la confirmaciéo del cloramfenicol i el
tiamfenicol.

La mesura de la massa exacta dels ions producte en I'espectrometre de masses
Q-orbitrap ha permeés confirmar la composicié elemental dels ions de les rutes de
fragmentacio i proposar noves estructures per als ions producte a m/z 246 i 221
de l'estreptomicina i la dihidrostreptomicina, consistents en la pérdua conjunta
de la unitat d’estreptobiosamina i amoniac o cianamida, respectivament.

S'ha demostrat que la formacié d'adductes i6-molécula en I'etapa de
fragmentacid induida per col-lisid es produeix en tot tipus d'analitzadors i, a més,
és un fenomen relativament habitual. La configuracié de I'analitzador ha resultat
ser un dels aspectes més importants; els equips amb font d'ionitzacid en
configuracido on-axis i analitzador en linia amb la font (1802) afavoreixen la
formacié d’adductes amb molécules de solvent provinents de la fase mobil (aigua
i solvents organics). En canvi, en els espectrometres de masses amb font off-axis
només s’observen els adductes amb aigua majoritariament provinents de la
humitat residual del gas de col-lisid.

S'ha posat de manifest que la intensitat dels adductes i6-molécula formats dins
els analitzadors depéen de la puresa del gas de col-lisi6 en el cas dels
espectrometres de masses de feix (QqQ), mentre que en els analitzadors
d'emmagatzematge (IT, orbitrap) l'elevat temps de residéncia afavoreix la
formacié d'adductes amb intensitats elevades (80%-100%) fins i tot amb

guantitats molt baixes d'humitat (<3 ppm).

Sobre I'analisi quantitativa de mostres,

Es proposa un tractament de mostra basat en I'extraccié en fase solida (SPE) amb
cartutxos mixtos de fase invertida i bescanvi cationic (MCX) per a la purificacid i
preconcentracid dels fenicols en mostres de teixit animal (carn, peix i marisc) ja
gue permeten l'adequada recuperacié tant dels fenicols natius com del metabolit
polar. Per a l'analisi de mel, amb una elevada preséncia de substancies polars

interferents, es recomana I'Us de cartutxos de balancg hidrofilic-lipofilic (HLB). Per
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a l'analisi d'aminoglicosids, les notables diferéncies de basicitat dels compostos
fan dificil trobar unes condicions optimes per a I'adequada retencio i elucid dels
compostos en cartutxos de bescanvi cationic fort o feble. Per tant, es recomana
realitzar només la purificacié de les mostres amb cartutxos HLB.

e Per tal d'aconseguir una quantificacié verag dels fenicols i dels aminoglicosids en
mostres d’aliments, es proposa |'Us del calibratge matrix-matched per a la
correccio tant de I'efecte matriu com de les perdues d'analit durant el procés de
tractament de mostra. A més, en I'analisi de kasugamicina (KAS) i estreptomicina
en vegetals, es proposa la dilucié de la mostra (1:5) amb I'objectiu de reduir la
supressio de la ionitzacio observada per la KAS la qual cosa permet millorar fins a
100 vegades la sensibilitat del métode.

e Els métodes d'analisi desenvolupats en aquesta tesi presenten bons parametres
de qualitat indicant que sén suficientment sensibles, selectius i robustos per ser
aplicats a l'analisi de mostres. En concret, tots els metodes desenvolupats
presenten unes bones precisions (valors de %RSD inferiors a 15%), uns LOQs
entre 0,1 i 50 pg kg i permeten la deteccié dels compostos a nivells de
concentracié per sota de I'MRL o MRPL establert per la legislacio, i han
proporcionat resultats satisfactoris en |'analisi de mostres fortificades (veracitats,
expressades com a error relatiu, d'entre 2 i 23%).

e El fet que no s'hagin trobat positius en les mostres d'aliments d'origen animal
adquirides en comergos locals i analitzades en aquesta tesi posa de manifest que
les mesures de control de la preséncia de residus de medicaments veterinaris

regulats funcionen adequadament.

Sobre I'analisi non-target i la identificacié de compostos desconeguts,

e S'ha demostrat que l'analisi per injeccid en flux acoblat a l'espectrometria de
masses d'alta resolucié (FIA-HRMS) és un metode rapid i adequat per a l'analisi
global de mostres amb pocs components i concentracions relativament elevades,
com son les mostres d'estupefaents. Per obtenir un metode d'analisi apte per al

major nombre de compostos, es recomana emprar com a solvent portador una
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mescla de metanol:aigua 1:1 acidificada amb acid formic (0,1%) que afavoreix la
ionitzacio, i Il'adquisici6 en modes positiu i negatiu d'ionitzacié. També es
recomana I'Us de condicions suaus d'ionitzacié en una font d'ESI per reduir la
possibilitat de fragmentacions a la font.

Es proposa obtenir els espectres de fragmentacié aplicant de manera esglaonada
(stepped) I'energia de col-lisi6 a fi de facilitar la identificacié de compostos
desconeguts en els métodes d'analisi non-target. Aquesta estrategia fa possible
assegurar la preséncia d’ions producte en un interval ampli de m/z, la qual cosa
és especialment util quan no es coneix I'energia dptima de col-lisié de I'analit.

La gran quantitat i qualitat d’informacié proporcionada per la combinacié d'un
espectrometre de masses d'alta resolucié (Q-Exactive) amb un mode d'adquisicid
data-dependent ha permeés la identificacio de compostos en I'analisi directa per
FIA-HRMS de mostres de productes estupefaents. Es proposa I'Us d'una base de
dades propia construida amb informacié de la literatura per a la identificacié de
compostos target i sospitosos en base a criteris d'exactitud de massa (5 ppm
d'error maxim) i adequacid del cluster isotopic (85% de semblanca). Per a la
confirmacié dels compostos target es recomana utilitzar una llibreria espectral
propia amb espectres MS/HRMS adquirits en les mateixes condicions d'analisi
per tal d'assegurar un coeficient de semblanca prou elevat (minim 85%).

S'ha demostrat la dificultat d'establir una estrategia Unica per a la identificacié de
desconeguts. Es proposa I'Us de programaris de fragmentacié in silico per a la
identificaci6 de compostos desconeguts, ates que I'Us de llibreries espectrals
publigues no proporciona resultats suficientment fiables (coeficients de
semblanca baixos). La interpretacié dels espectres de tandem ha estat
fonamental per proporcionar informacié addicional que faciliti la identificacié del
compost desconegut.

Els resultats obtinguts amb el métode FIA-HRMS demostren la gran quantitat
d'adulteracions i fraus presents en les mostres d'estupefaents, i posen de
manifest la necessitat de desenvolupar metodes de cribratge non-target, aixi
com estrategies adequades per a la identificacid dels components de les mostres.

L'aplicacié d'aguest metode, ha permeés identificar la preséncia de nombrosos
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medicaments d'Us huma i veterinari (fenacetina, benzocaina, levamisol) emprats
com a adulterants en mostres d'estupefaents, aixi com la presencia de I'analgesic

metamizol en una mostra fraudulenta de cocaina.
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