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Resumen

RESUMEN

En la presente tesis se ha investigado el potencial de la cromatografia liquida
acoplada a la espectrometria de masas de alta resolucidn en aproximaciones
analiticas tanto de ftipo target (andlisis de compuestos diana) como non-target
(andlisis no dirigido). Las ventajas que este tipo de instrumentaciéon ofrece, derivadas
de la adquisicién del espectro completo con alta resolucién y medidas de masa
exacta, la hacen idénea para el screening de contaminantes orgdnicos asi como
para estudios metaboldémicos tanto de denominacion de origen de alimentos como

de cardcter biomédico.

El frabajo presentado se ha estructurado en tres grandes bloques. En el primero
de ellos se aborda el desarrollo y optimizacién de un método de screening “universal”
de contaminantes orgdnicos usando un acoplamiento instrumental LC-QTOF MS. Con
este fin, se ha desarrollado una base de datos de compuestos, se ha optfimizado la
metodologia analitica vy, finalmente, se ha validado dicha metodologia en matrices
medioambientales. El segundo bloque muestra el potencial de la técnica para la
investigacién y diagnosis en exhalados pulmonares, los cuales presentan un bajisima
concentracién de metabolitos. En el tercer y Ultimo bloque, se lleva a cabo la
busqueda de compuestos que puedan utilizarse como marcadores de D.O. en
muestras de naranja y vino, centrdndose especialmente en aquellas pertenecientes a

la Comunidad Valenciana.

El primer bloque se inicia con la optimizacion de los pardmetros instrumentales
que puedan tener un efecto notorio en la creacién de la base de datos y/o en el
andlisis de las muestras. Para ello, se han investigado los factores que afectan a la
sensibilidad instrumental y a la exactitud de masa. Ademds, se estudia la
fragmentacién de los compuestos incluidos en la base de datos con el fin de facilitar
de forma automdatica y simultdnea la confirmacion de la identidad de los compuestos
detectados en las muestras. Finalmente se ha evaluado la influencia de la resolucion
de masa y cromatogrdfica en la exactitud de masa en el caso de matrices complejas.

Posteriormente, se han creado dos bases de datos de contaminantes orgdnicos: una
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tedrica, la cual contiene alrededor de 1000 contaminantes orgdnicos reportados en la
literatura como analizables por LC-MS. Esta base de datos incluye tiempo de retencién
y férmula empirica de fragmentos y aductos de aquellos compuestos de los que se
dispone de patrones de referencia y que han sido inyectados de acuerdo con los
pardmetros previomente optimizados. La segunda base de datos se trata de una
libreria de espectros experimental que contiene los espectros a alta y baja energia de
colision (estos Ultimos proporcionando informaciéon sobre la fragmentacion), asi como
tiempos de retencién, de los compuestos con patrén disponible. Finalmente, se ha

evaluado la eficacia de la libreria en el andlisis de muestras reales.

En un segundo frabagjo se evalia el potencial de los dos principales
procedimientos para la investigacion de contaminantes orgdnicos mediante métodos
de screening: non-target y post-target. Para ello, se lleva a cabo un screening de
muestras ambientales, alimentos y muestras de interés toxicolégico mediante las dos
metodologias y se comparan los resultados obtenidos. La primera aproximacién (non-
target), basada en la deconvolucidén del cromatograma para la buUsqueda de
componentes en la muestra, ha demostrado una notable dependencia de la
infensidad del pico cromatogrdfico debido a la baja eficiencia del algoritmo de
deconvoluciéon. En el caso de la aproximacion non-target, tras la busqueda de los
componentes, los espectros correspondientes son automdticamente comparados con
la libreria de espectros experimental creada anteriormente, asi como con una libreria
tedrica generada a partir de los compuestos incluidos en la base de datos de
contaminantes. En cuanto a la segunda aproximacion, tipo post-target, esta se basa
en la busqueda, después de la inyeccidbn de las muestras, de compuestos
seleccionados (target) incluidos en la base de datos. Como se ha indicado
anteriormente, ésta incluye informacion de fragmentacién y tiempo de retencion de
aqguellos compuestos con patrén de referencia disponible, es decir aquellos que estdn
también presentes en la libreria experimental de espectros. A la vista de los resultados,
se concluye que la aproximacion post-target resulta la mds ventajosa para abordar un
screening “universal” de un elevado nUmero de compuestos. Ademds, los procesos de
revisidon de datos y los tiempos de procesamiento se reducen considerablemente. Sin

embargo, la metodologia non-target presenta una excelente capacidad de
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confirmacién de la identidad de los contaminantes encontrados ya que facilita la
comparacion de los espectros de fragmentacion de patrones con los obtenidos en la
muestra. Mediante la aproximacion post-target, se encontré un importante nUmero de
contaminantes en muestras ambientales y alimentarias, asi como drogas de abuso y

farmacos en las muestras de orina de voluntarios en tratamientos de desintoxicacion.

El primer bloque de la ftesis finaliza con una validacion cualitativa de la
metodologia desarrollada en muestras de agua subterrdnea, superficial y el efluente
de una planta de tratamiento de aguas residuales. Se han evaluado dos tipos de
relleno en la extraccién en fase sélida aplicada a las muestras: Oasis HLB y MCX. El
primero ha resultado mds genérico, perdiéndose Unicamente el fdrmaco
Gabapentina en dicho proceso de preconcentracién. Para la validacion cualitativa,
se fortifican 3 muestras independientes de cada tipo de agua analizada a dos niveles
de concentracién (0.1 y 1 ug/L) y se comprueba la capacidad del método para
detectar (tipicamente, usando la molécula protonada) e identificar (mediante al
menos dos iones: molécula protonada y un fragmento) los contaminantes
seleccionados como modelo: 146 compuestos entre los que se incluyen 52 pesticidas,
52 medicamentos (21 antibidticos), 13 drogas de abuso, 11 hormonas, 11 micotoxinas y
7 agentes de proteccién UV. El método desarrollado permite la deteccidén de la gran
mayoria de los compuestos ensayados y la identificaciéon de un buen nUmero de ellos.
Posteriormente, se ha aplicado dicha metodologia al andlisis de muestras reales,
identificando varios de los contaminantes seleccionados, incluso a niveles de
concentracién inferiores al mds bajo validado. También ha sido posible la deteccion e
identificacion tentativa de varios contaminantes no incluidos en la validacion del
método, incluso sin patrén de referencia disponible, gracias a la valiosa informacién

suministrada por el analizador QTOF-MS.

En el segundo bloque se aprovechan las ventajas que ofrece el acoplamiento
LC-MS, y en especial HRMS, para aplicaciones metaboldémicas que requieren de una
elevada sensibilidad instrumental. Este es el caso de los condensados de exhalados
pulmonares, cuyas concentraciones de metabolitos son extremadamente bajas y, por
tanto, requieren de técnicas mds sensibles como son las LC-HRMS frente al tipico

andlisis mediante NMR. En el trabajo realizado, en colaboraciéon con el Instituto de
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Estudios Biofuncionales de la Universidad Complutense de Madrid (UCM, Madrid,
Spain) y llevado a cabo en el Department of Biomolecular Medicine en Imperial
College London (London, UK), se realiza un estudio preliminar sobre las capacidades
de LC-HRMS y NMR para abordar la diferenciaciéon de pacientes sanos de aquellos
con enfermedades respiratorias, concretamente con obstruccion pulmonar crénica,
mediante el andlisis no invasivo de condensados de exhalados pulmonares. En base a
los resultados obtenidos, se propone el uso de LC-HRMS como aproximacion

metaboldmica estdndar para este tipo de andlisis.

En el tercer y Ultfimo bloque se investigan los marcadores que permiten la
diferenciacion de alimentos segun su origen, especialmente en productos de interés
para la Comunidad Valenciana y cuya calidad estd directamente relacionada con su
D.O. El primero de los trabajos incluidos en este capitulo se centra en el andlisis de las
diferencias a nivel quimico presentes en naranjas de diferentes origenes. Para ello, se
han seleccionado muestras de la Comunidad Valenciana y de paises del hemisferio
sur (Suddfrica y Argentina) de variedades de maduracién tardia. Las muestras
completas (piel y pulpa) se trituran, homogenizan y exfraen con una mezcla
agua:metanol, se diluyen con agua vy finalmente se analizan mediante UHPLC-HRMS.
Posteriormente, se procesan los datos mediante andlisis multivariante para encontrar
los que permitirian la distincién en funcion del origen. Finalmente, se ha ampliado el
muestreo a la siguiente campana, incluyendo también muestras de Brasil, con la
finalidad de comprobar la validez de los marcadores enconfrados y su posible
aplicacion a ofros destinos. Se ha encontrado un marcador idéneo en ambos casos
(primer y segundo muestreo) que corresponde a un compuesto de fiempo de
retencién 4.83 minutos, que finalmente y gracias a la informaciéon espectral en masa

exacta ofrecida por LC-HRMS se ha identificado como Citrusin D.

Finalmente, en el Ultimo trabajo presentado se ha realizado un estudio similar al
de las naranjas. El vino es un producto muy preciado cuyo valor estd extremadamente
ligado a su origen, entre ofros. En este articulo cientifico se realiza un comparacién
interlaboratorio para el estudio metaboldmico de muestras de vino procedentes de
fres importantes denominaciones de origen en Espana (Ribera del Duero, Rioja vy

Penedés). Los resultados de ambas plataformas ofrecen una clasificacién éptima de
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las muestras en base a marcadores definidos en las rutas metabdlicas de la vitis
vinifera. Ademds, se discute sobre las ventajas y desventajas de ambas plataformas,
no solo en el aspecto instrumental (TOF vs Orbitrap) sino también en el procesamiento
de los datos y la seleccidon de los marcadores. Como cabia esperar por ser
geogrdficamente la mds diversa, la denomiancion de origen Penedés era separada
de las otfras dos mediante un simple andlisis no-supervisado PCA. Para separar
completamente las 3 D.O. se andlizaron mediante PLS-DA obteniéndose una
clasificaciéon correcta para todas las muestras. Se encontraron diversos marcadores de
la familia de los polifenoles como la Catequina, Epicatequina y Galactocatequing,
entre ofros. Finalmente, los marcadores de cada plataforma fueron cuantificados en
un modo target en la otra plataforma. Se demostré que, para ambas plataformas, los
diferentes marcadores eran significativos y que por fanto, el fratamiento de datos
habia filtrado estos marcadores. El modelo estadistico aplicado haciendo uso
exclusivamente de los marcadores fue capaz de separar perfectamente las diferentes

denominaciones de origen mediante PCA.
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SUMMARY

In this thesis, the potential of the liquid chromatography coupled to high
resolution mass spectrometry has been investigated in non-target and post-target
approaches. This type of instrumentation offers some advantages like full-spectrum
acquisition and high-resolution/accurate mass measurements that make it ideal for
wide-scope screening of organic pollutants as well as for metabolomic studies either in

food origin determination or in biomedical research.

This work is divided in three main parts. In the first one, the optimization of a
“universal” (liquid chromatography suitable) wide-scope screening of organic
pollutants is performed by LC-QTOF MS. To this purpose, a contaminant database has
been created, the analytical methodology optimized and, finally, validated in
environmental water samples. The second part shows the potential of this technique for
the investigation and diagnosis in human breathe exhaled condensates, which are
characterized by extremely low metabolite concentrations. In the third and last part, a
biomarker search has been carried out in order to use them as a tool for food origin
determination, concretely in orange and wine samples which are of especial interest in

the Valencia region.

The first section begins with the optimization of the instrumental parameters with
a notorious effect in the creation of a compound database and/or in the sample
analysis. Thus, factors that could affect the sensitivity and mass accuracy have been
investigated. Furthermore, fragmentation of the compounds included in the database
has been studied in order to perform an automatic and simultaneous confirmation of
the identity of these compounds. Finally, the influence of the mass and
chromatographic resolution in the mass accuracy was evaluated for complex matrices
like vegetables or wastewater. Afterwards, two organic pollutants databases were built:
a theoretical one with approximately 1000 LC-Ms suitable contaminants reported in the
literature that included retention time and empirical formula of the fragments/adducts

of those compounds with available reference standard (which were previously injected
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within the opfimized parameters). The second database is an empirical library which
contain mass spectra (as well as retention time information and promoted
fragmentation spectra) of the available reference standard compounds. Finally,

efficiency of the empirical library in real samples application was tested.

In the next work, the potential of the main approaches for the contaminant
searching —non-target and post-target- was evaluated. For this purpose, environmental,
food and toxicological sample screening was carried out by these two methodologies
and results obtained were compared. The first approach (the non-target one), based
on the chromatogram deconvolution to find the components present in the sample,
demonstrated high dependence on the intensity of the chromatographic peak due to
the low efficiency of the deconvolution algorithm. In this case, the spectra of the peaks
found were automatically compared with those included in a home-made empirical
mass spectra library previously built as well as a theoretical one from the compounds
included in the pollutants data-base. Regarding the post-target approach, it was
based on the post-injection search of the contaminants present in the previously
mentioned contaminants database that, as stated before, included fragmentation and
retention time information for those compounds with available reference standard, i.e.
those present in the empirical mass spectra library. Results revealed that post-target
approach was most advantageous for the “universal” organic pollutants screening due
to the lower number of false negatives. Furthermore, it permitted to considerably
reduce the processing and results reviewing time. However, the non-target
methodology showed excellent skills for the confirmation of the identity of the
contaminants found due fo it facilitates the HE mass spectra comparison between
sample and standard. Using the post-target method, a significant number of
contfaminants in the environmental and food samples and several pharmaceuticals

and drugs of abuse positives in the urine samples was found.

The first section ends with the performance of a qualitative validation of the
previously developed methodology in environmental water samples, groundwater,
surface water and effluent wastewater. Two pre-concentration solid phase extraction
methods with two different cartridges -Oasis HLB and MCX- were tested. The HLB one

resulfed more generic, with the only loss of the pharmaceutical gabapentin during the
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extraction process. Then, 3 different matrices from each type (getting a total of 9
samples) were spiked at two concentration levels (0.1 y 1 pg/L). The ability of the
methodology to detect and identify the contaminants belonging to different chemical
families was evaluated: 146 compounds including 52 pesticides, 52 pharmaceuticals
(21 antibiotics), 13 drugs of abuse, 11 hormones, 11 mycotoxins and 7 UV protection
agents. The screening method allowed the detection of most of the compounds, at
least, at the highest concentration as well as the reliable identification of the majority of
them. Finally, this screening method was applied to real environmental samples,
identifying some of the compounds included in the validation, even at concentrations
well-below to the lowest concentration level tested. It was also possible to detect and
identify compounds with no reference standard available thanks to the capabilities of

the TOF analyzers.

The second part of the thesis is focused on the study of the advantages offered
by the LC-MS system, especially with HRMS instrumentation, to perform specific
metabolomic approaches that require a high instrumental sensitivity. This is the case of
the exhaled breath condensates (EBC) which metabolite concentrations are extremely
low and require very sensitive tfechniques, such as LC-HRMS. In this short
communication, a preliminary study about capabilities of LC-HRMS and typically used
NMR to face to the differentiation of healthy patients and patients with airway disease
(chronic obstructive pulmonary disease) by the analysis of non-invasive EBC has been
carried out in collaboration with the Instituto de Estudios Biofuncionales de la
Universidad Complutense de Madrid (UCM, Madrid, Spain) and performed in the
Department of Biomolecular Medicine at Imperial College London (London, UK). In
conclusion, UHPLC-HRMS is proposed as a standard metabolomic approach in the

analysis of EBC.

In the third and last section of this thesis, biomarkers for the unequivocal
distinction of certain properties of food and beverages are evaluated, such as
geographical origin. This study is focused especially on those with a socio-economic
interest in the Comunidad Valenciana. The first work in this chapter is based on the
chemical differences of different origins of oranges. To this aim, late-maturing orange

samples from Valencia region and from south hemisphere countries (South-Africa and
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Argentina) were analysed by UHPLC-HRMS. Data were processed using mulfivariate
analysis to find the most adequate markers to distinguish the oranges origin. Then, the
sample number was increased with two different seasons oranges and included
additional origin (Brazil) to check the validity of the markers found. Tentative
identification was performed to the most significant marker and was tentatively

identified as Citrusin D.

Finally, in the last work, a similar study was performed for wine samples. Wine is a
relatively high cost product which value is extremely linked to its geographical origin,
amongst others. In this paper, an interlaboratory comparison has been performed for
the metabolomic study of wine samples from three important Spanish wine production
areas (Ribera del Duero, Rioja and Penedés). Results from both platforms showed an
optimal origin classification based on markers well defined in vitis vinifera metabolic
pathways. Moreover, advantages and drawbacks of both platforms are extensively
discussed, not just in terms of instrument used but also based on the different data
tfreatment and markers selection. As expected due to their higher geographical
difference, samples from Penedes were easily separated by analysing the data using
unsupervised PCA. In order to completely separate the 3 D.O., data were analysed by
PLS-DA, obtaining a correct classification for all the samples. Several polyphenol
compounds were found as biomarkers such as Catechi, Epicatechin and
Gallactocatechin, amongst others. Finally, markes found in each platform were
screened in a target way in the other one. It was demonstrated that, for both platforms,
the selected metabolites were significant and then the data treatment was filtering
them. The statistical model applied using exclusively the biomarkers selected allowed
the perfect separation of the 3 D.O. studied by PCA.
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OBJETIVOS

En esta fesis se persiguen dos objelivos generales, sobre la base de las
capacidades andaliticas del potente acoplamiento instrumental cromatografia liquida-
espectrometria de masas de alta resolucion (LC-HRMS), en concreto con analizador
hibrido QTOF MS. Por un lado, se pretende desarrollar una metodologia analitica
avanzada de tipo “universal” para el screening de un elevado nUmero de
contaminantes orgdnicos pertenecientes a diferentes familias (pesticidas, farmacos,
drogas de abuso, productos de cuidado personal, etc.) en muestras de interés
ambiental, alimenticio y toxicoldégico. Por otro lado, se pretende investigar el potenciall
de este acoplamiento instrumental para llevar a cabo estudios metabolémicos en
muestras de alimentos, con el objetivo de encontrar marcadores distintivos de una o
mds caracteristicas (como por ejemplo, el origen geogrdfico de los alimentos).
También se pretende explorar la capacidad de LC-QTOF MS (en comparacién con la
tipicamente utilizada NMR) en aplicaciones metaboldmicas que requieren de una
elevada sensibilidad, como es el caso de los condensados de exhalados pulmonares
(los cuales presentan la ventaja de ser muestras no invasivas), concretamente para la

clasificacién de pacientes con obstruccion pulmonar crénica.

Para alcanzar el objetivo general relacionado con el screening de

contaminantes orgdnicos, se han establecido una serie de objetivos especificos:

1. Creacién de una libreria experimental de espectros de masas a partir de
pafrones disponibles de contaminantes ampliamente detectados en muestras
reales bajo condiciones éptimas de andlisis, que deberdn ser establecidas

previamente.

2. Creacién de una amplia base de datos tedrica de compuestos analizables por

LC-MS a partir de informacion bibliogrdfica.

3. Elucidacion estructural de los fragmentos de compuestos incluidos en la libreria
de espectros experimental para facilitar la identificacion de los contaminantes

en el andlisis posterior de las muestras.
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4. Comparacion de las aproximaciones post-target y non-target para el screening

“universal” de contaminantes orgdnicos en diferentes matrices de interés.
5. Aplicaciéon de las metodologias desarrolladas al andlisis de muestras reales.

6. Evaluaciéon de su potencial para la deteccidn e identificaciéon de los
contaminantes encontrados en las muestras, asi como para la identificaciéon
tentativa de ofros contaminantes cuyo patrén no esté disponible en el

laboratorio.

7. Validacién cudlitativa de la metodologia elegida para compuestos

seleccionados, usados como modelo.

Por otro lado, en relacién con el estudio metaboldmico, se establecen los

siguientes objetivos:

1. Explorar el potencial del acoplamiento LC-QTOF MS para el andlisis no-dirigido
de muestras, con especial atencidn a los distintos mecanismos cromatogrdficos
de separacidn y a las caracteristicas de la espectrometria de masas frente a

otras técnicas tipicamente utilizadas.

2. Comparar distintos algoritmos de pre-procesamiento de datos para la
obtencion de la mdxima informacién posible (componentes dentro del

cromatograma) a partir de los datos obtenidos en el andilisis de las muestras.

3. Obtener modelos estadisticos que permitan la interpretaciéon y diferenciaciéon
de las muestras segun su origen, variedad, etc., asi como la obtencién de los

principales marcadores que permitan distinguirlas.

4. Elucidar la estructura, identificar e interpretar la significancia de los

biomarcadores enconfrados.

5. Validar los resultados obtenidos mediante la ampliacion de las muestras

analizadas.

Mdas especificamente, para los estudios metaboldmicos realizados se pretende:
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6. Evaluar la aplicabilidad y eficiencia de las técnicas espectrométricas para
llevar a cabo estudios metaboldmicos en muestras de elevada dificultad por su
baja concentracion de metabolitos como son los condesados de exhalados
pulmonares, comparando dicha aproximacion con la NMR, la cual estd mucho

mds consolidada pero presenta desventajas en cuanto a su sensibilidad.

7. Encontrar un/os marcador/es fiable/s para la determinacion del origen de
naranjas, con especial atencidén a frutos provenientes de la regién de Valencia,
pudiendo asi distinguirlos inequivocamente de aquellos procedentes del

hemisferio sur (Sudamérica, Suddafrica).

8. Estudiar las diferenciaos en la concentracién de los metabolitos de vinos
espanoles en base a diferentes variables como el tipo de uva, la region donde
se produce o el ano de produccién. Asimismo, intentar hallar marcadores que

permitan diferenciar los diferentes vinos.

PLAN DE TRABAJO

Para alcanzar los objetivos indicados, se establecieron dos planes de frabajo
dependiendo de la aproximacion a considerar. Asi pues, para el screening de

contaminantes orgdnicos el plan de trabajo fue:

1. Optimizacion de las condiciones cromatogrdficas y de la espectrometria de
masas. Para ello, se optimizardn la resolucidn cromatogrdfica, asi como, la

exactitud de masa y la sensibilidad del TOF MS.

2. Estudio de las condiciones 6ptimas para la fragmentacion de los compuestos

con el fin de facilitar su identificacion.

3. Inyeccion del mdximo nUmero de patrones de referencia posibles bajo las
condiciones experimentales previamente optimizadas con el fin de incluir dicha

informacion en la libreria de espectros.

4. BUsqueda bibliogrdfica de contaminantes orgdnicos analizables mediante LC-
MS bajo condiciones cromatogrdficas y espectrométricas similares a las

optimizadas.
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5.

Seleccidén de la aproximacion (post-target y/o non-target) mas idénea para el
screening de muestras reales y desarrollo de dicha aproximacién en diferentes

maftrices de interés alimentario, toxicolégico y medioambiental.

Seleccién de los compuestos y los niveles de concentracidn representativos
para llevar a cabo la validacién cualitativa con el fin de evaluar el potencial

de la metodologia desarrollada.

Por otro lado, en el caso de los estudios metabolémicos el plan de trabajo fue

el siguiente:

1.

Estudio de los diferentes tfratamientos de muestra con el fin de cubrir la mayor

cantidad de metabolitos posibles.

Estudio de las condiciones cromatogrdficas oOptimas para los diferentes

tratamientos propuestos.

Andlisis de las muestras de forma aleatoria y evitando posibles errores

sistemdadticos.

Estudio de las diferentes variables y aproximaciones para el pre-procesamiento
de datos, es decir la bUsqueda de los metabolitos mediante aproximacién non-

target.

Estudio de la varianza de los datos mediante técnicas estadisticas

multivariante, y mds concretamente mediante PCA.

Desarrollo de modelos estadisticos dirigidos; tanto univariantes (ANOVA) como
multivariantes (PLS, PLS-DA, OPLS-DA), para la determinacion de las diferencias

entfre muestras.
Determinacion y elucidacion de los marcadores 6ptimos para los diferentes
propdsitos

Confirmacion, en los casos posibles, de la identidad de los marcadores
elucidados asi como de la validez del modelo generado y de dichos

marcadores.
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OBJECTIVES

This thesis pursues the accomplishment of two main different objectives based
on the study of the analytical capabilities of coupling liquid chromatography and high
resolution mass spectrometry (LC-HRMS). Firstly, it will be performed an "“universal” wide-
scope screening of organic pollutants belonging to different families (pesticides,
pharmaceuticals, drugs of abuse, personal care products, etc.) in different matrices

with environmental, food and toxicological interest.

On the other hand, the potential of LC-HRMS will be investigated to carry out
metabolomic studies in food samples with the objective to find distinctive biomarkers
for certain qualities like geographical origin. Previously, the potential of LC-QTOF MS
(compared to typically used NMR techinique) in applications that require high sensitivity
will be explored, such as the exhaled breath condensates, which show the advantage
of being a non-invase sample, but have a low concentration of metabolites.
Concretely, it will be applied to the diferentition of subjects with pulmonary disease like

chronic obstructive pulmonary disease (COPD).

To reach the general goal regarding the wide-scope screening of organic

pollutants development, more specific objectives are established:

1. Optimization of the chromatographic and mass spectrometry conditions. Thus,
chromatographic resolution, as well as mass accuracy and sensitivity of TOF MS

will be optimized.

2. Study of the opfimal conditions for the fragmentation of the contaminants with

the aim of facilitating its identification.

3. Development of an empirical mass spectra library including the available
reference standard compounds under previously optfimized instrumental

conditions.

4, Building a theorefical pollutants database with LC-MS amenable pollutants

according to literature information.
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Structural elucidation of the fragment ions obtfained from those compounds
included in the empirical mass spectra library to facilitate the identification of

the contaminants.

Comparison of post-target and non-target approaches for the wide-scope

screening of organic contaminants in the different matrices studied.

Study of the applicability of the methodology/es applied for the real sample

analysis.

Evaluation of the potential of the instrumental coupling used for the detection
and identification of the pollutants found, as well as, for those present in the

samples analyzed which reference standard is unavailable in our laboratory.

Qualitatively validate the selected methodology for the available analytes.

Regarding the metabolomic study, following objectives are established:

Explore the ability of the instrumental coupling above mentioned for the
completely untargeted analysis of the samples, with especial attention to the
different chromatographic separation mechanisms and to the characteristics of

mass spectrometry against other typically used techniques.

Compare different data pre-processing algorithms to achieve the maximum

information from the chromatogrames.

Obtain statistical models that allow the interpretation and differentiation of the
samples as a function of the geographical origin, fruit variety, etc., as well as,

that permit getting the main biomarkers for this differentiation.
Structural elucidation, identification and interpretation of the biomarkers found.

Validate the results by increasing the number of samples analyzed.

More specifically, the goal of these metabolomic studies is:
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6. Evaluate the efficiency and applicability of the spectrometric techniques to
carry out metabolomic studies on highly difficult matrices due to their low
metabolite concentration such as exhaled lung condensates. Compare the

results with those obtained by NMR, typically the most used technique.

7. Find one or more reliable biomarkers for the determination of the oranges origin
with especial attention to those from the Valencia region, in order to
unequivocally differentiate them from samples from south hemisphere (South-

America and South-Africa).

8. Study the differences in Spanish wines metabolite concentration based on
different variables such as grape variety, geographical origin or production

year. Moreover, find biomarkers that permit to distinguish the wines.

WORKING PLAN

To reach the goals mentioned above, two different working plans were
established depending on the approach considered. Thus, in the case of the organic

pollutants screening the plan to follow was:

1. Optimization of the chromatographic and spectrometric conditions. Factors
to have info account are those influencing the chromatographic resolution

as well as TOF MS mass accuracy and sensitfivity.

2. Study of the optimal fragmentation conditions with the aim to facilitate the

compound identification.

3. Injection, under the optimal conditions, of the highest possible number of

reference standards to include the information in the mass spectral library.

4. Literature search of LC amenable organic contaminants to be included in

the theoretical database.
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WAQas:

5. Selection of the most appropriate approach (post-target and/or non-target)
for the wide-scope screening of real environmental, food and biological

samples.

6. Selection of the representative compounds and concentratfion levels in
order to perform a reliable qualitative validation with the final aim to

evaluate the potential of the developed methodology.

On the other hand, in the case of the metabolomic studies the working plan

Study of the different simple treatments to cover the highest number of

compounds possible.

Investigate the optimal chromatographic conditions for the different sample

tfreatments proposed.
Analysis of the samples in a random way and avoiding systematic errors.

Study of the different variables and approaches for the data pre-processing, i.e.

metabolites peak picking in an untargeted way.

Study of the data variance by multivariate stafistical fools, and more concretely
by PCA.

Development of the statistical biased models: both univariate (ANOVA) and
multivariate (PLS, PLS-DA, OPLS-DA) for the classification of the samples.

Determination and elucidation of the main biomarkers for the different targefs.

Confirmation, when possible, of the identity of the elucidated markers and the

applicability of the model.
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Capitulo 1 Introduccién

La sociedad actual, en especial los paises mds desarrollados, estd sufriendo un
continuo cambio en cuanto al estilo de vida. Esto implica, en general, una mejora del
nivel de vida asi como de la esperanza de vida. Sin embargo, este acelerado cambio
puede tener sus efectos secundarios (sobre fodo a largo plazo) en los seres humanos y

demds especies animales y vegetales.

El nUmero de compuestos quimicos que se aplican diariamente crece de forma
drdstica (Portolés, Pitarch et al. 2011). Debido a su cada vez mds amplio uso, estos
compuestos llegan a representar un riesgo medioambiental y de seguridad
alimentaria, por lo que existe preocupacidén creciente por parte de distintos
organismos internacionales. Hablamos de compuestos que se utilizan ampliamente en
la vida coftidiana, como fadrmacos, productos de cuidado personal o productos de
limpieza, pero también otros compuestos como conservantes alimenticios, retardantes
de llama, pesticidas, etc; los cuales son cada vez mds necesitados debido a la

creciente demanda (Richardson and Ternes 2014).

Esto puede conllevar problemas medioambientales y de seguridad alimentaria
y, por tanto, se requiere una actuacién acorde con dicho problema. Aunqgue
recientemente la disponibilidad de técnicas instrumentales avanzadas ha posibilitado
el desarrollo de métodos analiticos muy fiables y rdpidos para la deteccidén de un
nUmero considerable de contaminantes, debemos dar un paso adelante en cuanto al
andlisis de contaminantes se requiere. Delbbemos anticiparnos al problema y al uso de

compuestos similares.

Por otro lado, los nuevos tiempos han propiciado una globalizaciéon, que afecta
tanto a la informaciéon y la economia como a diferentes productos. No es extrano ya
ver vegetales y frutas tipicos de zonas tropicales, incluso en los meses invernales. Esto
ha propiciado la exaltacién de las llamadas denominaciones de origen, las cuales

proclaman la calidad de sus productos en base a su origen y/o fratamiento. Cada
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denominacidén de origen define distinfos pardmetros de calidad, no sélo de
delimitacion geogrdfica sino también en cuanto a variedades utilizadas, tiempos de
cosecha, tratamientos permitidos y, en algunos casos como en los vinos, en
tratamiento y manipulacién para conseguir el producto final. El objetivo de las
denominaciones de origen es ofrecer al consumidor una garantia de calidad frente a
los diferentes productos disponibles a disposicion de los usuarios. Sin embargo, nuevos

métodos analiticos son necesarios para asegurar dichas caracteristicas de calidad.

En esta tesis doctoral se pretenden investigar estas problemdaticas. Por un lado,
se procura avanzar en el andlisis de contaminantes mediante el desarrollo de métodos
de screening basados en el uso del acoplamiento LC-HRMS, el cual facilita la
deteccidn e identificacion fiable de contaminantes orgdnicos en muestras
medioambientales y alimentarias. Por otfro, se intenta avanzar en la problemdatica de

las denominaciones de origen ofreciendo soluciones a posibles fraudes.

En este capitulo de Intfroduccion, se comenta en primer lugar el acoplamiento
LC-HRMS vy sus principales caracteristicas, que lo convierten en una herramienta
poderosa para fines de screening. Posteriormente, se discuten las aproximaciones
target y non-target en andlisis de contaminantes orgdnicos y residuos en general, para
finalizar con una breve introduccion al fratamiento de muestra, desde el punto de visto

de los andlisis llevados a cabo en esta Tesis Doctoral.
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1.1. CROMATOGRA,FI'A LIQUIDA ACOPLADA A ESPECTROMETRIA DE MASAS
DE ALTA RESOLUCION (LC-HRMS)

Para enfrentarse a la problemdatica de los dos principales aspectos tratados en
esta Tesis, screening de nuevos contaminantes y metoboldmica, se requieren técnicas
analiticas avanzadas, capaces de ofrecer sensibilidad, elevada informacién
estructural, "universalidad" y/o versatiidad. Obviamente, no existe una herramienta
Unica capaz de generar todas las expectativas requeridas, pues las diferentes
propuestas que puedan ajustarse al perfil exigido presentan siempre ciertos
inconvenientes. Sin embargo, la técnica por excelencia en el campo del andlisis de
contaminantes orgdnicos es, sin duda, la cromatografia acoplada a espectrometria
de masas. Entre las diferentes posibilidades que se ofrecen, resulta esencial la
espectrometria de masas de alta resolucidn para afrontar dichos objetivos de tipo

screening.

Otras técnicas pueden presentar una sensibilidad similar, lo cual es un requisito
debido a las bajas concentraciones en las que suelen estar los contaminantes en las
diferentes maftrices, como por ejemplo LC-Fluorescencia, GC-captura de electrones,
etc. Sin embargo, ninguna de estas técnicas ofrece la selectividad necesaria ni aporta
informacion estructural para afrontar un screening de amplio espectro de compuestos

orgdnicos.

En lo que al campo de la metaboldmica se refiere, la eleccidon del
acoplamiento LC-MS o GC-MS no es tan ventajosa como en el campo de residuos y/o
medioambiental, pues la sensibilidad, aunque importante, no juega un papel tan
crucial. Por ello, las técnicas de resonancia magnética nuclear han sido las mds
utilizadas por su robustez y elevada informacién estructural, lo que facilita la creacion
de bases de datos y, por tanto la elucidacion de (bio)marcadores. No obstante, existe
un creciente interés en la espectrometria de masas en cuanto a la metabolémica se
refiere, lo que se deduce a partir del creciente niUmero de publicaciones sobre

investigaciones en este campo (Wishart 2008).

11
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1.1.1. Cromatografia Liquida

A pesar de la elevada selectividad que proporciona la deteccidon por
espectrometria de masas, muy especialmente los analizadores de masas de elevada
resolucién, resulta necesario realizar una separacidn previa de los diferentes
componentes de la muestra con el fin de aislar en lo posible los analitos para facilitar
su identificacidn y cuantificacién, evitando o minimizando de esta manera
interferencias isobdricas o efectos matriz. La técnica de separacién mds utilizada en
combinacién con MS es la cromatografia, que se basa en la diferente distribucién de
los componentes de la muestra entre una fase estacionaria y una fase movil
(normalmente un gas o una mezcla de disolventes y sales con distinta fuerza
eluotrépica) debido a diferencias de velocidad de desplazamiento de los compuestos
al ser arrastrados por la fase movil a través de la fase estacionaria. En funcién de la
naturaleza de estas dos fases se pueden distinguir diferentes modalidades

cromatogrdficas.

En esta tesis doctoral se ha trabajado exclusivamente con cromatografia
liquida (LC), la cual es sin duda la técnica mds adecuada para separar compuestos
de polaridad media-alta, poco voldtiles y térmicamente Idbiles. La fase movil es liquida
y fluye a través de una columna empaquetada con una fase estacionaria que

contiene un grupo activo (Snyder 2009).

Complementaria a la LC se presenta la cromatografia de gases (GC) cuya fase
movil es un gas inerte (generalmente He). En el caso de la GC, los analitos susceptibles
de andlisis son poco polares y termo-estables. Existen ventajas y desventajas en el uso
de ambas técnicas (LC y GC) pero la eleccién de una u otra se basa, aparte de la
disponibilidad, en las caracteristicas ficio-quimicas del analito (Herndndez, Ibdnez et al.
2015). En esta tesis se ha trabajado buscando una visidn global sobre la composiciéon
de la muestra, que no ha estado centrada exclusivamente en el fipo de analitos. Se
eligid la LC como técnica de separacion, por su mayor universalidad, por la
simplicidad del tratamiento de muestra, por su mayor adecuacidon a analitos polares

(como son la mayoriac de contaminantes emergentes y productos de
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transformacién/metabolitos), y por las ventajas que ofrecen las fuentes de ionizaciéon

usadas en LC-MS, que se verdn mas adelante.
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Figura 1.A. Rango de aplicacién de los acoplamientos GC-MS y LC-MS mds
ampliamente utilizados en funcidn de la polaridad y masa molecular de los compuestos.

Como se puede observar en la Figura 1.A., el rango de masa molecular en los
compuestos analizables por LC es mucho mayor. Esto, unido a la mayor afinidad para
compuestos de polaridad media-alta, hace que LC sea mds adecuada para los
estudios de tipo screening, sobre fodo cuando se pretende incluir los llamados
"compuestos emergentes”’, los cuales son ftipicamente polares. En los estudios
metaboldmicos, este hecho es todavia mds evidente pues el rango de masas

moleculares y la polaridad de los metabolitos ha de ser lo mds amplio posible.

A confinuacion, se comentan brevemente los diferentes mecanismos de

separacion en LC utilizados durante esta tesis:

Cromatografia liquida en Fase Reversa (RPLC)

La LC en fase reversa es sin lugar a dudas la técnica mds utilizada entre las
diferentes posibilidades que ofrece la LC debido a su robustez, bajo coste de las
columnas y universalidad, ya que permite separar un gran nimero de compuestos
orgdnicos de polaridad media-alta. La popularidad de este tipo de cromatografia
reside ademds en la idoneidad para el acoplamiento LC-MS por la volatilidad de los

disolventes orgdnicos utilizados.
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La LC en fase reversa se basa en la retencién de los compuestos en una fase
estacionaria apolar, los cuales son eluidos gradualmente al aumentar la fuerza
eluotrépica de la fase movil, es decir, al disminuir la polaridad de los disolventes. Asi
pues, contrariamente a la LC en fase normal, el gradiente de elucién se realiza
disminuyendo gradualmente la polaridad de la fase movil. Por tanto, los compuestos
mds polares eluyen inicialmente, ya que su interaccién con la fase estacionaria apolar
es prdcticamente nula, mientras que los compuestos mds apolares se verdn mds
retenidos en la fase estacionaria, requiriendo solventes mds apolares (MeOH, ACN,

etc.) para vencer dicha interaccién.

La fase estacionaria suele estar formada por particulas de silice modificada
guimicamente en la que los grupos hidroxilos (-OH) son intercambiados por cadenas
alguilicas (C8, C18, etc.), aunque también existen columnas en base polimérica o con
particulas Silice-Carbdén. El tipo de cadena alquilica (y por tanto la polaridad) es el
factor mds importante en la eleccién de la fase estacionaria aunque también puede
influir el tipo de base utilizada, pues de ello dependen en gran medida los rangos o
limites de pH permitidos. Las columnas cromatogrdficas en base silice, aungue son las
de uso mdas comun, no permiten trabajar a pH alcalinos pues a tales pH se produciria la

hidrdlisis de las cadenas alquilicas unidas a los dtomos de silice.

Los modificadores suelen jugar un papel crucial en LC como reguladores del pH
o formadores de pares idnicos, pues la inmensa mayoria de los compuestos analizables
por esta técnica contienen uno o varios grupos dcidos o bdsicos, cuyas caracteristicas
fisico-quimicas pueden verse alteradas por cambios de pH, dificultando asi el correcto
desarrollo de la cromatografia (Poole 2003). Por ofro lado, en el caso del
acoplamiento LC-MS, los modificadores son muy Utiles para mejorar la eficiencia de la
ionizaciéon (especialmente en el caso de las interfase ESI), favoreciendo (o evitando,
segun convenga) la formacion de iones positivos o negativos segun contenga la
molécula grupos bdsicos o dcidos, respectivamente. Como norma general, la adicién
a la fase mévil de pequenas cantidades de modificadores que cedan o acepten
protones aumenta la sensibilidad frente al analito en cuestiéon pues favorece la

formacién de iones pseudomoleculares protonados ([M+H]*) o desprotonados ([M-H]),
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y evita la formacién de iones generalmente indeseables como los aductos sodiados

([IM+Na]*), los cuales producen espectros de fragmentacién pobres.

Cabe destacar la importancia de utilizar modificadores voldatiles en el
acoplamiento LC-MS. El uso de sales inorgdnicas, tales como tampones fosfato, que
son muy comunes en metodologias HPLC con otro tipo de detectores, provoca la
precipitacion de éstas en la interfase lo que conlleva a una pérdida paulatina de
sensibilidad o incluso al blogueo completo del cono extractor. Sales o tfampones de

acetato, formiato e ion amonio son las mds aconsejables y utilizadas.

Cromatografia Liquida de Interaccion hidrofilica (HILIC)

Conocida por su nombre en inglés HILIC (Hydrophilic Interaction Liquid
Chromatography), es una de las modalidades de cromatografia liquida de mds
reciente apariciéon aunque su popularidad estd en continuo aumento, segun refleja el

notable incremento de publicaciones relacionadas con esta técnica de separacién

(Figura 1.B.).
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Figura 1.B. Resultados de la busqueda de HILIC en SciFinder Scholar

15



Capitulo 1 Introduccion

En realidad, la técnica HILIC no es un nuevo método de separacién sino mas
bien una variacién de la LC en fase normal (NPLC). En este tipo de mecanismos, se
busca retener los compuestos de elevada polaridad o incluso en su forma idnica,
obteniendo asi una técnica de separacion casi complementaria a la RPLC. Asi pues,
mientras con columnas RPLC se puede conseguir la separacion de analitos de
polaridad media-baja, la opcién HILIC permite separar compuestos en un rango de
polaridad totalmente distinto, favoreciéndose la retencién de analitos muy polares y/o
iones, como es el caso de distintos los aminodcidos o pequenos péptidos. Estos analitos
suelen ser ademds, moléculas relativamente pequenas y con marcado cardcter

acido-base.

Los compuestos separados mediante cromatografia HILIC eluyen en orden de
hidrofobicidad decreciente, aunque este pardmetro estd infimamente ligado a la
polaridad. De hecho, se cree que el mecanismo de accidn de las columnas HILIC es
principalmente de tipo particiéon liquido-liquido, creada por la formacidon de una capa
de agua en la superficie de la fase estacionaria. La retencidon estd también

influenciada por interacciones de puentes de hidrogeno vy fuerzas electroestaticas.

La mayor diferencia entre HILIC y NPLC reside en las distintas fases moviles
utilizadas. Tradicionalmente, NPLC utiliza solventes 100% orgdnicos o mezclas miscibles
de ellos, mientras que la cromatografia HILIC usa fases moéviles orgdnicas miscibles en
agua. Ademds, es necesario un pequeno contenido inicial de agua para formar la fina
capa de agua en la superficie de la fase estacionaria que permite la interaccion con
el analito. Por tanto, cuando se utilizan gradientes HILIC, se aumenta la fuerza
eluotrépica mediante el incremento de la proporcidon acuosa del solvente de elucién.
La principal ventaja de HILIC sobre NPLC radica en el tipo de solventes utilizados. Asi
pues, mientras que ambas técnicas son utilizables para compuestos que eluyen en la
zona del volumen muerto en RPLC, la HILIC salva los problemas de solubilidad

normalmente enconfrados en NPLC en muestras acuosas.

Por otra parte, la utilizacion de solventes orgdnicos tales como ACN favorece el
acoplamiento LC-MS, especialmente cuando se hace uso de interfases ESI, pues

facilita la solvatacion de la fase movil, mejorando asi la sensibilidad.
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HILIC se ha establecido como el modo de separacidén por excelencia para
compuestos hidrofilicos o amfifilicos (cargados o no), que resultan demasiado polares
para ser correctamente retenidos en RPLC pero que no presentan suficiente carga
como para permitir una retencién electrostdtica efectiva en cromatografia de
intercambio iénico, la cual es ademds dificimente acoplable a MS. La separacion
HILIC despierta actualmente mucho interés ya que solventa muchos problemas previos
de separacién para dcidos orgdnicos pequenos, drogas bdsicas y otras muchas
sustancias polares neutras o cargadas. De hecho, se ha utilizado satisfactoriamente en
el andlisis de carbohidratos (Alpert, Shukla et al. 1994, Doco, Williams et al. 2015, Ghfar,
Wabaidur et al. 2015), péptidos (Yoshida 2004, Hao, Lu et al. 2007), fdrmacos polares
(Strege, Stevenson et al. 2000, Li and Huang 2004), etc.

Es importante destacar la importancia del uso de buffers o sales en esta
técnica. En este caso, los tampones salinos, no solo facilitan la conservacion del analito
en una Unica forma idnica (o neutra), sino que pueden llegar a mejorar notablemente
la eficiencia del proceso al aumentar el contenido salino de la ya mencionada capa
de agua superficial. Este contenido salino permite un aumento de la polaridad de la
fase estacionaria, pudiendo incrementar la retencién. Es frecuente encontrar
concentraciones de buffers, o acido/base, del orden de 5-10 mM o incluso mayores,
mientras que en RPLC, suelen ser suficientes concentraciones 0.5-5 mM o 0.01-0.1%
(w/v). Sin embargo, el uso de concentraciones elevadas de buffers, aunque se utilicen
sales y/o dcidos voldtiles, representa un inconveniente en el acoplamiento LC-MS pues,
como se comentd anteriormente, la continua inyeccidn de sales en la interfase de
jonizacién afecta al rendimiento de ésta en andlisis largos debido a la precipitacion en

el cono de extraccion.

Las fases estacionarias utilizadas en las columnas HILIC pueden ser muy
variables, siempre bajo la premisa de contener ligados grupos polares tales como
dioles, ciano o amino. Al igual que en las columnas RPLC, la base de la fase
estacionaria suele ser silice o polimérica, aunque la primera no requiere derivatization
pues los grupos silanol pueden actuar como fase estacionaria en este tipo de

mecanismos.
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Cromatografia Liquida de Ultra Resolucion (UHPLC)

Uno de los pardmetros usados para evaluar la resolucién cromatogrdfica de
una columna es el nimero de platos tedricos, el cual es directamente proporcional a
la longitud de la columna e inversamente proporcional a la altura equivalente a un
plato tedrico (HEPT, height equivalent to a theoretical plate). Para mejorar la eficacia

de una columna se puede optar por:

a) una mayor longitud de la columna. Esto conlleva, ademds de tiempos de
andlisis mds largos, un ensanchamiento de los picos por efectos de difusion, con la

correspondiente perdida de sensibilidad (menor S/N).

b) una menor HEPT. La HEPT depende, entre otros factores de: la velocidad de
flujo de la fase movil, la homogeneidad de la fase estacionaria y el famano de

particula de ésta.

De acuerdo con la ecuacién de Van Deemter para diferentes tamanos de
particula (figura 1.D.), se deducen fdacilmente las ventajas que conlleva la reduccién

del tamano de particula, con la Unica limitacién del aumento de la presion.

En los Ultimos anos, se han desarrollado bombas de flujo capaces de trabajar
eficiente y constantemente a las presiones requeridas para columnas de
aproximadamente 1.7 um. Esto ha implicado un notable avance en la cromatografia
liguida, pasando a denominar como UHPLC (en lugar del comiUn HPLC) a aquellas
aplicaciones que trabajan con tamanos de particula inferiores a las 2 um. La UHPLC
(Ultra-High Performance (or Pressure) Liquid Chromatography) no solo implica un
notorio aumento de la resolucién cromatogrdfica por la disminucion de la HEPT, sino
que ademds dicha disminucion de HEPT es relativamente estable (grafica de Van
Deemter mds constante), con un minimo a mayores flujos de la fase movil. Esto ha
permitido andlisis mucho mdas rapidos y con una mejor separacion cromatogrdfica, asi
como una mayor sensibilidad instrumental como consecuencia del estrechamiento de

los picos.

Como se ha comentado anteriormente, la principal limitacién para la

implantacién de UHPLC es la elevada presidon generada por el empaguetamiento del
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relleno de columna. Sin embargo, en lo que respecta al acoplamiento LC-MS, y mds
concretamente a la interfase ESI, existe un problema anadido pues los flujos de frabajo
idéneos para esta interfase son normalmente inferiores a 0.3 mL/min. Por tanto, aunque
la mejora en la resolucidn es notoria, hasta hace apenas un par de ahos no era posible
maximizar las virtudes de los sistemas UHPLC acoplados a ESI. Es decir, no podian
conseguirse la disminuciéon de los tiempos de andlisis y la mdxima resolucion optimas
dados los bajos flujos de trabajo requeridos, situdndose en una situacién intermedia
entre HPLC y UHPLC (Figura 1.D.). Muy recientemente, se han desarrollado interfases ESI
capaces de frabajar a flujos de fase moviles mds elevados y adecuados para la
UHPLC, ofreciendo buenos resultados a flujos de hasta 0.6-0.8 mL/min, gracias al
aumento de la eficiencia en la desolvataciéon. Dicha eficiencia suele lograrse con

mayores caudales de gas de desolvatacién asi como mayores temperaturas de dicho

gas.
# 10 g Paticle -
i i HPLC F
= -
15+ 2 Farticle ___'__..--' --_H_'_,.,-'-"
o -, 19805 e
2 N i
=3 'M-..__\__ _______,..—
I — —
= 104 3.5 pm Partiele 1290% UHPLC
I e -
I
] : _
1.7 jm Particlie 2004 ]
I
[
1] | L] . L] T T T T
0 [ 2 3 4 5 3 7

Lieserar Velciby i, mimifsed)

Figura 1.D. Representacién de la HETP frente a la velocidad lineal de la fase mévil segun
la ecuacidn de Van Deemter para distintos tamanos de particula de soporte de la fase
estacionaria.

Esta nueva instrumentacién ha posibilitado andlisis en tiempos mucho mds
cortos y, consecuentemente, mdas econdmicos en prdcticamente todas las dreas de
conocimiento, desde andlisis medioambientales, de alimentos, clinicos, etc. hasta el

campo de la metabolémica.

20



Capitulo 1 Introduccidén

1.1.2. Interfases LC-MS

Es un error bastante comin pensar que los espectrémetros de masas son
detectores universales, pues lo que se mide es la masa de los compuestos, una
propiedad intrinseca de todas las moléculas. Sin embargo, es importante recordar que
lo que en realidad se mide es la relacidn masa-carga (m/z) de los iones en fase
gaseosa. Esto implica que la fuente o interfase de ionizacion juega uno de los papeles
mdas cruciales en el acoplamiento LC-MS o GC-MS. De hecho, dicha fuente de
ionizacién es mds crucial si cabe en el acoplamiento LC-MS pues la GC presenta la
ventaja de que los compuestos acceden a la fuente de ionizacién en forma gaseosa,

facilitando en gran medida su ionizacidn.
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Figura 1.E. Comparacién de la aplicabilidad de las diferentes APl en funcién de la
polaridad y el peso molecular de los analitos.
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Si nos centramos en las fuentes de ionizacion o inferfases actuales, es decir las
API, podemos distinguir principalmente ftres: ESI, APCI y APPIl. Dichas interfases
presentan diferentes ventajas y desventajas derivadas de su modo de desolvatacion e
ionizacién. La eleccidn de una u otra interfase depende de la naturaleza del analito
(Figura 1.E.), el tipo de matriz y del modo de separacion aplicado (caudal de fase

movil, dimensiones de la columna, tipo de solventes utilizados, etc.).

A continuacién se desarrollardn los aspectos prdacticos mds importantes a tener
en cuenta para el uso de las diferentes API. En esta tesis doctoral se ha utilizado
Unicamente ESI, pero es importante distinguir las diferentes opciones para entender el

porqué de dicha eleccién.

1.1.2.1. Electrospray ionization (ESI)

La inferfase de ionizacion por electrospray (ESI) es sin lugar a duda la fuente de

ionizacién mds utilizada en el acoplamiento LC-MS. Esta se basa en la ionizacion del
eluato proveniente de la LC mediante la aplicacién de un alto voltaje (del orden de 3-
5 kV) en un capilar de acero inoxidable, a través del cual son conducidos los analitos
disueltos en la fase mdvil antes de pasar al analizador de masas. Dicho voltaje
produce la ionizacion de los analitos, asi como de la fase moévil y la matriz. Mediante
un flujo de gas inerte coaxial al capilar, normalmente N2 a elevada temperatura (a
unos 350 °C), se produce la nebulizacion y desolvatacion del liquido, formando un
aerosol de pequenas gotas cargadas que se hacen cada vez mds pequenas hasta
que las fuerzas de repulsion entre cargas en la superficie son capaces de superar las
fuerzas cohesivas de tensidon superficial y se produce la ruptura final de la gota,

originando iones en fase gaseosa (explosidon de Coulomb).

La interfase ESI presenta flujos dptimos del orden de los pocos uL/min y estd
especialmente indicada para analitos polares, proporcionado la molécula protonada
[M+H]*, desprotonada [M-H]- o aductos con moléculas de solvente. Sin embargo,
como se comentd en el apartado anterior, recientemente las interfases ESI han
conseguido ser adaptadas a flujos mayores con la finalidad de hacerlas mas

compatibles con los flujos éptimos de técnicas UHPLC. Este desfase se ha resuelto
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principalmente mediante el aumento del flujo y temperatura del gas de
desolvatacion. Asi pues, las interfases ESI mds recientes permiten trabajar a flujos de
fase movil cercanos a TmL/min con rendimientos del proceso de ionizacién similares a

los obtenidos a bajos flujos

Electrospray lonisation (ESI) and lon Source
Overview

lonised
Liquid (+)

| SRR & Mass

Inlet _ 2 e Spectlgc;meter
(LC System) ., N Source
Region

*

Figura 1.F. Representacién esquematica del funcionamiento de la interfase ESI.

Por ofra parte, la formaciéon de aductos, especialmente aquellos formados con
iones metdlicos, no suele ser deseable porque es poco reproducible y producen una
disminucion de la sensibilidad. Ademds, en ciertos casos, como los aductos sodiados,
la fragmentacion suele ser pobre o requerir altas energias, lo cual complica la
adquisicion de fragmentos para confirmar la identidad del analito en cuestion. Sin
embargo, para moléculas sin ningun centro dcido o bdsico se suelen anadir
modificadores en la fase mévil o en el vial para facilitar su formacién, siendo los mds
comunes los aductos sodiados y amoniados. Ofra ventaja de ESI es que permite
generar iones policargados, lo que amplia su rango de aplicacién a compuestos de
elevado peso molecular como péptidos, oligonucledtidos y oligosacdridos. Por este
motivo, ha sido ampliamente utilizada en estudios bioguimicos y biomédicos. No
obstante, la interfase ESI presenta también una serie de limitaciones. Por un lado,
proporciona poca informacién estructural, ya que al tratarse de un sistema de

jonizacién muy suave genera pocos fragmentos. Asimismo, la sensibilidad es muy
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dependiente del flujo de fase moévil y del pH de ésta. Por Ultimo, la ionizacion mediante
ESI es muy susceptible a sufrir efecto matriz, lo que provoca que se produzcan
inhibiciones o exaltaciones indeseables de la senal (Marin, Gracia-Lor et al. 2009,

Rossmann, Gurke et al. 2015).

1.1.2.2 APCl y APPI

Puesto que Unicamente se ha utilizado la interfase ESI durante el desarrollo de
esta tesis doctoral, este apartado se centrard exclusivamente en las diferencias mas

importantes entre las distintas intferfases mencionadas.

Ambas técnicas funcionan de manera muy similar, pues los analitos son
ionizados después del proceso de nebulizaciéon, es decir, en fase gaseosa. El proceso
de ionizacién se realiza mediante una descarga de entre 2 y 5 kV proporcionada por

una aguja corona (en el caso de la APCI) o mediante fotoionizacidon con una Ildmpara

UV (enla APPI).
Tabla 1.A. Principales diferencias entre la interfase ESI y APCI/APPI.
ESI APCI/APPI
Flujo nL/min - yL/min mL/min
Analitos Polaridad alta o iénicos. Polaridad media-baja.
Grupos acido/bdsico u No necesaria la presencia de
ionizables grupos funcionales
Termoldbiles y termoestables NO termoldbiles
lones Capacidad de generar iones lones monocargados y menor
policargados y aductos tendencia a formar de aductos
Respuesta En funcién de la concentracién En funcion de la cantidad
Efecto matriz Mds influenciada Menos influenciada
Fase movil Afectada por el pH Afectada por el solvente
orgdnico
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La interfase APPI requiere, en aquellos casos en los que los analitos presenten su
primer potencial de ionizacién a mayor energia que la de los fotones emitidos por la
[dmpara UV, la adicion de un agente dopante (por ejemplo, acetona, tolueno o
anisol) que se ionice inicialmente para posteriormente fransmitir la carga a los analitos.
Por razones obvias, la interfase APPI es la menos ventajosa para afrontar un método de

screening.

Por otfro lado, basdndonos en las caracteristicas de los analitos susceptibles de
ser analizados, se podria considerar la APClI como una opcidén intermedia entre la LC-
ESI-MS y la GC-MS (Figura 1.E.). La eleccidn de la interfase utilizada queda
perfectamente justificada dado que el rango de compuestos analizables mediante ESI

es mayor y mds favorable para la aplicacién que se pretende realizar en este caso.

1.1.3. Importancia de la resolucién y la exactitud de masa

Si bien es cierto que el analizador de masas es probablemente la parte mas
distintiva y caracteristica del instrumento, en esta introduccidn no se entrard a detallar
los diferentes tipos y modos de accion pues sus funciones y limitaciones suelen ser

sobradamente conocidas.

Para afrontar un reto tipo screening o un andlisis no-dirigido como en el caso de
las técnicas metaboldémicas, la metodologia debe cumplir, en mayor o menor medida,
tfres requisitos bdsicos: amplio rango de aplicacién, sensibilidad y elevada informacion

estructural.

La importancia del amplio rango de aplicacién ya se tratd al inicio de este
capitulo. Obviamente, la amplitud de la metodologia no depende exclusivamente del
analizador utilizado. Seguramente, el analizador no sea el aspecto mds influyente en la
versatiidad analitica pero si puede contribuir a minimizar las limitaciones de otras

partes del proceso.

En teoria todos los analizadores de masa pueden cubrir las necesidades

espectrales para este tipo de retos ya que se trata en general de moléculas pequenas

25



Capitulo 1 Introduccion

(generalmente con masas menores a 1000 uma). Sin embargo, existen dos tipos de
modos de barrido cuando se frabaja en full-scan: secuencial o simultaneo. En el caso
de aquellos instrumentos que por su propia naturaleza solo pueden realizar un barrido
completo de forma secuencial, como es el caso de los cuadrupolos o el sector
magnético, el rango de aplicacién penaliza directamente la sensibilidad. Por tanto, la
adquisicién de un mayor rango de masas, repercutird directamente en la intensidad
de la senal. Se debe ademds tener en cuenta que, como se comentd en el apartado
anterior, las técnicas UHPLC han permitido reducir los tiempos de andlisis mejorando
incluso la resoluciéon cromatogrdfica, lo cual implica picos muy estrechos (del orden de
los pocos segundos), lo que nos lleva a la necesidad de analizadores capaces de lidiar
con estas velocidades de andlisis. Por lo general, esta velocidad de andlisis es
incompatible con analizadores de masa que realicen un barrido completo de forma
secuencial, al menos con una sensibilidad satisfactoria.  Asimismo, resulta
extremadamente complicado, en este tipo de instrumentos, la adquisicidn de un
numero suficiente de barridos durante la elucidn de un compuesto (tipicamente se
requieren mds de 10 puntos por pico), aumentando asi el error en la medida de la

intensidad.

Si nos centramos pues en aquellos analizadores que, por su fundamento,
realizan el escaneo de iones de forma simultnea encontramos diversas opciones,
enfre ellas la frampa de iones (y la trampa de iones cuadrupolar), TOF, Orbitrap vy
Fourier Transform lon Cyclotron Resonance. Todos ellos ofrecen la posibilidad de evitar
las desventajas del barrido secuencial. En realidad, la trampa de iones tfrabaja de
forma secuencial, desestabilizando la trayectoria de los iones en funcién de su m/z,
pero se incluye en el grupo de analizadores de barrido simulténeo pues éste es su

modo de operacion mdas comun y su velocidad de barrido es realtivamente alta.

Si nos centramos pues en estos Ultimos analizadores, aquellos que realizan un
barrido completo de iones, observamos que la mayor diferencia entre ellos es su

resolucidn de masa.

El poder de resolucién se define como la capacidad de un analizador de
masas de distinguir entre dos iones de m/z muy cercana. Se frata pues de la

propiedad mds relevante en cuanto a informacidén estructural se refiere. Para afrontar
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cualquier andlisis de tipo screening, resulta imprescindible poder confirmar la identidad
del analito detectado e incluso poder elucidar la estructura quimica de un compuesto
en cuestion. Para ello, un elevado poder de resolucion permite discernir entre iones de

masa muy cercang, facilitando enormemente la labor de identificacién y elucidacion.

El segundo aspecto fundamental en cuanto a informacién estructural se refiere
es la exactitud de masa. Conviene recordar que los términos resolucion y exactitud de
masas, aungue suelen ir intimamente ligados e incluso en algunos casos llegan a ser
confundidos, se refieren a propiedades distintas. Mientras que el primero, como se
explicé anteriormente, mide la capacidad de distinguir dos iones de masa muy
préoxima, el segundo se define como la capacidad instrumental de ofrecer un valor de
m/z muy cercano al valor real. Si bien es cierto que el poder de resolucién es condicidn
sine qua non para la exactitud de masa robusta, existen otros factores necesarios o
importantes que deben cumplirse como por ejemplo una correcta calibracion del eje
de masas. De hecho, la importancia de la correcta calibracion del eje de masas se

investiga en el primer articulo cientifico de la presente tesis.

La exactitud de masa, junto con el poder de resolucién, permiten poder llevar a
cabo tareas de elucidacién, confimacion e identificacion con una mayor
probabilidad de éxito. En lo que respecta a la elucidacién, y dado que el primer paso
a realizar se trata normalmente de la obtencion de la formula molecular del analito en
cuestion, la exactitud de masa facilita enormemente esta labor ya que permite filtrar
las posibles formulas elementales en un menor rango de masas, ofreciendo un mucho
menor numero de posibles candidatos (o incluso uno solo). Reduciendo el niUmero de
candidatos tanto para el ion pseudomolecular como en fragmentos (si los hubiera) se

permite elucidar el analito en cuestién con un mds elevado indice de acierto.

Pero no solo la capacidad de elucidacion se ve mejorada considerablemente
con la exactitud de masa. El poder de confirmacién es, por razones obvias, mds
elevado. También la capacidad de deteccidon e identificacidon se ve aumentada, pues
el nimero de compuestos (ya sea enddgenos o exdgenos) que presenten una
relacion m/z idéntica o muy similar, y que por tanto, puedan ser detectados o
identificados como el andalito propiamente dicho, serd menor. Ademds, puesto que

para poder detectar cierto/s analito/s se requiere la extraccion de sus narrow-window
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XICs (nw-XICs), como se verd en mds detalle posteriormente, también la S/N se ve
notablemente mejorada ya que con ventanas de masas estrechas, las cudles son
posibles gracias a la resolucion y exactitud de masas, el ruido espectral queda muy

reducido e incluso eliminado en algunos casos.

Existen diversos analizadores que ofrecen un gran poder de resolucion y una
6ptima exactitud de masa. Entre ellos encontramos los analizadores TOF, con un poder
de resolucién entre 10.000 y 60.000 FWHM (en el caso de los modelos mds recientes),
Orbitrap, entre 60.000 y 280.000 FWHM vy FT-ICR, cuyo poder de resolucién puede
alcanzar el millén. Obviamente todos ellos presentan diferentes ventajas y desventajas
como el coste (mayor al aumentar el poder de resolucién), el rango de masas (mayor
en TOF y menor en Orbitrap) y velocidad de barrido (Bijlsma, Emke et al. 2013). Cabe
destacar acerca de esta Ultima caracteristica que, aungue el poder de resolucion del
Orbitrap es notoriamente mayor al de los analizadores TOF, éste depende
inversamente de la velocidad de adquisicién a la que se trabaje y, por tanto, a
elevadas velocidades como las tipicamente requeridas en el acoplamiento UHPLC-MS,

el poder de resolucion de ambos instrumentos es bastante similar.

1.1.4. Instrumentacion hibrida. Modos de andlisis

La espectrometria de masas en tdndem (MS/MS) se puede llevar a cabo en el
espacio, usando varios analizadores, o en el tiempo, mediante un Unico analizador
que permite la fragmentaciéon del idén atrapado en su interior y la posterior separacion
de los fragmentos producidos. Si nos centramos en los analizadores de alta resolucion,
casi todos ellos pertenecerian al primer grupo pues requieren de un analizador para
preseleccionar la m/z deseada y una celda de colisidén. Las posibles combinaciones
dependen en gran medida de las aplicaciones deseadas y del presupuesto
disponible, pudiendo encontrar desde el acoplamiento mds sencillo QQTOF (QTOF)
hasta el QQICRMS. Recientemente, se ha presentado un modelo de Orbitrap que
podemos clasificar como tribrido, ya que combina un cuadrupolo, una trampa de

iones y un orbitrap, el Orbitrap Fusion™.
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Sin embargo, el acoplamiento instrumental clasico MS/MS, entendido como
andlisis de iones productos, no supone una mejora real de la instrumentacién hibrida
de alta resolucién a la hora de enfrentar retos como el que nos ocupa en esta tesis. Si
bien es cierto que la informacion estructural del analito es muchisimo mayor, lo cual es
realmente importante para la elucidaciéon de compuestos o incluso para su correcta
identificacién, este modo de andlisis es incompatible con aproximaciones fipo
screening o metaboldmicas. Por un lado, si se pre-seleccionan los iones en el primero
de los analizadores (necesario en este modo de operacién) la capacidad de barrido
completo queda descartada vy, por tanto, la capacidad de un screening no-dirigido,
obteniéndose una metodologia multiresidual con mayor poder de identificacién vy
confirmacién, comparado con instrumentos hibridos como QgQ o trampa de iones,
pero con menor sensibilidad. La alternativa seria la realizacion de un andlisis posterior al
andlisis no-dirigido para tratar de identificar aquellos analitos de interés. Obviamente
esta segunda aproximacion es tediosa y costosa por lo que se suele aplicar para casos

estrictamente necesarios.

Afortunadamente existen alternativas que pueden sortear las limitaciones
presentadas anteriormente. Dichas opciones estdn basadas en la adquisicion de dos
funciones, una que llamaremos de baja energia (LE) y otra de alta energia (HE). Para
ello, se puede hacer uso tanto de la interfase de ionizacion (la forma mas clasica) o, al
igual en el modo MS/MS, de la celda de colisién (Herndndez, Bijlsma et al. 2011). Esta
Ultima, requiere un instrumento hibrido que trabaje con el gas de colisién siempre
presente en la celda. Esta aproximacion, conocida como MSE, permite la adquisicion

de dos funciones:

a) Funcién de baja energia (LE). En esta funcién no se aplica ningun tipo
de energia de aceleracion extra a los iones. Asi pues, tanto si se aplica en la interfase
como si se hace en la celda de colisidon la fragmentacidén es minima o inexistente,
obteniéndose principalmente el ion (des)protonado u otros aductos dependiendo del
analito en cuestion y de las condiciones de ionizacion. Como se ha comentado en el
pdrrafo previo, si se utiliza un instrumento hibrido (como es el caso que aplica en esta
tesis doctoral, contrariamente a lo que histéricamente se ha realizado, la celda de

colision debe estar ocupada por gas ya que el proceso de llenado y vaciado de la
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celda de colisién no es lo suficientemente rdpido como para poder adquirir ambas
funciones. Por tanto, aun traténdose de una funcién de MS sencilla (la LE), la celda de
colisidon resultard con presion de gas, de forma similar al modo de frabajo MS/MS. Sin
embargo, al aplicar una energia de aceleracion relativamente baja en la celda de

colisién, los analitos no experimentan apenas reacciones de fragmentacion.

b) Funcion de alta energia (HE). Alternativamente a la funcién LE se
adquiere la HE que permite fragmentar todos los analitos que han sido ionizados,
obteniendo un espectro mds rico desde el punto de vista estructural. Este proceso se
realiza mediante la aplicacion de un voltaje elevado en el cono de extraccion o en la
celda de colisién, lo cual otorga a los iones la energia tipicamente necesaria para
poder obtener espectros de fragmentacion. En ambos casos, no se realiza ningun tipo
de preseleccidon de los iones y, por tanto, no pueden considerarse como métodos
MS/MS, si bien es cierto que, si se obtienen espectros libres de interferencias, éstos son
muy similares a los obtenidos con MS/MS e incluso con mayor informacién al registrarse

ademds los isotopos de cada uno de los fragmentos.

En el primer articulo cientifico de esta tesis se tratardn con mds detalle las

ventajas e inconvenientes de ambos modos de adquisicidon: MS/MS y MSE,
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1.2. ANALISIS TARGET Y NON-TARGET

Este es sin duda el tema principal del segundo capitulo de esta tesis doctoral y
mdas concretamente del segundo articulo cientifico. En el apartado anterior se han
resumido las diferentes posibilidades instrumentales para afrontar aproximacions tipo
screening "universal' y/o metaboldmicas. Sin embargo, las posibilidades analiticas van
mads alld de lo puramente instrumental o quimico. Resulta muy importante definir una
estrategia para poder llevar a cabo dichas aproximaciones (Krauss, Singer et al. 2010).
A continuacién, se presentan algunas definiciones de conceptos clave aplicados

durante toda la tesis doctoral y sus repercusiones en los diferentes campos estudiados.

1.2.1. Definiciones: andlisis pre-target, post-target y non-target

Andlisis_pre-target: En este tipo de andlisis, los compuestos a estudiar son

previaomente definidos y las condiciones de medida son especificas paras estos, por lo
que cualquier andlisis retrospectivo no es posible (Herndndez, Ibdnez et al. 2014). Por
definicion, cualquier andlisis en modo MS/MS, sin importar los analizadores que se
utilizan, es un andlisis pre-target puesto que requiere la preseleccion de los iones que se
van a medir. Este tipo de andlisis se lleva a cabo en métodos para compuestos
individuales o multiresiduales con la finalidad de detectar, identificar y, generalmente,

también cuantificar un cierto nUmero de analitos target previamente seleccionados.
Las principales ventajas de este tipo de andilisis son:

Q) Adecuacién del método de andlisis. Puesto que se trata de un
numero restringido de analitos conocidos, todo el proceso analitico desde Ia
toma de muestra hasta el andlisis instrumental puede ser optimizado

adecuadamente con patrones de referencia.

b) Mayor sensibilidad. La adquisicidn de un nUmero limitado de
iones y/o transiciones asi como la optimizacidon previa de las condiciones

permiten que estos métodos multiresiduales sean, en lo general, mds sensibles.
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Se debe tener en cuenta ademds que, dado el conocimiento previo de la
matriz y los analitos a analizar, la aplicacidén de métodos especificos de clean-
up vy pre-concentracidon puede incrementar la sensibilidad del método,
llegando a niveles de concentracion del orden de los sub-ppb, o incluso

menaores.

C) Facilidad de procesamiento de datos. Dado que se adquiere un
nUmero limitado de datos, el tfratamiento de esta informacién resulta mds

sencillo y rdpido.

d) Mayor capacidad de automatizacidon y andlisis de rutina. Este
tipo de metodologias resultan mucho mds convenientes a la hora de realizar
andlisis rutinarios de un gran nUmero de muestras puesto que, ademds de
facilitar el procesamiento de los datos, ofrecen una mayor versatilidad para la

automatizacion de todo el proceso.

El principal inconveniente de este modo de andlisis reside precisamente en la
limitacion a aquellos compuestos incluidos en el método, no permitiendo obtener
informacién de otros posibles compuestos de interés, o sub-productos de aqguellos
analizados, ni ningun tipo de andlisis retrospectivo. El andlisis retrospectivo es el que se
realiza a partir de los datos adquiridos en un andlisis anterior, con el fin de investigar
nuevos compuestos que no se consideraron inicialmente. Este tipo de andlisis, aunque
menos frecuente en el dmbito medioambiental, resulta extremadamente Util en
campos como el anfi-doping o salud publica, ya que frecuentemente se hace

necesaria una re-evaluacién de los resultados en base a nuevos datos o sospechas.

Las alternativas al andlisis pre-target pasan por la adquisicién en modo full-scan
o barrido de iones. Este tipo de adquisicion no requiere de ningun tipo de filtro o pre-
seleccién de m/z, evitando asi la limitacion de compuestos a analizar. El hecho de
utilizar este tipo de métodos no implica la universalidad del andlisis pues existen
muchos ofros factores limitantes (como se comentard en el siguiente apartado)
durante todo el proceso analitico. Sin embargo, las metodologias basadas en métodos

full-scan presentan una mayor complejidad debido a la gran cantidad de informacién
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generada, que precisa de herramientas adecuadas para poder cenfrar el problema
en aquello que es realmente interesante. Una buena analogia de esta problemdtica
seria la frase popular “encontrar una aguja en un pajar” puesto que solo una pequena
fraccion de datos corresponde a los compuestos de interés, normalmente escondidos
entre una gran mayoria de compuestos irrelevantes desde el punto de vista del andlisis
realizado. Podemos distinguir dos tipos de aproximaciones a la hora de encarar esta

problemdtica (el imdn necesario para encontrar la aguja): post-target y non-target.

Andilisis post-target: Aunque no se trata de un término de uso estandarizado, se

refiere a aquel andlisis en el cual la adquisicién (en este caso, mediante acoplamiento
cromatografia-espectrometria de masas) se realiza de forma totalmente no dirigida,
mientras que el tratamiento de datos se lleva a cabo en forma de cribado especifico.
En ofras palabras, se trata de metodologias en las cuales la seleccidn de los
compuestos a investigar se realiza posteriormente a la adquisicidén de los datos. Sobre
la base de adqusiciones de espectro completo (con masa exacta ademds en
métodos basados en HRMS), se puede investigar, en princpio, un numero ilimitado de
compuestos en las muestras Légicamente, el hecho de disponer de patrén de
referencia facilita mucho esta bUsqueda, pero también puede realizarse en teoria sin
que exista el patrén de referencia. El Término post-target fue propuesto por nuestro

grupo de investigacién en 2005 (Herndndez, Pozo et al. 2005).

Andlisis non-target o untargeted: Al igual que en andilisis post-target, no se

realiza ninguna pre-seleccién de los compuestos a analizar pero, mientras que en el
anterior se readliza un cribado especifico, es decir, se investiga la presencia de
compuestos concretos, el andlisis non-target busca obtener a priori toda la
informacion de la muestra sin ningun tipo de seleccidon previa. Cualquier pico
cromatogrdfico es, en principio, investigado sin importar su naturaleza. Posteriormente,
se debe centrar el estudio en tan sélo ciertos compuestos, aplicando filtros (ej.
presencia de Cl, S, o cualquier otro elemento; picos con una determinada
abundancia, etc) pues la investigacidn completa del espectro completo es una

aproximacién poco realista (lbdnez, Sancho et al. 2008).
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Ambas aproximaciones eluden las carencias de las metodologias pre-target,
permitiendo el andlisis retrospectivo de los resultados, pero enfocan de manera distinta
el problema. Mientras que la aproximaciéon post-target se basa en responder a la
cuestion sobre la presencia de determinados compuestos, la untargeted busca
compilar toda la informacién de la muestra para poder resolver la pregunta a
posteriori. Un andlisis post-target se lleva a cabo mediante la extracciéon de
cromatogramas XICs para las m/z de interés sin ningun tipo de limitaciéon en cuanto al
numero, contrariaomente a la aproximacién pre-target donde el nimero de
compuestos analizados es dependiente de los limites instrumentales o del método. Por
otro lado, la aproximacién non-target busca, mediante algoritmos de deconvolucion,
enconfrar los picos cromatogrdficos presentes en la muestra, para la posterior

elucidacioéon o identificacion de aquellos que puedan ser relevantes de algin modo.

Los algoritmos de deconvolucion en espectrometria de masas, o mds
concretamente en acoplamientos cromatografia-MS, aplican diferentes criterios para
poder extraer picos cromatogrdficos pertenecientes a un solo analito asi como sus
espectros de masas libres de inferferencias. Estos algoritmos son altamente

dependientes de la relacién entre la S/N de los compuestos y la de sus interferentes.

En ambos casos, juega un papel esencial la resolucion, tanto de masa como
cromatogrdfica, y la exactitud de masa. Una elevada exactitud, con errores de masa
muy bajos, permite poder procesar los XIC con ventanas de masa muy estrechas (los
llamados narrow window XIC, nw-XIC), lo quefacilita la deteccidn de picos debido al
bajo ruido quimico existente. Las diferentes ventajas de ambas aproximaciones
dependen en gran medida de la aplicacién requerida. A continuacion, se discuten las

posibilidades que ofrecen ambas para las aplicaciones estudiadas en esta tesis.

1.2.2. Screening de contaminantes orgdnicos

Como ya se ha comentado anteriormente, el screening de contaminantes
orgdnicos en muestras medioambientales necesita de herramientas capaces de

ofrecer unas prestaciones acorde con el niUmero de compuestos y sus niveles de
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concentraciéon en las muestras. Algo similar aplica también para andlisis anti-doping o
de salud publica. Cada vez es mayor el nUmero de compuestos que deben ser
monitorizados por lo que es conveniente el uso de técnicas no dirigidas que ofrecen,
ademds, la posibilidad de revision de resultados frente a otros compuestos
sospechosos de ser positivos en las muestras como, por ejemplo, productos de
degradacién no conocidos anteriormente o nuevos agentes dopantes. Cuando se
debe analizar un alto nimero de muestras, la aplicacién de metodologias non-target
resulta tediosa y muy complicada en comparacion a las cldsicas metodologias
multiresiduales. Por este motivo, el enfoque post-target se presenta como el mds
adecuado ya que los tiempos de procesamiento y revisidn de datos se reducen
notablemente con respecto a la metodologia non-target, aunque se puede perder
parte de la informacién contenida en la muestra al enfocar los andlisis en compuestos
concretos, aunque en niUmero muy elevado. Podria verse la aproximacién post-target
como un compromiso entre los restringidos métodos pre-target y el amplio y complejo

proceso untargeted (Ibdnez, Sancho et al. 2014).

La estrategia a seguir se inicia con la creaciéon de una base de datos de
compuestos de interés con informacién espectral y cromatogrdfica (si se posee). La
informacion espectral abarcaria la m/z tedrica del ion molecular (o pseudomolecular),
asi como posibles aductos que pudieran generarse vy, si estd disponible, m/z de los
fragmentos mds importantes. Posteriormente, gracias a la adquisicién en modo full-
scan y a la exactitud de masa usando técnicas de HRMS, se procederia a la deteccidon
de los compuestos incluidos en la base de datos. Cuando se dispone de suficiente
informacion, se pueden identificar tentativamente los analitos encontrados vy
confirmar dicha identidad si se dispone del patrén de referencia. Incluso se puede
readlizar una estimacién de sus niveles de concentracion si se han inyectado los

patrones correspondientes.

La aproximacién non-target conlleva una metodologia de actuacién
completamente diferente. En este caso, el primer paso a seguir es la busqueda de
todos los diferentes compuestos presentes que dan lugar a picos en el cromatograma,

para posteriormente intentar identificar, entre los compuestos encontrados, posibles
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analitos de interés. Por razones obvias, este proceso requiere de algin tipo de
automatizacion que posibilite discernir dichos candidatos. Normalmente, este proceso
se realiza mediante la comparacion de los espectros deconvolucionados frente a una

libreria de espectros (lbdnez, Sancho et al. 2008).

Ambas aproximaciones, asi como las diferentes opciones dentro de ellas, se
tratan con profundidad en el articulo cientifico 2 dentro del segundo capitulo de esta
Tesis. En dicho articulo se lleva a cabo una extensa discusidon sobre los pros y contras en
funcion del objetivo que se pretende alcanzar para el screening de contaminantes

orgdnicos en diferentes muestras de origen ambiental, alimentario y bioldgico.

1.2.3. Metabolémica

Existen diferentes definiciones del término metabolémica pues se trata de una
disciplina cientifica relativamente reciente que engloba una gran cantidad de
estudios y procesos. Como el resto de —6micas, como la gendmica o la protedmica, la
metaboldmica estudia los diferentes fendmenos bioldgicos que ocurren en todo tipo
de organismos. A diferencia de la gendmica y la protedmica, que estudian la
composiciéon e interrelacion del ADN (o mds concretamente los genes) y las proteinas,
respectivamente, la metaboldmica se basa en la composicidon de los metabolitos
presentes en diferentes tejidos y matrices. Mds concretamente se pretende discernir o
predecir cambios en la composicion metabdlica de un determinado organismo en

base a un estimulo externo o cambios internos (Lindon, Holmes et al. 2003).

Dicha definicion resulta extremadamente amplia pues abarca desde el
estudio de enfermedades, con la finalidad de un diagndstico temprano o de un mayor
conocimiento de la misma, a la investigaciéon de los efectos de un determinado
medicamento o droga. La metaboldmica se extiende incluso mds alld de la
investigacion médica (Calderdn-Santiago, Priego-Capote et al. 2015, Dickens, Larkin et
al. 2015, McGrath and Young 2015) o farmacéutica (Puchades-Carrasco and Pinedao-

Lucena 2015, Vincent and Barrett 2015), pues es también aplicada en campos como la
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seguridad alimentaria (German and Watkins 2004), en plantas (Teo, Tan et al. 2011, Ni,
Yang et al. 2015, Zhao, Zhang et al. 2015) o el anti-doping (Raro, Ibdnhez et al. 2015),

enfre otros.

También resulta amplia la definicion en términos prdcticos pues, el estudio
global de los metabolitos presentes en una determinada muestra es un reto analitico
de gran dificultad. Por ello resulta necesario en ocasiones centrar el estudio en un
limitado nuUmero de compuestos en base a cierto conocimiento previo del problema.
Se frataria de una metaboldmica dirigida (farget) denominada metabolite profilling
(Fiehn 2002), la cual facilita enormemente el problema pero que, por ofra parte, limita
en gran medida el entendimiento del mismo. Se suele aplicar a metabolitos que
juegan algun tipo de rol en determinadas rutas metabdlicas que participan en el
proceso en cuestién o a una familia de compuestos que pueda tener influencia, como

por ejemplo lipidos (Bamba, Lee et al. 2012) o aminodcidos (Lee, Jung et al. 2015).

Sin embargo, la aproximacién mds comun es el metabolic fingerprint o
screening global y completamente no-dirigido con la finalidad de clasificar las
muestras en base a patrones metabdlicos o huellas dactilares (fingerprints) que
cambian en funcién de un estimulo ambiental o como respuesta a una enfermedad o
perturbacién genética, con el fin Ultimo de identificar metabolitos discriminantes. En
esta aproximacién se realiza un andlisis non-target de las muestras, mediante
aplicacion de los ya mencionados algoritmos de deconvolucion o mecanismos
similares, con el objetivo final de obtener la mayor informacién de la muestra posible.
Posteriormente, aunque existen muchas bases de datos vy librerias de espectros
especializadas en diversos tipos de compuestos y matrices (como por ejemplo; NIST,
MassBank o METLIN), es un requisito indispensable el uso de técnicas estadisticas para
poder discernir previamente los metabolitos involucrados o significantes en el proceso
metabdlico o el estimulo en cuestion.

Las diferentes posibilidades tanto de screening como de procesamiento
estadistico de datos se discuten en el correspondiente capitulo de esta tesis doctoral
dedicado a la aplicacion de técnicas metaboldmicas para la discriminacion de

alimentos en funcién de su origen.
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1.3. TRATAMIENTO DE MUESTRA

En los puntos anteriores se han resumido las ventajas y limitaciones de las
diferentes técnicas andaliticas aplicadas, asi como las diferentes posibilidades en
cuanto a la estrategia analitica seguida y al tratamiento de datos. Ciertamente, los
acoplamientos cromatografia/HRMS resultan indispensables para afrontar andlisis de
tipo screening (como nos ocupa en esta Tesis). Sin embargo, muchas veces se resta
importancia a los pasos previos del proceso analitico, los cuales resultan tanto o mdas
importantes como el andlisis instrumental o el tratamiento de datos. El planteamiento
del problema afrontado, con la adecuada seleccion de la estrategia a seguir,
incluyendo la eleccion de las técnicas utilizadas, la adecuada seleccion y toma de
muestra y el tratamiento de dichas muestras a lo largo del proceso analitico resultan

pasos cruciales para la consecucion de los objetivos marcados.

La seleccidén y la toma de muestras son pasos esenciales dentro del proceso
analitico, a los cuales no se les suele dar la importancia que merecen, tal vez porque
la dificultad que entranan los andlisis y el fratamiento de datos en los complejos andilisis
de residuos en el campo medioambiental y alimentario hace que la mayoria de
guimicos analiticos centren sus esfuerzos en esta Ultima parte del proceso. De nada
sirve una correcta cuantificacion de la muestra si no se puede asegurar que dicha
muestra es representativa de la poblacién en estudio. Una ajustada seleccion de la
cantidad de muestra requerida, la situaciéon y las condiciones de la toma de muestra,
o las condiciones de fransporte y conservacién son aspectos fundamentales para
asegurar la validez de los resultados. Esto cobra mds importancia, si cabe, en el caso
de la metaboldmica ya que, al tratarse de estudios totalmente no dirigidos en los que
suele ser necesario el andlisis de numerosas muestras, requieren que la toma de dichas
muestras cumpla ciertos requisitos. Asi pues, en este caso es necesario distribuir
aleatoriomente todo el proceso andalitico, evitando asi posibles interferencias por
errores sistemdticos no detectados. Ademds, es importante establecer correctamente
el nimero vy la distribucion de muestras para que sean representativativas de la

poblacién y/o fijar aquellas variables que no sean objeto de estudio. Pongamos por
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ejemplo que se quiere estudiar el efecto metabdlico de un fdrmaco mediante el
andlisis de una cierta muestra bioldgica con una aproximacion metaboldémica. En este
caso, variables como género, edad, tipo de alimentacion (y un largo etcétera de
posibilidades) deberdn ser controladas, bien sea fijando determinadas variables en el
objeto de estudio (por ejemplo, centrando el andlisis Unicamente en mujeres entre 30 y
40 anos) o distribuyendo aleatoriamente la seleccién de los individuos y asegurando

una cantidad representativa de los mismos.

En lo que a la conservacion de las muestras se refiere, depende de la
naturaleza de las mismas y de los analitos en cuestién. Probablemente, las dos
alternativas mds comunes son la congelacion vy la liofilizacion. En general, se suele
asumir que ambas técnicas, especialmente el mantenimiento de las muestras
congeladas, es condicidon suficiente para asegurar la estabilidad de las mismas. A
pesar de ello, es recomendable la realizacidon de estudios previos que permitan
establecer las condiciones mdas favorables para la conservacién previa a los andlisis en

el laboratorio.

Por ofro lado, el fratamiento de muestra puede llegar a ser el cuello de botella
del proceso andalitico global. Resulta imprescindible tener en cuenta la globalidad del
proceso andlitico para llevar a cabo la aproximacién mds correcta en cada caso,
dependiendo de la naturaleza de la muestra y los analitos, asi como el andlisis

instrumental que se pretende realizar.

1.3.1. “Universalidad”

Cuando se pretende realizar un andlisis no dirigido de las muestras, ya sea con
el fin de llevar a cabo un wide-scope screening o una aplicacion metaboldmica, se
requiere un tratamiento de muestra “universal”. Por obvias razones, la universalidad
resulta imposible (de ahi su entrecomillado), por lo que se debe encontrar una solucién
lo mds amplia posible, adecuada para el tipo de muestra y posterior andlisis, donde las

pérdidas de analito sean las minimas posibles.
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Normalmente, la universalidad en el tratamienfo de muestra va
estrechamente ligada a su sencillez ya que a mayor nUmero de procesos realizados,
mayor es la probabilidad de perder analitos en algunas de las etapas del andlisis. A
continuacién, se resumen algunas de las opciones disponibles para afrontar dicho
tratamiento en funcion del estado de la muestra (Castro-Puyana and Herrero 2013,
Arbulu, Sampedro et al. 2015).

A) MUESTRAS LIQUIDAS

1) Inyeccion directa

Sin lugar a dudas, si la muestra lo permite, la inyeccién directa es el
tratamiento mds universal y por tanto mds adecuado para este tipo de andlisis. En
realidad, en este caso no existe ningun tratamiento de muestra por lo que
rigurosamente no deberia estar enmarcado en este punto. La ausencia de cualquier
tratamiento permite tener una vision global sin pérdida alguna de analitos en el
proceso. Sin embargo, no siempre es posible realizar una inyeccion directa, bien sea
por incompatibilidad de la muestra o inapropiada concentracién de los analitos. La
incompatibilidad de la muestra puede deberse al solvente que las constifuye, a
compuestos interferentes o a la complejidad en su composicién, lo que hace que no

puedan ser directamente inyectadas.

2) Dilute-and-shoot

La alternativa mds comun y simple a la inyeccién directa suele ser la dilucién
previa de la muestra. Mediante dicha dilucién se reduce el efecto matriz, se puede
eliminar o minimizar el efecto de interferentes o la suciedad de la muestra (por
ejemplo, precipitaciéon de proteinas mediante un disolvente orgdnico), ademds de
corregir incompatibilidades con el solvente y reducir la concentracion de los analitos
(en el caso de que ésta fuera demasiado elevada). Idealmente, este proceso puede ir

acompanado de una centrifugacion y/o filtracién de la muestra con el fin de evitar
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posibles solidos disueltos que interfieran o dificulten el posterior andlisis. Sin embargo, la
filtracidén no es siempre recomendada pues puede ser selectiva y retener compuestos

de interés en el filtro.

Esta simple aproximacion también permite minimizar problemas de deriva de
la senal instrumental en secuencias muy largas, las cuales sufren a menudo una

pérdida progresiva de la respuesta debido a la deriva instrumental.

3) SPE

La extraccion en fase solida (SPE) es un proceso selectivo y, por tanto, debe
evitarse en casos en los que la "“universalidad” es la caracteristica a conseguir.  Sin
embargo, en el caso del andlisis de contaminantes orgdnicos, y mds concretamente
en muestra ambientales, resulta casi obligado realizar una pre-concentracién de los

analitos puesto que estos suelen estar a niveles de trazas.

Existe una gran variedad de fases disponibles para llevar a cabo la extraccion
pero se deben buscar aguellas con un espectro de aplicacién lo mds amplio posible
para retos del tipo wide-scope screening. Dependiendo del tipo de andlisis posterior
existen diversas opciones como bases poliméricas con mecanismo de retencidén en
fase reversa, cartuchos con fase estacionaria alquilica (por ejemplo, C18) o incluso
cartuchos mixtos combinando la retencion en fase reversa y el intercambio idnico. La
eleccion depende principalmente del analito y de los interferentes de la matriz asi

como de la técnica andalitica utilizada a posteriori para el andlisis.

Resulta clave la eleccidén del pH 6ptimo de trabajo pues ambos, fase
estacionaria y analitos, deben presentarse en la correcta forma para que la extracciéon
sea exitosa, llegando a ser altamente aconsejable en algunos casos la realizacién de
réplicas a distintos valores de pH, tanto dcidos como alcalinos. Por esta razén, es
obligatorio conocer las limitaciones de un método analitico de este fipo al menos

desde un punto de vista cualitativo (como se profundiza en el tercer articulo cientifico
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de esta tesis) para poder establecer qué analitos son identificados y a qué niveles de

concentracion.

4) LLE, SPME, stir bar extraction

Aungue diferentes, las tres técnicas son una alternativa eficiente, rdpida y
relativamente universal para los casos en que se exista una incompatibilidad de
solventes con la técnica analitica utilizada y/o se requiera cierta pre-concentracion de
la muestra. Normalmente, suelen ir asociadas al andlisis de muestras acuosas mediante
GC.

5) Evaporacion, liofilizacién

Al igual que las anteriores técnicas, estas son altamente aconsejables con la
finalidad de pre-concentfrar la muestra y efectuar un cambio de disolvente.
Especialmente la liofilizacion es muy utilizada en muestras biolégicas pues, ademds de
permitir la mejor conservacién de la muestra hasta el momento del andlisis, la
sublimacion del disolvente se realiza a bajas temperaturas (con la muestra
congelada), dificultando posibles reacciones de degradacion de los metabolitos y

asegurando su mejor conservacion.

B) MUESTRAS SOLIDAS

1) Extraccién con solvente (asistida)

Como se ha comentado anteriormente, el objetivo de este fipo de
aproximaciones es buscar la sencillez y la “universalidad” del proceso de extraccion.
En el caso de muestras sdlidas, la extraccion soélido-liquido relne, en general, dichos
requisitos. Sin embargo, en el caso de aproximaciones metabdlicas, se suele requerir

de una extraccién multiple con el fin de poder abarcar distintos tipos de metabolitos.
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Como norma general el factor decisivo suele ser la polaridad del solvente de
extraccion, realizindose multiples extracciones secuenciales con solventes de
polaridad decreciente. Es muy comun la realizacidn de una primera extraccion con
solvente acuoso o una mezcla acuosa con un solvente orgdnico relativamente polar
para extraer asi los compuestos de mayor polaridad. Posteriormente, una extraccién
con solventes apolares permite ampliar el espectro de aplicacion al obtener la
fraccidn de metabolitos mds apolar de la muestra, como por ejemplo, analitos
liposolubles. Los diferentes extractos, analizados segun el tipo de metabolitos en cada

fraccidon, ofrecen una vision amplia y complementaria de la muestra.

Sin embargo, otros factores como el pH y la temperatura pueden también
tener un efecto notable en el proceso de extraccion. Lamentablemente, no siempre
es posible poder abarcar todas las posibilidades y la toma de decisiones depende del
conocimiento que se tenga de la dupla muestra-analito. Existen a su vez técnicas que
permiten aumentar la eficiencia de la extraccién o disminuir el tiempo del proceso (a
modo de ejemplo la extraccién asistida por microondas o por ultrasonidos). Aunque
pueden resultar muy ventajosas, su utilizaciéon puede ser selectiva y son por tanto
recomendables cuando se tiene la certeza y conocimiento suficiente de la validez

para la muestra y analitos de interés.

2) Andilisis directo

El andlisis directo de muestras solidas es una alternativa dptima si se dispone
de la instrumentacion adecuada. Fuentes de ionizacién como MALDI o DART, entre
otras, permiten el andlisis directo de muestras sélidas. Como principal inconvenientes, a
parte de la necesidad de disponer de dichos instrumentos, estarion la elevada
dificultad del tratamiento de datos al no existir separacién cromatogrdfica previa, la
representatividad y homogenidad de la porcién de muestas sélida sometida al andilisis

y gue se trata de un andlisis de la superficie.
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3) SPME

La microextraccién en fase solida es una excelente alternativa para el andlisis
de compuestos voldtiles o semivoldtiles en muestras sélidas. Se suele aplicar, en modo
Head Space, cuando el andlisis ser realiza mediante GC-MS debido a la facilidad de

acoplamiento.

1.3.2. Limitaciones

Existen unos cuantos tfrabajos publicados en los cuales se llevan a cabo
métodos screening de contaminantes en diferentes tipos de muestras. En general,
todos ellos muestran las bondades de este tipo de aproximacion pero no es frecuente
enconfrar una discusion critica sobre las limitaciones de la metodologia aplicada. En
algunos casos, no se muestra ninguna optimizacién del proceso o estudio previo y se
centran Unicamente en los resultados de aquellos analitos identificados. Sin embargo,
resulta de suma importancia conocer las limitaciones de la metodologia aplicada con
el fin de, al menos, evaluar qué ftipo de andalitos pueden ser correctamente
detectados e identificados y en qué rango de concentraciones. En esta Tesis se ha
llevado acabo una validacion cualitativa, cuya finalidad es la de evaluar, para un
numero de analitos considerable y tomados como modelo, la capacidad de
deteccién e identificaciéon de la metodologia aplicada a diferentes rangos de

concentraciones.
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2.1. INTRODUCCION

El término contaminante orgdnico abarca una ingente cantidad de
compuestos, que tienen unas caracteristicas, propiedades fisico-quimicas, usos vy
efectos muy diversos. Estos se pueden agrupar segin la familia a la que pertenecen
(por ejemplo, pesticidas, farmacos, micotoxinas, etc.) y sus efectos pueden afectar
desde distintos seres vivos hasta a humanos (Richardson 2009). El uso cada vez mayor
de diferentes productos y los actuales hdbitos de consumo, aungue se fraduce en una
mejor calidad de vida, también genera una gran cantidad de residuos quimicos que
se estdn convirtiendo en una amenaza potencial para la calidad del agua (aunque
también en alimentos) y como consecuencia, para el medio ambiente y los seres
vivos. Estos contaminantes, generalmente de  origen antropogénico, se estdn
infroduciendo continuamente en el medioambiente y afectan de manera negativa a
los ecosistemas. Aunque el confrol de estos compuestos es cada vez mayor, €l
confinuo desarrollo de nuevos productos dificulta enormemente esta labor,
requiriéndose una actualizaciéon periddica de las listas de contaminantes a controlar

en todo tipo de muestras (Gracia-Lor, Sancho et al. 2010).

El término “contaminantes emergentes” se refiere a compuestos que no habian
sido considerados peligrosos hasta ahora, o que eran desconocidos, aun cuando su
presencia en el ambienfe no sea necesariamente nueva. Son compuestos de distinto
origen y naturaleza quimica, que no se encuentran todavia sometidos a regulacién.
Los contaminantes emergentes incluyen una amplia variedad de productos de uso
diario con aplicaciones tanto industriales como domeésticas: surfactantes, productos

farmacéuticos, drogas de abuso, productos para el cuidado personal, aditivos de
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gasolinas, retardantes de llama, antisépticos, aditivos industriales, esteroides, hormonas
y subproductos de la desinfeccion del agua (Tabla 2.A.). Su presencia y posibles
efectos sobre el ambiente han pasado muchas veces inadvertidos, por lo cual son
necesarias investigaciones acerca de su impacto, su presencia en diferentes fuentes
de agua vy la evaluacion de tecnologias para su degradacién. Por ese motivo, han
sido objeto frecuente de estudio en la Ultima década, siendo numerosas las
publicaciones relativas a contaminantes emergentes en los Ultimos anos (Petrovic,
Gonzalez et al. 2003).

Los "contaminantes emergentes" corresponden en la mayoria de los casos a
compuestos no regulados, que pueden ser candidatos a regulacion futura
dependiendo de las investigaciones sobre sus efectos potenciales en la salud y de los
datos sobre niveles de concentracidon en el medio ambiente. La principal
caracteristica de estos contaminantes es que no necesitan ser persistentes para causar
efectos negativos, puesto que sus altas tasas de transformacion/eliminaciéon se pueden

compensar por su infroduccién continua en el ambiente (Barceld 2003, Ellis 2006).

Aunque estos compuestos se encuentran en concentraciones muy bajas en el
medio ambiente, constituyen un riesgo para la salud de la poblacién humana y de
ofras especies animales (Richardson 2009). Los contaminantes emergentes no son
necesariamente persistentes, pero debido a su solubilidad en agua son capaces de
afectar a todas las etapas del ciclo del agua (Figura 2.A.), planteando un serio peligro
para la salud de los seres vivos (Gracia-Lor, Sancho et al. 2010). Ademds, si no se
eliminan adecuadamente en las plantas de tratamiento de aguas residuales, pueden

acumularse en el medio ambiente.
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Tabla 2.A. Clasificacion de los contaminantes emergentes

Clase de Compuestos

Ejemplos

Productos Farmaceduticos

Antibidticos usados en v eterinaria y medicina

Medicamentos analgésicos y anti-inflamatorios

Medicamentos psiquidtricos
Reguladores de lipidos

B-bloqueantes

Medios de confraste de rayos X
Esteroides y hormonas (Anticonceptfivos)
Productos de cuidado personal
Perfumes

Agentes de proteccién Soalr

Repelentes de insectos

Antisépticos

Detergentes tensoactivos y sus metabolitos

Retardantes de llama
Aditivos y agentes industriales
Aditivos de la gasolina

Subproductos de desinfeccién

Trimetropim, eritromicinag, lincomicina
sulfametoxazol

Codeina, ibuprofeno, acetaminofen, dcido
acetilsalicilico, diclofenaco, fenoprofen
Diazepam

Bezafibrato, dcido clofibrico, dcido fenofibrico
Metopropol, propanolol, timolol

lopromide, iopamidol, diatrizoato

Estradio, estrona, estriol, diefilestilbestrol
Almizcles Nitro, policiclicos y macrociclicos
Benzofenona, metilbenzilidene alcanfor
N,N-dieftiltoluamida

Triclosdn, clorofeno

Alquilfenoles etoxilados, alquilfenoles (Nonifenol y
octilfenol), alquilfenol carboxilados

Difenil éteres polibromados (PBDEs), tetrabromo
bisfenol A, Tris (2-cloroetil) fosfato
Agentes quelantes (EDTA), sulfonatos aromdaticos

Dialquil éteres, metil-t-butil éter (MTBE)

Yodo-THMs, bromodcidos, bromoacetonitrilos,

bromoaldehidos, cianoformaldehido, bromato, NDMA

Fuente: Barceld (Barceld 2003)

Las principales vias de entrada de estos contaminantes en el medio acudtico
son las aguas residuales, entfre las que se incluyen las urbanas, las industriales y las
agropecuarias (Barceld and Petrovic 2007). Algunos de los contaminantes emergentes
pueden producir alteraciones endocrinas (ciertos pesticidas, productos quimicos

industriales, productos farmacéuticos vy fitoquimicos, etc) afectando al sistema
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hormonal e interfieriendo en los procesos reproductivos y de desarrollo de los
organismos (Richardson 2009). Estos productos quimicos se distribuyen extensamente
en el ambiente, y pueden presentar efectos miméticos o antagdnicos en el sistema
endocrino alterando las funciones bioldgicas de las hormonas naturales, y, en
consecuencia, la reproduccién de los organismos afectados (Frye, Bo et al. 2012).
Ademds, la continba introduccidn de fadrmacos, y especialmente de los compuestos

con accidn antibidtica, en el medio ambiente puede provocar resistencia bacteriana.

Industria
 Hogares | \

Alcanta-
| Agua potable | \ | ritado : ,
Agua potable \ \ lm\'?UT‘ ‘ Canaderia ‘
Residuos no V I /!
| Potabilizadoras | tmdlc’s !f residuos
EDAR
| /
|
I
/
— ¥
Filtracion Rios Agricultura

Agua subterranea

Figura 2.A. Ciclo de compartimentos ambientales del agua

Los contaminantes emergentes suelen ser compuestos con elevada solubilidad
en agua, poco voldtiles y de polaridad media/alta, lo que, en general, facilita su
determinacion por LC. Sin embargo, no se puede descartar el uso de GC, pues se trata
de una técnica complementaria a LC. Debido a su heterogeneidad, sobre todo en sus
propiedades quimicas, resulta complicada la determinacién analitica de estos
compuestos mediante metodologias multiresiduales. Como ya se ha comentado en el

capitulo 1, estas determinaciones suelen llevarse a cabo mediante acoplamiento LC
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y/oGC a espectrometros de masas en tdndem, como QgQ o QLIT, las cuales permiten
el andlisis simultdneo de un numero limitado de compuestos (raramente superior a
200). Ademds, las metodologias multiresiduales no son siempre fdciles de actualizar y
ampliar (es decir, anadir nuevos compuestos a métodos ya creados), algo
verdaderamente importante pues las listas de contaminantes emergentes estdn en
continua evolucién, no solo en cuanto a los compuestos inalterados sino en lo relativo

a sus productos de transformacion.

El desarrollo y aplicacién de métodos “universales”de screening es, por tanto,
de gran importancia en la investigacion de contaminantes orgdnicos en el medio
ambiente, dado el elevado niumero de potenciales contaminantes que pueden estar
presentes. Los métodos de screening deben ser rapidos y permitir, de forma fiable, una
respuesta cudlitativa sobre la presencia del mayor numero posible de compuestos de
interés. En general, se obtiene una respuesta binaria, contestando afirmativa o
negativamente a la existencia de los contaminantes incluidos en el screening, sin tener
en cuenta su concentraciéon (Portolés, Pitarch et al. 2011), aunque normalmente

puede llegar a realizarse una estimacion cuantitativa.

Idealmente, los métodos de screening deben cumplir diversas caracteristicas.
Ademds de ser rdpidos, con poca manipulacién de muestra, deben tener sensibilidad
adecuada para poder controlar el cumplimiento de los limites mdaximos permitidos en

las diferentes matrices o los niveles tipicamente encontrados en las muestras.

La mayoria de contaminantes emergentes son todavia objeto de estudio. Su
toxicidad y efectos estdn en general poco estudiados y sus productos de
fransformacién (TPs) son muchas veces desconocidos disponiéndose de escasa
informacion sobre su presencia en el medio ambiente. Los TPs abarcan metabolitos y
productos de degradacion/transformacién ambiental y los generados en plantas de
tfratamiento de aguas residuales.Pueden tener propiedades quimicas, fisicas o
toxicoldgicas muy diferentes al analito primario. Estos TPs suelen ser compuestos mds
polares que los productos de partida, motivo por el cual la técnica analitica usada
para su determinacion es LC (en detrimento de las metodologias GC), y pueden llegar
a presentar una toxicidad semejante al compuesto activo (lbdfez, Sancho et al. 2006).

La degradacion o transformacion de los contaminantes depende de la naturaleza del
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compuesto y de las condiciones ambientales. Cabe destacar que los distintos
procesos de degradacién, como por ejemplo la cloracién o la oxidaciéon, asi como el
efecto de la radiacidn UV, a los que puede estar sometido un determinado
contaminante —y sus metabolitos- generan un amplio abanico de TPs que deben
considerarse como potenciales contaminantes (Herndndez, lbdnez et al. 2008). La
identificaciéon de los productos formados es una tarea compleja que requiere del uso
de tecnologias analiticas sofisticadas, fundamentalmente la cromatografia liquida
acoplada a espectrometria de masas de alta resolucién (Herndndez, Sancho et al.
2012).

Los métodos de screening deben ser facilmente actualizables, permitiendo
ampliar faciimente la bUsqueda de nuevos contaminantes y sus TPs. Ademds, es
conveniente que los datos obtenidos puedan ser re-evaluados de forma retrospectiva,
lo cual permitiria ampliar la investigacion en muestras previamente analizadas sobre la
base de nueva informacién acerca de contaminantes y TPs que pueda aparecer en el

futuro.

Para el screening pueden usarse diversas técnicas, pero las preferidas para
métodos de amplio rango, por su versatilidad y sensibilidad, son las que incluyen la
separacion cromatogrdfica (GC o LC) acoplada a andlizadores de masas. Los
insfrumentos de baja resolucidn (LRMS) se pueden usar con fines de screening
mediante la adquisicién de una transicion selectiva (y sensible) para cada compuesto,
en contraposicién con las dos transiciones adquiridas para la identificaciéon de un
compuesto segun el criterio basado en puntos de identificacion (IPs) de la UE
(2002/657 /EC 2002). Esto permite aumentar el nUmero de compuestos incluidos en el
método, dado el menor niUmero de transiciones medidas, aungue se requeriria un
segundo andlisis para la confirmacién de la identidad adquiriendo fransiciones
adicionales para una identificacién fiable del compuesto. Sin embargo, las técnicas
basadas en LRMS aungue son muy sensibles, dificultan la inclusion de nuevos
compuestos (necesario adquirir patrén de referencia, optimizar las condiciones de MS
y MS/MS, anadir las nuevas transiciones seleccionadas) ademds de impedir, por su
forma de trabajo, el andlisis retrospectivo al no adquirir el espectro completo de

masas.
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La alternativa a los métodos de screening basados en instrumentos LRMS es el
uso de instrumentos de alta resolucion (HRMS) con los que se adquiere el espectro
completo, con sensibilidad aceptable. Enfre este tipo de instrumentos, se encuentran
los equipos (Q)TOF y Orbitrap, los cuales permiten monitorizar, en principio, un nUmero
“ilimitado” de compuestos asi como la reevaluacién de los contaminantes presentes
en las muestras mediante andlisis retrospectivo, sin necesidad de reinyeccion de las
mismas (Herndndez, Ibdnez et al. 2011). Este tipo de analizadores ofrece ademds
medidas de masa exacta, muy Utiles en este tipo de investigaciones para la

elucidacién estructural y/o confirmacién de la identidad de los compuestos.

La confirmacidon es objeto de debate entre la comunidad cientifica.
Estrictamente, la confirmacién requiere un reandlisis de la muestra mediante una
metodologia independiente a la utilizada, con el fin de asegurar que no existe ninguna
contaminacion que pueda llevar a un falso positivo (Lehotay, Sapozhnikova et al.
2015). La confiimacién de la identidad de un compuesto (o simplemente
identificacién) implica asegurar que cierta respuesta obtenida es inequivocamente
correspondiente a un cierto analito. Si dicha identificacion no se cumple, podremos
hablar simplemente de deteccién tentativa de un compuesto, que requiere de un

segundo andlisis para poder identificarlo correctamente

En los métodos de screening tienen por objeto la deteccidn/identificacién de
un amplio niUmero de compuestos para su posterior cuantificaciéon y/o confirmacién.
Por ello, resulta indispensable en estos métodos definir los limites de deteccién del
screening (SDL) vy los limites de identificacion (LOI). Los criterios para establecer dichos
limites resultan aun confusos para las metodologias cualitativas. En el caso de técnicas
MS/MS de baja resoluciodn, los criterios son bastante uniformes, y estdn basados en el
uso de los IPs (2002/657/EC 2002). Segun este sistema, para la confirmacion de la
identidad en equipos LR MSMS seria necesaria la adquisicidon de dos transiciones all
tiempo de retencion del compuesto, cumpliendo las tolerancias establecidas para
relaciones de intensidad Q/qg (Tabla 2.B.). Para el caso de instrumentos HRMS, se
requiere la adquisicion de dos iones, cumpliendo también la relacién Q/g. Sin
embargo, las guias no establecen criterios de deteccidén aplicables para el screening.

En cuanto a la deteccién, en screening con analizadores LR bastaria con una
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transicion, mientras que con instrumentos HRMS, un Unico ion seria suficiente para este

fin.

Tabla 2.B. IPs conseguidos segun la informacion obtenida en MS (izquierda) y desviacion

madxima tolerada de la relacién Q/q en funcién de la abundancia relativa de ambos iones.

Abundance second Deviation

MS ion IPs ion (%) (%)
LR ion ] > 50% 20
LR precursor ion 1 20 - 50% 25
LR product ion 1.5 10 -20% 30
HR ion 2 < 10% 50
HR precursor ion 2
HR product ion 2.5

El principal problema deriva de la falta de criterios en funcién de la masa
exacta. Las principales guias establecen diferencias en cuanto a la resolucién de los
analizadores empleados, la cual suele estar estrechamente ligada a la exactitud de
masa. Sin embargo, es esta Ultima la que deberia ser considerada pues es la que
establece la selectividad instrumental. En nuestro grupo se propuso la obtencidén de
estos IPs segUn los errores de masa obtenidos divididos en tres sectores: errores
superiores a 10 mDa (LRMS), errores entre 2 y 10 mDa vy errores inferiores a 2 mDa
(Herndndez, Ibdnez et al. 2004). Esta separacién se propuso de acuerdo con las
prestaciones de los equipos QTOF de hace una década, en los que los errores de
masa eran mdads altos que los actuales. Los equipos modernos de (Q)TOF y Orbitrap
ofrecen medidas de masa con errores inferiores a 1 mDa, lo que obligaria a revisar los

rangos de errores de la clasificacion anterior.

Por ofro lado, aunque probablemente la medida dptima para discernir la
capacidad confirmativa de un analizador MS sea la exactitud de masa, la resolucién
puede resultar crucial en el desarrollo de una metodologia screening. Su importancia

aumenta con la complejidad del matriz objeto de estudio, debido a la mayor
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probabilidad de coelucidn de compuestos isobdricos. Una mayor resolucidén permite

disminuir este efecto debido a la mayor capacidad de distinguir entre dos masas.

La complejidad de la matriz analizada no solo afecta en la apariciéon de falsos
positivos resultantes de compuestos procedentes de dicha matriz. El efecto matriz (EM),
asociado a los instrumentos MS y muy especialmente a los sistemas LC-MS, es sin duda
el mayor problema de este acoplamiento instrumental (Marin, Gracia-Lor et al. 2009). El
EM puede definirse como el aumento o disminucién inesperada de la respuesta de los
analitos, debido a la coelucidon de otros componentes presentes en la matriz y que
fueron co-exiraidos de la muestra (Gracia-Lor, Martinez et al. 2012). Se da
principalmente durante el proceso de ionizacion en la interfase (APCIl o ESI son mds
susceptibles a este afecto (Souverain, Rudaz et al. 2004), y suele ser el resultado de la
competicidén entre los analitos o constituyentes de la matriz por la formacién de los
iones asi como para acceder a las superficie de las gotas durante el proceso de
solvatacion y posterior paso al estado gaseoso (Benijts, Dams et al. 2004).
Adicionalmente, algunos constituyentes pueden alterar las propiedades del eluente
tales como punto de ebullicién, tensidn superficial y viscosidad, las cuales afectan el

proceso de ionizacion (Bruins 1998).

Este efecto varia de una matriz a otra y depende de las caracteristicas fisico-
guimicas del analito vy, sobre todo, de los interferentes que eluyen al mismo tiempo de
retenciobn que él, del ambiente en el cual se da el proceso de ionizacién y
evaporacion del ién. Dicha competencia puede generar un aumento en la sefal
llamado exaltacién, o una disminucidn llamada supresidn y puede afectar
significativamente la precision, sensibilidad y exactitud de un procedimiento analitico
(Benijts, Dams et al. 2004).

Existen diferentes métodos para reducir o compensar el efecto matriz que
permiten la correcta cuantificacion de los analitos, como el método del patrdn interno
o el calibrado en matriz. Este efecto sobre la cuantificacion no afecta a los métodos
screening que Unicamente persiguen la deteccidén e identificaciéon del compuesto. La
exaltacién de la respuesta puede ser, por tanto, algo beneficioso en este tipo de
aproximaciones. Por otro lado, la supresidon de la sefal puede originar problemas en la

deteccién de los contaminantes llevando a posibles falsos negativos por falta de
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sensibilidad. La dilucidén de la muestra o la realizacién de un clean-up eficiente son las
principales alternativas de reduccion del EM en el andlisis cualitativo, aunque ambas
aproximaciones conllevan inconvenientes. La dilucion estd asociada a una
disminucién de la sensibiidad mientras que un clean-up mds efectivo resulta
complicado en métodos “universales”, pues el comportamiento de los analitos puede
ser totalmente diferente, llevando a posibles pérdidas a lo largo del proceso. Una
alternativa es mejorar la eficiencia de la separacion cromatogrdfica mediante la
disminucién del didmetro de particula de la fase estacionaria, el aumento de la

longitud de la columna o la mejora del gradiente de elucion.

Como ya se ha comentado en el capitulo de introduccién general, los
métodos “universales” requieren de fratamientos de muestra sencillos y generales, con
el fin de reducir los tiempos de andlisis, asi como minimizar las pérdidas de los analitos
ya sed por la complejidad del procedimiento o por la ineficacia de éste frente a cierto
tipo de analitos. Las etapas de preconcentracion y eliminacion de interferencias
suelen ser inaplicables en el screening, a menos que exista un requerimiento de
sensibilidad notable, como suele ocurrir en andlisis medioambiental, en donde
extracciones "universales” como SPE, LLE, etc. son comUnmente realizadas. Estas
extracciones, que suelen conllevar una etapa de preconcentraciéon, resultan de suma
importancia para poder alcanzar los bajos niveles de concentfracion tipicamente

encontrados en estas muestras.

Otras matrices, como los productos alimentarios, requieren de extraccién,
generalmente con disolventes orgdnicos, y posterior dilucion para eliminar o reducir el
efecto matriz y adecuar las condiciones del extracto a la cromatografia

posteriormente aplicada.

Totalmente distinto es el caso de las muestras bioldgicas. Las muestras de orina
o plasma conllevan tratamientos de muestra muy simples dado el tipo de matriz y la
relativamente elevada concentracién de los contaminantes o farmacos/drogas en
ellas. Una simple centrifugaciéon (en algunos casos tras dilucién) suele ser suficiente.
Otras muestras bioldgicas mds complejas por la elevada cantidad de grasas que
contienen, como puede ser las de pulmén, higado, etc., son generalmente muy

invasivas y poco utilizadas para la busqueda de toxicos.
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En este capitulo se exploran las capacidades y limitaciones de los instrumentos
LC-(Q)TOF MS, o mds concretamente el acoplamiento UHPLC-(Q)TOF MS, para el
screening de contaminantes, residuos y drogas en diferentes matrices de interés
ambiental, alimentario y toxicoldgico. En primer lugar, ha sido necesaria la creacién de
bases de datos vy librerias de espectros tanto tedricas como experimentales. Las
primeras se basan en listados de compuestos previamente reportados en la literatura y
analizados por LC-MS bajo condiciones relativamente generales, es decir sin
necesidad de fases modviles, aditivos o columnas cromatogrdficas especificas ni
derivatizacién u ofros procesos similares. Estas bases de datos tedricas incluyen la
formula molecular de cada compuesto y la masa exacta de la molécula
(des)protonada, asi como de algunos aductos en base a la posibilidad de que estos
pudieran formarse de forma importante, bien sea por un conocimiento previo o por
que hubiera sido previamente reportado. En cuanto a la libreria experimental de
espectros, requiere del andlisis de patrones y muestras bajo condiciones predefinidas y
constantes, de tal manera que tanto la informacién espectral como los tiempos de
retencién presenten variaciones minimas. Este el es objetivo del articulo cientifico 1 en
el que se estudian y optimizan los diferentes pardmetros que pueden afectar a la
calidad y robustez de la libreria de espectros experimental, centréndose sobre todo en
aquellos que afectan a la sensibilidad, exactitud de masa y robustez de la senal. Se
estudian ademds diferentes alternativas para la fragmentacion de los iones, con la
finalidad de maximizar la informacién obtenida en una Unica inyeccidon y realizar una

confirmaciéon de identidad de forma automdtica.

Una vez definidos las variables de la metodologia UHPLC-(Q)TOF MS para el
screening, se estudian diferentes aproximaciones para el tratamiento de los datos
obtenidos y la buUsqueda de contaminantes. Existen dos posibilidades que cumplen
con los requisitos del screening: post-target y non-target. La segunda aproximacion
puede hacer uso de librerias de espectro tedricas y empiricas para la deteccidn de los
componentes/compuestos encontrados. Asi pues, en el articulo cientifico 2 se

comparan las ventajas y limitaciones de las diferentes estrategias en base a los

59



Capitulo 2~ Screening “universal” de contaminantes orgdnicos en muestras de interés ambiental,alimentario y toxicolégico

resulfados obtenidos en muestras reales de aguas residuales depuradas (efluente
urbano, EWW), vegetales (naranja, pldtano y maiz) y orina de voluntarios sometidos a
un tratamiento de desintoxicacién. En este articulo se discuten los diferentes aspectos
que caracterizan a las aproximaciones post y non-target en base a resultados reales.
Ademds, se estudia la aplicabilidad de la técnica UHPLC-(Q)TOF MS para llevar a cabo

un screening “universal” en muestras de origen muy diverso.

Finalmente, en el articulo cientifico 3, se efectla una validacién de tipo
cualitativo en aguas, considerando tres tipos diferentes: subterrdnea, superficial y
EWW. La validacién se ha llevado a cabo para aguellos contaminantes de los cuales
se dispone de patrdn de referencia y se basa en una respuesta binaria SI/NO se
detecta el contaminante estudiado en las diferentes matrices a los dos niveles de
concentraciéon evaluados (0.1 y 1 ug/L), obteniendo asi el SDL para cada compuesto.
De igual manera, se define el LOI en base a la respuesta binaria SI/NO se identifica el
analito. En este trabajo se definen y debaten también los conceptos de confirmacion
e identificacién en el screening mediante instrumentacién HRMS en adquisicidon full

scany, sobretodo, cuando se hace uso de técnicas como el MSE o similares.
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2.2. Articulo cientifico 1

“Building an empirical mass spectra library for screening of organic pollutants
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hybrid quadrupole time-of-flight mass spectrometry
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Hybrid quadrupole time-of- ﬁlghl mass spectmmetry (QTOF MS) has gained wide acceptance in many fields of
chemistry, for example, p lomics and small molecule analysis. This has been due to the numerous
technological advances made to this mass analyser in recent years. In the environmental field, the instrument has
proven to be one of the most powerful approaches for the screening of organic pollutants in different matrices due to
its high sensitivity in full acquisition mode and mass accuracy In the work pr d here, the
optimum experimental conditions for the creation of an empirical TOF MS spectra library have been evaluated. For
this model we have used a QTOF Premier mass spectrometer and investigated its functionalities to obtain the best MS
data, mainly in terms of mass accuracy, dynamic range and sensitivity. Different parameters that can affect mass
accuracy, such as lock mass, ion abundance, spectral resolution, instrument calibration or matrix effect, have also
been carefully evaluated using test comp ds (mainly p ides and antibi The role of ultra-high-pressure
liquid chromatography (UHPLC), especially when dealing with complex matrices, has also been tested. In addition to

the mass accuracy , this analyser allows the si acquisition of low and high collision energy
spectra. This acquisition mode greaily enhances the rehable 1denhﬁcalwn of detected compounds due to the useful
(de)protonated molecule and fragment ion mass n ined when working in this mode. An

in-house empirical spectral library was built for approximately 230 organic pollutants making use of QTOF MS in
MSF mode. All the information reported in this paper is made available to the readers to facilitate screening and

identification of relevant organic pollutants by QTOF MS. Copyright @ 2010 John Wiley & Sons, Ltd.

Orthogonal-acceleration time-of-flight (0aTOF) and hybrid
quadrupole 0aTOF (QTOF) mass spectrometers have been
valuable tools in many fields of chemistry including impurity
profiling of pharmaceutical drug substances,!! metabolo-
mics'>* and food safety.*-11] Recently, they have also gained
wide acceptance in the field of environmental analysis for the
rapid screening of organic pollutants due to their high
sensitivity in full acquisition mode and their ability to
provide accurate mass measurements.'!>"*/ QTOF MS has
also been applied for the elucidation of unknowns because of
its capacity to establish reliable elemental compositions.!-17/
However, although QTOF mass spectrometers have been
commercially available for over ten years, they have had
drawbacks which have reduced their analytical application.
These include the narrow ion abundance range over which
accurate mass measurements could be made with a high
degree of certainty, and the low dynamic range."'™ However,
thanks to continuous development of the technology, the
latest TOF analysers show considerable advancement over
earlier models.

* Correspondence to: F. Hernandez, Research Institute for Pesti-
cides and Water, University Jaume I, E-12071 Castellon, Spain,
E-mail: felix.hernandez@qfa.uji.es

Most  significant enhancements are related to mass
measurement accuracy, resolution, dynamic range, sensi-
tivity and speed. One of the major problems with TOF MS
analysis is the saturation of the time-to-digital converter
(TDC) detectors due to their inherent dead time, which affects
not only the linearity, but also the mass accuracy.' To
circumvent this problem, an analogue-to-digital converter
(ADC) detector could be used, as it digitises the ion current
from the output of the micro-channel plate (MCP). The use of
an ADC device avoids the saturation effects and allows the
ion detector to render an accurate count of ions even for
abundant species, although there is an inherent background
noise associated with analogue detection.'”! Another option,
the one used in our instrument, is a travelling wave ion guide
(TWIG), which produces an attenuated ion beam, reducing
the number of ions that reach the detector, and thus avoiding
detector saturation. This results in a substantial increase in
dynamic range for accurate mass measurement, " known as
programmable Dynamic Range Enhancement (pDRE). Wide
dynamic ranges are necessary for the analysis of unknown
samples or for samples that vary widely in analyte
concentrations. Otherwise, many samples would require a
reanalysis after dilution, generating additional work and
increasing the time needed to obtain reliable data.?!!
Furthermore, TWIG also permits the instrument duty cycle
to be significantly enhanced (Enhanced Duty Cycle, EDC),
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ABSTRACT

Hybrid quadrupole time-of-flight mass spectrometry (QTOF MS) has gained wide
acceptance in many fields of chemistry, for example, proteomics, metabolomics and small
molecule analysis. This has been due to the numerous technological advances made to this mass
analyser in recent years. In the environmental field, the instrument has proven to be one of the
most powerful approaches for the screening of organic pollutants in different matrices due fo its
high sensitivity in full acquisition mode and mass accuracy measurements. In the work presented
here, the optimum experimental conditions for the creation of an empirical TOF MS spectra library
have been evaluated. For this model we have used a QTOF Premier mass spectrometer and
investigated its functionalities to obtain the best MS data, mainly in terms of mass accuracy,
dynamic range and senisitivity. Different parameters that can affect mass accuracy, such as lock
mass, ion abundance, spectral resolution, instrument calibration or matrix effect, have also been
carefully evaluated using test compounds (mainly pesticides and anfibiotics). The role of ultra-
high-pressure liquid chromatography (UHPLC), especially when dealing with complex matrices,
has also been tested. In addition to the mass accuracy measurements, this analyser allows the
simultaneous acquisition of low and high collision energy spectra. This acquisition mode greatly
enhances the reliable identification of detected compounds due to the useful (de)protonated
molecule and fragment ion accurate mass information obtained when working in this mode. An
in-house empirical spectral library was built for approximately 230 organic pollutants making use
of QTOF MS in MSE mode. All the information reported in this paper is made available to the

readers to facilitate screening and identification of relevant organic pollutants by QTOF MS.
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INTRODUCTION

Orthogonal-acceleration time-of-flight (0aTOF) and hybrid quadrupole oaTOF (QTOF)
mass spectrometers have been valuable tools in many fields of chemistry including impurity
profiling of pharmaceutical drug substances,[!l metabolomicsiz 3l and food safety.l*-111 Recently,
they have also gained wide acceptance in the field of environmental analysis for the rapid
screening of organic pollutants due fo their high sensitivity in full acquisition mode and their ability
to provide accurate mass measurements. 214 QTOF MS has also been applied for the
elucidation of unknowns because of its capacity to establish reliable elemental compositions.l15-
171 However, although QTOF mass spectrometers have been commercially available for over ten
years, they have had drawbacks which have reduced their analytfical application. These include
the narrow ion abundance range over which accurate mass measurements could be made with
a high degree of certainty, and the low dynamic range.l'®! However, thanks to continuous
development of the technology, the latest TOF analysers show considerable advancement over
earlier models.

Most significant enhancements are related to mass measurement accuracy, resolution,
dynamic range, sensitivity and speed. One of the major problems with TOF MS analysis is the
saturation of the fime-to-digital converter (TDC) detectors due to their inherent dead time, which
affects not only the linearity, but also the mass accuracy.l'” To circumvent this problem, an
analogue-to-digital converter (ADC) detector could be used, as it digifises the ion current from
the output of the micro-channel plate (MCP). The use of an ADC device avoids the saturation
effects and allows the ion detector to render an accurate count of ions even for abundant
species, although there is an inherent background noise associated with analogue
detection.l'”] Another option, the one used in our instrument, is a traveling wave ion guide
(TWIG), which produces an attenuated ion beam, reducing the number of ions that reach the
detector, and thus avoiding detector saturation. This results in a substantial increase in dynamic
range for accurate mass measurement, 20 known as programmable Dynamic Range
Enhancement (pDRE). Wide dynamic ranges are necessary for the analysis of unknown samples
or for samples that vary widely in analyte concentrations. Otherwise, many samples would require
a reanalysis after dilution, generatfing additional work and increasing the fime needed o obtain

reliable data.l2!l Furthermore, TWIG also permits the instrument duty cycle to be significantly
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enhanced (Enhanced Duty Cycle, EDC), hence achieving higher sensitivity for a limited and
preselected range of the mass spectrum.22

Another feature implemented in TOF MS analysers is the dedicated reference sprayer in
the mass spectrometer source. Early instruments infroduced the reference compound(s) together
with the mobile phase in a post-column T. This approach presented a significant drawback as it
led to matrix ionization suppression, decreasing the reference compound sensitivity and
increasing mass errors. There have been different proposals to improve the robustness of the
exact mass measurements. One, using an additional electrospray source that orthogonally
generates lock mass ions separately, allows good mass accuracies to be obtained
independently of the sample conditions.[?3] Frequency and scan time for lock mass acquisition
can be chosen by the user. When using ultra-high-pressure liquid chromatography (UHPLC) in
combination with TOF MS, the narrow chromatographic peaks achieved make the overlapping
between lock mass acquisition and analyte peck lower. However, when this occurs, the impact
on peak shape may be significant.

In this paper, we are particularly interested in assessing the parameters that contribute to
the accuracy and precision of mass measurements using the QTOF with UHPLC as the separation
technique. Resolution, dynamic range and sensitivity are also important parameters to be
considered. The main parameters studied are those that can affect the mass accuracy, such as
the acquisition interval and the scan time for lock mass or pDRE. The sensitivity improvement
when increasing the duty cycle was also investigated as well as its influence on mass accuracy.
We have also evaluated the influence of the UHPLC technique on matrix effects when dealing
with the analysis of complex matrices, as this is a key parameter in accurate mass
measurements.l24l The results have been compared with those obtained in W acquisition mode
(the flight path length is doubled resulting in almost twice the mass resolving power). This is
particularly relevant when isobaric compounds are coeluting (more likely in highly complex
matrices). To date only a few papers have been published on testing the capabilities of MS
instruments,l18.21.25. 26l gnd these have mostly been based on the analysis of a few model
compounds. In order to obtain more complete knowledge of QTOF MS capabilities in
environmental analysis, it would be desirable to increase the number of compounds evaluated
as well as the range of their physicochemical characteristics.

Full spectrum MS data is obtained when using TOF MS. Therefore, when performing

screening analyses, the contaminants present in samples must be extracted from the Total lon
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Chromatogram (TIC). There are two main ways that can be considered when screening by
LC/high resolution MS in environmental analysis:l'4-17.271 target screening searching for a list of
suspected compounds of interest (with or without reference standards), and non-target
screening that would ideally require a mass spectral liorary to rapidly and automatically identify
those components found by the algorithm applied. Otherwise an extensive, tedious investigation
would be required in non-target screening with the aim of assigning reliable empirical formulae to
each peak extracted from the TIC, and searching afterwards for potential chemical structures in
compound databases. Unlike GC/EI-MS, commercial mass spectral libraries are not yet available
in LC/API-MS, mainly due to the non-availability of a standardized interface. Currently, the
differences in the ionization process between the existing interfaces, together with the variability
in the results depending on the mobile phase composition or in-source voltages applied, make it
difficult to use standardized libraries.l28] Therefore, building home-made mass spectral libraries
would facilitate searching, with particular focus on relevant compounds. Obviously, the higher
the number of compounds included in the library, the greater the possibility of detecting and
identifying more contaminants in samples.

After the optimization of the above-mentioned instrumental parameters, we studied the
optimum conditions for building an empirical TOF MS spectral library, trying to establish the most
appropriate fragmentation approach to improve compound identification. When using soft
ionisation sources (e.g. electrospray) relatively poor spectral information is obtained compared
with GC/EI-MS, because only the (de)protonated molecule and/or some adduct ions are
normally present. Promoting analyte fragmentation is advantageous in greatly increasing the
number of characteristic ions that can then be matched against the empirical spectral library. In
this study, we have optimised the capabilities of the QTOF instrument, with the objective of

enhancing its efficiency and reliability when performing screening analyses of real-world samples.

EXPERIMENTAL

Reagents and chemicals

Around 40 analytes were studied for performance opfimisation and a total of 230
compounds were included in the empirical mass spectral library (see Table 1). Reference
compounds were purchased from Acros Organics (Geel, Belgium), Bayer Hispania (Barcelona,

Spain), Fort Dodge Veterinaria (Gerona, Spain), Vetoquinol Industrial (Madrid, Spain), Aventis
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Pharma (Madrid, Spain), Sigma Aldrich (St Louis, MO, USA), Cerilliant (Round Rock, TX, USA), Dr.
Ehrenstorfer (Augsburg, Germany), Riedel-de Haén (Seelze, Germany), the National
Measurement Institute (Pymble, Australia) and Fluka (Buchs, Switzerland). All reference materials

had purities higher than 93% (w/w).

Table 1. List of compounds included in the empirical spectral liorary and accurate mass
measurements for up to five most abundant ions (higher than 10%) in the HE spectra (normalised
ion abundance in brackets). RT was obtained using an Acquity UPLC BEH Cis 1.7 um particle size
analytical column, 150 x 2.1 mm (mobile phases and gradient conditions are explained in the

Experimental section). The main product ions in the LE function are marked with *

Exact Exact Product Product Product Product Product

Compound RT (min) mass¢  mass< ion1 ion 2 ion 3 ion 4 ion5
[M+H]* [M-H]- m/z m/z m/z m/z m/z
1,4,6-Androstatrien-17- 147.0797 121.0644 171.0806 285.1849 119.0856
ol-3-one 10.66 285.1854 (100)  (70)  (55)  (30)  (26)
1,4 121.0643
Androstadienedione  10-24 285.1854 (100) - - B -
11-Nor-9-carboxy-A9- 299.2095
THC 14.46 345.2066 (16) - - _ _
16-Hydroxy-stanozolol  10.93 345.2542 34(5]'505)47 - - - -
19-Hydroxy- 303.1956 157.1017 267.1761 255.1757 145.1018
androstenedione 8.58 303.1960 (100)  (50) (42) (42)  (42)
187.1485 289.2153 105.0693 131.0851 91.0534
1-Testosterone 12.01 289.2167 (100) (41) (35) (35) (33)
. 86.0349 156.0877 114.0663 97.0401 69.0094
2-Hydroxy-atrazine 507 198.1355 (100) (100) (77) (43) (38)
. . 114.0659 69.0094 97.0389 184.1207
2-Hydroxy-simazine 3.75 184.1198 (100) (44) (34) 21)
2-Hydroxy- 637 2121511 156.0840 86.0348 114.066 97.0399 69.0096
terbutylazine ‘ ' (100) (83) (54) (41) (39)
. - 127.0186 129.0160 108.9843
3.4-Dichloraniline 9.31 161.9877 (100) (32) (17) - -
107.0494 135.0806 163.0761 145.0650
3-Hydroxy-carbofuran  6.00 238.1079 (100) (60) (38) (14)
3'-Hydroxy-stanozolol  11.15 345.2542 345.2552 - - - -
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Exact Exact Product Product Product Product Product
Compound RT (min) mass¢  massc ion1 ion 2 ion 3 ion 4 ion 5
[M+H]* [M-H]- m/z m/z m/z m/z m/z
(100)
4,6-Androstadien-17- 1117 2872011 133.1000 105.0693 287.1997 151.1110 97.0647
ol-3-one ’ ’ (100) (70) (59) (48) (33)
4,9-Androstadien-17- 11.65 3012168 301.2155 283.2029 147.0801 159.1165253.1579
Me-17-0l-3-one ’ ’ (100) (82) (81) (63) (53)
4,9-Androstadien-17- 1115 2872011 147.0798 287.1998 105.0695 145.1008 269.1895
ol-3-one ’ ) (100) (70) (50) (45) (44)
. L 83.0614 94.0649 161.0714 159.0912 104.0496
4-Aminoantipyrin 534 204.1137 (100) (1) (67) (55) (47)

145.0763 309.2326 327.2434 133.0766 147.0930
4-Hydroxy-stanozolol 11.17 3452542 (100) (77) (59) (34) (31)
4-Hydroxy- 125.0594 113.0594 305.2091
testosterone 11.45 305.2116 (100) (89) (34)
6b-Hydroxy- 305.2120 269.1913 157.10022 145.1017 _
testosterone 8.08 3052116 (100) (51) (43) (38)
6-Hydroxy-4-Cl-

155.0262 105.0700 147.1171 91.0540 315.1526
dehydromethyltestost  9.91  351.1727 (71) (69) (60) (43) (61)°
erone
6-Hydroxy- 303.1965 97.0649 285.1855 267.1746
androstenedione 8.98  303.1960 (46) (41) (36) (26)

. 150.0562 134.0609 110.0611 93.0347 92.0503
Acetaminophen 2.70 152.0711 (100) (34) (34) (19) (12)
. 126.0113 128.0087
Acetamiprid 596 223.0750 (100) (35) - - -
Acrinathrin 15.30 542.5746 - - - - -
. 241.0497 285.0757 269.0450
Aflatoxin B1 8.19 313.0712 (14) (1) (10) - -
. 337.0706 315.0830
Aflatoxin B2 7.79 315.0868 (100) (18) - - -
: 351.0491
Aflatoxin G1 7.36 329.0661 (100) - - - -
. 353.0646 331.0791
Aflatoxin G2 6.93 331.0818 (100) (18) - - -
. 273.0771 259.0628 229.0507 283.0624 227.0706
Aflatoxin M1 7.02  329.0661 (40) (21) (19) (1) (1)

147.1047 162.1279 132.0818 146.0971 90.0109

Alachlora 12,22 270.1261 (100) (85) 81) (48) (42)
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Exact Exact Product Product Product Product Product
Compound RT (min) mass¢  mass< ion1 ion 2 ion 3 ion 4 ion5

[M+H]* [M-H]- m/z m/z m/z m/z m/z
Aldicarb 730 1910854 2](?6%6)19 8?50]‘;30 ”(%'2)5*33 - -
Aldicarb sulfone 348 2230753 11(?.351)84 86(?9?)03 ]09(’4%?06 H?éi?ﬂ ]O‘?’;B?S]
Aldicarb sulfoxide 319 207.0803 8('(’]'%‘55 ”‘?’]‘2?67 85'83)]*6 22(9(,3'2)??8]6(%8)7,‘21
Alprazolam 10.32 309.0907 28(1185)07 20(56']0)74 28?1.1%40 30?4%?99 27‘(‘2']5?]6
Amphetamine 306 1361126 9](ﬁ5)f4 ”(9]'2{267 - - -
Ampiciliine 452 350.1174 mﬁggﬁ ]6(()2'02‘)‘3] ”‘(‘2'??” ”5(52'%?52 35(()]']9])58
Atorvastatin 12,40 559.2608 44(()5'2504 25(()2']3?26 29%]']5?08 -
Atrazines 986 216.1016 ]7(‘]"805)07 %('275)5"’ 104(15.3%())12 13@3?24 79(22)68
Azinphos-methyi 10.49 3180136 13(2]'85‘)47 10?3.021)197 10?3.)?:;39 77('?23)9] -
Azoxystrobin 10.97 4041246 32;03?79 34‘(‘5']5?03 37%é%§’38 - -
Benfuracarb 1405 411.1954 18(?'(?(‘;’)59 ]9?—2‘%‘)‘95 10%].3())13 21%‘??22
Bensulide 12.60 398.0683 248'&1)]4 ]425'3%?03 ]5?5'%?70 77(233)89 -
Bentazone 7.30 239.0491 23(9185‘)72 13%8.33?17 ]9?32?09 ]7?—2‘%?66 -
Benzoylecgonine 506 290.1392 “ﬁggﬁ“ 10;5(/.)%?24 82('59"’)“9 ”?2'02‘)‘9015%%?]6
Bezafibrate 11.06 362.1159 133.093)51 ]22}%?54 29%%?98 ]4(();7?303]?2'07?59
Bifenazate 1192 301.1552 ]i?gg)“ ]5@%‘;23 ]6@%4] ]5‘(55%?24 ]8?:;)%89
Boldenone metabolite 12.14 289.2168 ]8(?(;51)79 28((9}?)58 ]4%15?” 69('23)39 ]325’%?53
Bromaci 835 261.0239 20(‘}55)06 20‘(5(’;‘;‘;’% - - -
Buprofezines 1425 306.1640 1060648 860593 1450424 - -
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Exact Exact Product Product Product Product Product
Compound RT (min) mass¢  massc ion1 ion 2 ion 3 ion 4 ion 5

[M+H]* [M-H]- m/z m/z m/z m/z m/z

100 (299 (1)

Butocarboxim 7.8 191.0819 7?]'%33 - - _
Carbaryl 9.03 2020813 o, e - - -
Carbendazimes 524 1920773 ]68'85‘;“ 13(%'?)56 10?].%;154 -
Carbofurancs 8.61 222.1130 ]2(3]"(())5‘)47 ]6%'??23 - - -
Cefotaxime 452 4560647 12(5].(())8)32 ]2‘(5}?)24 ]5‘(55'%?]6 ]6?5-?574 ]4?1-8‘)74
Cephalexin® 429 348.1018 9}]'%%‘)‘5 ]0‘(59;%‘)554 ”%%‘)555 ‘5?52?7“7‘(‘4%?63
Chloramphenicol 6.46 3230201 oo R - -
Chlorpyriphos 14.60 349.9341 ]9(7]'35)83 ]9?9;(’;?56 %('8995)” 13(‘;'5)99 20:3%37
Chlorpyriphos-methyl  13.44 321.9027 ]2(‘]"35)27 93('?5])” 78(519)"’4 ]O?ﬁ?‘”
Chiorsulfuron 8.95 358.0376 14(1].(%)70 ]6?9;%?94 ]6@%64 ]2?3%?38 ]7?3%65
Chlortetracycline 507 479.1221 )ty I - -
Ciprofloxacine 423 332.141 23(11805)65 3]‘(‘4]9?53 24f2']8?7"’ 20?]-3‘)523 28?]-]5‘)‘84
Clarithromycine 10.34 748.4847 ]5(%3)75 59%37?05 83(%89 - -
Clindamycine 782 4251877 ]2(‘?'&02)76 - - - _
Clothianidin 524 250.0165 ]3(]]’35)76 ”‘()5%]7 ”?"1071)67 ]3?;;‘)553 ]69(’2'%?52
Cloxacilline 993  436.0734 1%2]'802)49 299(’9'?503 ]6(()5%‘)129 ‘7?5%?67 27?407?81
Cocaethylene 6.14 318.1705 ]9(6]’013)02 82(’25?;12 ]0?2'%?3] ]5(()2'%9;14 -
Cocaine 497 3041549 ]8(2]'(;01)38 82(';36)56 ]0?53?36 ]5‘()2'%?20”?2'%‘;98
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Compound

Exact

RT (min) mass<

[M +HJ*

Codeine

Coumaphos

Cyprodinil

Deethylatrazine

Deethylterbumetone

Deethylterbuthylazine

Deisopropylatrazine
(DIA)

Deltamethrin

Deoxynivalenol

DHT

Diazinon
Dichlovos (DDVP)

Diclofenac

Dicloxacillina

Diethofencarb

Diflubenzuron

Diflufenican

Dimethomorph
(2 stereoisomers)

2.82 300.1599

12.91 363.0223

12.53 226.1344

6.62 188.0703

797 198.1355

8.93 202.0890

4.87 174.0546

15.36 503.9810

3.72 297.1338

12.40 291.2324

13.05 305.1089

8.45 220.9537

12.59 296.0245

10.54 470.0344
11.02 268.1549
12.32 311.0399
395.0819

388.1316
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Product Product Product Product Product

165.0713 199.0773 225.0929

288.9503 306.9609

118.0554 133.0756

110.0466 148.0195

287.0612 205.0879

145.1012 119.0854

100.0219 84.0444
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Exact Exact Product Product Product Product Product
Compound RT (min) mass¢  massc ion1 ion 2 ion 3 ion 4 ion 5
[M+H]* [M-H]- m/z m/z m/z m/z m/z
Dimethoates 576 2300075 ]2(‘}55)25 78(']9;57 93(']07])01 - -
Diphenylamine 1179 1700970 9:(”]'%%6 ]7‘()2'?9;69 - - -
Diurone 996 2330248 7(2]'85‘)5 ]6}%09 - -
Enlapril 8.77 377.2076 23(‘]‘85‘)79 11?5.%01 ]6?}]4])26 ]3?5'3?69 91(385)47
Epoxyconazole 12,19 330.0809 ]2(]]'(%‘)50 12?3_)%?35 ]OI]'%?M - -
Erythromycine 941 734.469 Paar - - -
Erythromycin - H2O  9.87  716.4584 ]5(?83)72 55?]'?5‘)523 ”‘(5]']5()’67 54%31?33 52%]%‘)‘24
Ethiofencarb 936 2260902 10(7]'(?5‘;37 ]4?]'%])43 - - -
Ethiofencarb sulfone 5.11  258.0800 10(7183)89 79(']035)42 - - -
Ethiofencarb sulfoxide  5.35 242.0851 10(7183;7 0 77('?2)9] 79(']035)46 - -
Ethofenprox 16.15 3772116 ]8(3;'8(?)]6 ]O?:;g‘)t% - -
Ethofumesate 11.01 287.0953 ]6(]]'(%)02 ]2} 52?47 ]3?52‘)550 ]3?2'2?95 ”fé%?%
Ethoxazole 1490 360.1775 ]4(]]&;)43 - - - _
Ethoxyquin 1129 218.1545 ”ﬁgg)” ]6?2'%54 20%2']]?]3 ]4?2'%482‘%]9‘)‘92
Fenarimol 12,13 331.0405 26(?'85’)28 81(%45 ]3%%?48 ]89(’5%;06 259(’3')()7?98
Fenhexamid 1211 3020714 9?]']0%?7 30%]%]3 30‘(‘]'%‘)‘81 - -
Fenoxaprop 12.66 334.0482 26%500?9] 28?"&‘;35 35((5:'3%])92 37?:';;9;48 26};23]2
Fenoxycarb 12,59 302.1392 8?]'%%9)’2 - - - -
Fenthion 12,82 279.0278 105.0698 169.0132 109.0058 153.0360 138.0504
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Exact Product Product Product Product Product
Compound RT (min) mass< ion1 ion 2 ion 3 ion 4 ion5
[M + H]* m/z m/z m/z m/z m/z
(100)  (97)  (29)  (28)  (24)
Fluazifop-p-buty! 1416 384.1422 28(2]'807)03 23&(3801‘)‘82 25?\;)%?” 9](':?5)33 25?3%‘;’59
Fludioxonil 1128 249.0475 ]5(?'8(;3;39 1322'%?89 ]sz'%?w ]6‘?]'3‘)‘57 ]3?]'?‘;’47
Flufenoxuron 14.90  489.0440 15(?.(())51)19 ]423'?)48 31%‘??59 - -
Flumequine 8.60 2620879 20(2185’)06 24‘(;02762 ]7‘(‘]'3?58 - -
Futriafol 9.97 302.1105 ]2(3]’85)4 ] 70('25‘)(” 10%%142 95(']0]2)90 -
e o e
Fosmet 10.59 318.0023 ]68'85’;”3 13?’2'??86 10(5]'2)33 - -
Fumonisin B1 10.13 7223963 72(2]'5’5)48 70‘(‘2'3;?64 33‘(‘2'%])]2 35%2'?32 -
Fumonisin B2 11.66 706.4014 70(?'5’5;7 6 33‘(5372 68?2'?;’)’08 3]?2'3:)72 35?]'37?74
Furazolidones 3.84 2260464 Hoor i e s ey
Furoxypir 718 2549739 20(?8’3)9 3 21?{;}2?72 25‘(‘42160 23‘(5492?48 23‘(‘3'92])78
Gemfibrozi 1381 251.1647 ]6@%?89 - - - -
Gestrinone 11.33  309.1854 ]9(9]'33)08 30?;7?4] 24};]5?86 26@7’67 2923']5748
GHB 241 105.0552 ]2(7185’)70 - - - -
Haloxyfop 14.21 362.0407 - - - - -
:ﬁwlg?(z/fea?y? a5 4340980 31(?83)54 27@21)17 28?‘.124)117 312(33%?45 274(1].05())98
Haloxyfop-methyl 13.68 376.0563 27(210001)01 3]?é%:)342 28?5%?55 9]('25)34 27‘(23())93
Hexythiazox 14,64 353.1091 ]6(?'85’)83 ”‘(5%%?18 4]%‘)575 ]]?52?39 ]52"3‘;”5
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Exact Exact Product Product Product Product Product

Compound RT (min) mass¢  massc ion1 ion 2 ion 3 ion 4 ion 5
[M+H]* [M-H]- m/z m/z m/z m/z m/z
HT-2 foxin 10.16 4252175 34(%]])32 28f2']5])]5 - - -
Imazalile® 9.12 2970561 ]?]8(')%;8 ]6?%49 69(%5] ]7%]'9;9;38 81('102)48
Imidaclopride® 517 2560601 ooy o B gy e

lprodione

Isoproturona

Ketamine

Ketoprofen

Lincomycina

Linuron

Lorazepam
Lufenuron

Malathiona

Marbofloxacin

MCPA

MDA

MDEA

MDMA

Mesoftrione

Mesterolone

282.9355 284.9361 239.9370
12.49 330.0412 (100) (35) (1) - -

9.99  207.1497 7%]'%‘(‘)?4 _ _ _ _
490 2380998 12(5].(())3)53 12?3.’%1)37 16?].%:;\22 16?].??11 22(()].(())8)398
10.57 255.1021 10(5]-(()75’)4‘ 20?2'%?58 _ _
379 407.2216 ]2(?85)78 _ _ _ _
1095 2490197 15(9;85)23 13%9.33516 16(()}28)305 16:;,;03 18%}%?46
1022 3210197 27(5].83)38 27(1.;))11 22(95.2)53 16?2.(31())68 )

1433 510.9862 - - - - -
124.9826 99.0081 78.9949 71.0144

11.42 331.0439 oo o) i i _
3.43  363.1468 7%]'%%‘)2 20%-3‘)”9 34(5]-;)35 _ _

988 1990142 14(1].(())3)07 14?;;())87 19<(?ég1)63 20:].%1)35 )

308 180.1004 10(5].85;72 77(2)5)% 79(2)85)52 13?5(;;14010%%?52
3.13  208.1338 10(5]’85)83 ‘3?5?‘)‘23 77(-5?2;34 79(?5)40 133.0636
3.14 194.1180 10(5;.85)83 13?5?4)123 77(.5?2;34 79(.‘(1)5)40 13((5:,3%3536
603 3400491 22(7].(;?3)57 10(2.]0)13 36?:.307?38 29?2.24)193 249{1.9;9;57
1975 305.2480 30(5;.0251)80 ]7?516 ?27 229(1.610 s)>53 95(.5());3)53 26?52578
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Exact Exact Product Product Product Product Product
Compound RT (min) mass¢  mass< ion1 ion 2 ion 3 ion 4 ion5

[M+H]* [M-H]- m/z m/z m/z m/z m/z
Methamidophos 2.09 142.0091 9?]%%‘;3 ]?]20%())22 11(%.%1*41 12(43.‘7?)8*01 9‘(‘202?37
Methamphetamine 3.15 150.1282 9}]%%?7 9(]]'88;9 ]5(%;)2,,‘90 ]](9]';))8*64 -
Methidathion 1029 302.9697 ?fd%‘;’z ]4‘;’4%())76 - - -
Methiocarb 11.09 226.0902 ]2(]]'8(‘;’)48 ]2(26'2)73 77(25’)98 10?5'03‘)‘95 9]('2]5)45
Methiocarb sulfone  6.27  258.0800 ]2(2]'85)15 10(76'3)49 - - -
Methiocarb sulfoxide 573 242.0851 12(2]%)]9 ]7(()5'%?99 ]5?4%?68 ]6?4?‘;’04 10(;.&49
Methomyl 405 1630541 8?]'%%])5 ”?’595?63 72('2?99)89 ]‘(‘]]2'(;?2 ]25(5]'%])23
Methyl-1-testosterone 1254  303.2324 Ao e ey
Metolachlor 12.34 2841417 ]7(?85‘)23 25(25';)12 ]S?é%?"’é 25‘(‘2']5])]6 -
Metribuzin 837 2150966 18(7]88)]7 21?&%?47 74(28)69 89('%)62 132]'%?94
Molinate 11.64 188.1109 12(?.(())5)14 98('2;”)73 S?é%?é 27%2'%?39 ]9%??28
Moxifloxacing 593 402.1829 38(‘]‘8(‘;’;’ 6 40%4585 36‘(‘5’2‘)546 26(()2'%?08 3422']4?42
Naproxen 10.84 231.1021 - - - - -
Nitrofurantoin 3.67  239.041 ]2(2]'83)” 95('22)66 ]6?4%‘;09 10(()3.9??6613‘(?3.051)33
Nitrofurazone 350 199.0467 ]9(9185‘)73 79('35])8"’ 105(22:;13 - -
Norbenzoylecgonine 528 276.1236 ]3(61807)5 4 10?4%:)327 ]5?:'3%?43 10?32?07 68('105)00
Norcocaine 587  290.1392 ]3(?85)62 ]62(3511()”7 ]2‘(5"107}]8 102(32‘%3]0 ]O‘?Q‘%?%
Norfloxacine 393 320.141 30(2]'013)02 23‘?’5'15())86 23}2'%?5] 20‘;’2'(578 28%]']7?45
Ochratoxin 11.65 4040901 26(();7?24 23?5'21)07 26%3')%?23 222:;2())06 24 22'%])02
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Exact Exact Product Product Product Product Product
Compound RT (min) mass¢  massc ion1 ion 2 ion 3 ion 4 ion 5

[M+H]* [M-H]- m/z m/z m/z m/z m/z
Ofloxacine 378 3621516 oo 2 - - -
Olanzapine 484 313.1487 25(?85)86 ]9(3'2)25 2%%‘)‘87 8‘(‘3')??‘ “?é%j‘ﬁ
Omeprazol 9.08 346.1225 18(01851)5 ? ]6?}%?45 ]3?:;’%?23 ]5(()]'39;20
Omethoate 292 2140303 ]%]46%?3 ]2(77f)]6 10?5'%()’5] 78(55)48 ]5‘(‘]-33’29
Oxacilin 9.48 402.1123 26'(5}??92 ]8%('3%53 ]6?4%‘)‘27 24?4%69 ”‘(‘é??ﬂ
Oxadixy 7.83  279.1345 13(2]'85)03 11%%?78 - - -
Oxamyl 372 220.0756 7%]'%‘(‘)‘)‘8 - - - -
Oxolinic acid 674 262.0715 24(‘]"(?05;7 5 21‘(53')%?05 ]6?2'%?94 ]7%]'?‘)‘082]%%?09
Oxyfluorfen 12.82 360.0251 - - - - -
Oxymesterone 11.93 319.2273 ”?é%?” 12?9;%?90 3]?52]?43 ]8?3')‘]‘)545
Oxytefracycline 483 461.156 42(%3)88 zo:é??m 28?5'%‘)520 33&%]6 36%%‘)555
Paclobutrazol 1151 2941373 7?]'%‘(‘)?6 12?2_?1)45 - - -
Pantoprazol 891 384.0829 oo g - - -
Parathion-ethyl 12,54 292.0408 ]}18(')%?] 23?42197 94('?;‘)12 11(%.1(1))19 ]3‘(53-)??17
Paroxetin 8.57 330.1505 78'806)6 ]9%(;13])77 33?;9‘)‘93 ]2?4%?86 ]3%‘)506
Pefloxacine 392 334.1567 31(‘?'0151)58 23?"1]7?79 202’?;75 29‘()]']9‘)“520?]'2‘)“8
Pendimethalin 14.68 282.1454 2](12600?22 ]9(#2)5*76 - - -
Penicilin G 8.50 335.1065 ]9%%‘;’33 ]7‘(2%;08 ]6?5%‘)‘25 ”égf7 ]B%é%f“
Pipemidic acide 330 304.1409 2](7]38)86 ‘89(’5%184 28‘(53')222 2]?2'%502 ‘4?]'%?]4
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Exact Exact Product Product Product Product Product
Compound RT (min) mass¢  mass< ion1 ion 2 ion 3 ion 4 ion5

[M+H]* [M-H]- m/z m/z m/z m/z m/z
Piperaciline 830 518.1709 39(?'807)82 ]4(3'%81 399&%;” ]6?2'%‘)‘3] -
Pirimicarbet 9.15 239.1508 7%]'%‘(‘)?6 1%563 85(']077)62 ]O?i%é“?’?ﬁjls
Pravastatin 10.25 425.2539 32(7;1]]‘?65 - - -
Promecarb 11.47 208.1337 10(9]85:)37 94('%?)]7 - - -
Propanil ESI NEG 10.96 2159983 ]5(9;'55)09 ]62595‘;’89 21?;;?7] 2]?&?6] ]6?’]'9]‘;’64
Propanil ESI POS 10.96 218.0139 ]2(7]'83)82 ]2?5%])60 ]6} 42?75 ]6?3'%?5] 20(()]'02())45
Propiconazole 13.15 342.0776 ]5(?55)62 ]6(()53547 - - -
Propoxur 8.57 210.1130 9?]'%37 1125%131 65(593994 ]45(32'98?]313%?}38
Pymetrozine 350 2181042 10(5]'85‘)43 - - - -
Pyridaphenthion 11.75 341.0725 153(9;833;19 20?402‘)‘31 92(%87 36?2'03?52]4?]'??13
Pyrifenox ISOMER 1 11.77 295.0405 9?]'%%‘)’8 - - - -
Pyrifenox ISOMER 2 12.07 295.0405 9?]'%%? - - - -
Pyrimiphos-methylee 1321 306.1041 oot e o o B
Pyriproxifen=s 14.46 3221443 Tl ooy 0 TITONO 1908
Quizalofop-ethyl 1405 3730955 oo o
Reserpine 942 609.2812 60(?'025)02 ]9‘;’2'%‘)636 39?2'%])]5 ]7‘(‘]'%(;02 -
Risperidone 6.45 411.2196 ] 9(]]’01(;)76 - - - -
Roxythromycing 10.57 837.5324 ]5(?'0101)87 67((?;;:)395 836"?3?07 ]]?]'2)())5] -
Simazines 8.44 202.0859 96.0557 104.0012 124.0868 132.0320 68.0255
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Exact Exact Product Product Product Product Product
Compound RT (min) mass¢  massc ion1 ion 2 ion 3 ion 4 ion 5
[M+H]* [M-H]- m/z m/z m/z m/z m/z
(100)  (98)  (85)  (80) (47
Simvastatin 14.63 419.2797 44(]]'0206)3] 32?%"’0 - - -
Spinosyn A 12.44 732.4687 ]"'(2]’(;02)36 73%3')‘%08 - - -
Spinosyn D 12,89 746.4843 ]4(2]'35)23 74‘(5;;?33 - - -
Spiroxamine 10.65 298.2746 ]4(‘]‘85’)84 ]0?517])]9 - - -
Stanozolol 12,61 329.2593 32(9]'505;32 - - - -
sulfadiczines 287 251.0602 9%‘%‘80 ]O%%‘)‘% ]5‘(53')??% %('355)52 ]4%'%68
Sulfamethazines 451 279.0915 12(111.8(5)3)63 92(%‘)89 103(3}%141 ]8?4%?1515‘(%%06
sulfamethiazol 414 271.0323 9%]'%%?0 ]O?é%‘)“‘S ]5‘(5;%])24 27} 4%?30 -
Sulfamethoxazol 483 2540599 9%‘%‘82 105(3}%;143 ]5‘(52'%?90 25‘(‘2'%‘)501 99(']055)48
T2 toxin 11,08 467.2281 24'(52']3])72 38?]']5‘;01 - 32?]']3?02 -
Tebufenozide 12.54 3532229 13(3]"8(‘;’)53 22f2']8?86 - 10?2.%02 -
Tebufenpyrad 1428 334.1686 33(‘]‘8(‘;’;’ 8 ]4%%?45 ”?fﬁ% 33%5“ 14@(())?12
Teflubenzuron 14.40 378.9664 ]9(5]'305)32 33?5';?34 ]9@2?09 34?5'2?22 29‘(‘é99‘)535
Terbacil 8.72 215.0588 ]5(?'509)55 ]6%23’05 - - -
Terbumetoneak 10.34 226.1668 ]7(0183)65 ]0(()"3?07 ”?é%?é“' ]4%:'3%22 97(’203)99
Terbuthylazines 1128 230.1172 ]7(‘}85’)37 ”%%?33 104(32(312 ]3(22ff3 79(53?)64
Terbutryne 11.83 242.1439 ]iﬁ”gng 9]('5?5’)25 %(ff)‘r’é ]3?2'07;79”‘(52'07?86
Tetraconazole 1221 3720293 ]5(?’307)74 ]6?545 70('?;‘)01 -
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Exact Exact Product Product Product Product Product
Compound RT (min) mass¢  mass< ion1 ion 2 ion 3 ion 4 ion5
[M+H]* [M-H]- m/z m/z m/z m/z m/z
Thicbendazole: 510 202.0439 Moo Py - -
Thiacloprid 6.61 253.0314 ]2((]"0001)00 ]2?33?82 - - -
Thiamethoxam 426 292.0271 ]3(]]‘35)70 ]2%5‘%]0 ]5%4%?79 ]82 ;1%‘;’43 ]3‘?’3‘965’44
Thiobencarb 13.39 2580719 ]2(5]'83)53 ]2?3'03])29 - - -
Thiodicarb 9.36 3550568 88('232)]4 ”?]'?])34 ]0?]'%?36 - -
Thiophanate-methyl 837 343.0534 ]5(]]'85’)33 ]6(()]'02?]8 85(']9]"’)99 - -
Tolyfluanid 12.86 346.9858 13(7183)01 2%7690";?3 ]3@2)3*0] 23(96';6*57 36%?2
Triadimenol 1201 296.1166 3}?&392 29(‘2‘;)]*77 22(1'2)8*68 9?4%?95 32%%9*97
Trichlorfon 583 2569304 ]2(7]'83)68 ]O?}??% 78(';(”)54 93('22])]4 9"’('?;)]5
Triflumizole 13.83 3460934 27(?805;36 34‘(55'%(’;46 ]7?3')2?92 28(()3'03?6] 20(()2'%?97
Trimethoprime 378 291.1457 ]2(3]"85)64 2626'3%9;78 23%]8])37 27?—5']8])42 292 4]7?81
Tylosin 932 9165270 91(‘?'055)78 ]7‘(‘5']5])22 77%2"(‘)‘)‘84 -
Venlafaxin 671 2782120 ]2(]]'8(‘;’)47 ]4@%&06 91('?65)45 ]7?&?75]5?1‘3?”
Zearalonone 11.48 319.1545 18?—2‘%‘;’06 18?2'%69 20?2'%22 157.660) -

*Important product ions in the LE function.

aCompounds studied in section "Effect of lockspray parameters on mass accuracy”,

section “Effect of Enhanced Duty Cycle in sensitivity and mass accuracy”, section "Optimization

of chromatographic conditions” and section “Study of fragmentation conditions”

bCompounds studied in the section “Effect of V and W ion optic modes on mass

accuracy. Matrix effect”
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cThere is a difference of around 0.5 mDa between the theoretical mass and the
calculated mass, as the software used adds or subtracts the mass of a hydrogen atom instead of

the mass of a proton.

HPLC-grade water was obtained from deionized water passed through a Milli-Q water
purification system (Millipore, Bedford, MA, USA). HPLC-grade methanol (MeOH) and acetonitrile
(ACN) were purchased from ScharlLab (Barcelona, Spain). Formic acid (HCOOH) (>98% w/w) was
obtained from Fluka. Sodium hydroxide (>99%) was obtained from ScharlLab. Leucine enkephalin

was purchased from Sigma Aldrich.

Working standards of 2.5, 10, 25, 50, 100 and 250 ug/L were prepared from 50 mg/L mixed

standards solutions in acetone, by diluting with water.

Instrumentation

An Acquity ultra-performance liquid chromatography (UPLC) system (Waters, Milford,
MA, USA) was interfaced to a QTOF mass spectrometer (QTOF Premier, Waters Micromass,
Manchester, UK) using an orthogonal Z-spray-electrospray interface. The LC separatfion was
performed using two Acquity UPLC BEH Cig 1.7 um particle size analytical columns of 50 x 2.1 mm
and 150 x 2.1 mm (both from Waters), at a flow rate of 300 uL/min. The mobile phases used were
A=H20 and B=MeOH, both with 0.01% (v/v) HCOOH. The proportion of MeOH was linearly
increased from 10% to 90% in 5min (14 min for the 150 mm column), followed by a 1 min isocratic
period (2 min for the 150 mm column) and returned to the initial conditions with a total run time of
8min (18 min for the 150 mm column). The injection volumes were 20 and 50 uL for the 50 and
150 mm columns, respectively. Nitrogen (Praxair, Valencia, Spain) was used as both the drying
gas and the nebulising gas. The gas flow rate was set at 600 L/h. The resolution of the TOF mass
spectrometer was ~10 000 at full width half maximum (FWHM) in V-mode and 17 500 FWHM in W-
mode, at m/z 556. MS data were acquired over an m/z range of 50-1000 in a scan fime of 0.3s.
The MCP detector potential was set to 1750 V. A capillary voltage of 3.5kV and a cone voltage
of 25V in positive ionization mode were used. The collision gas was argon (99.995%, Praxair). The
interface temperature was set to 350°C and the source temperature to 120°C. The column
temperature was set to 40°C for the 50 mm column and 60°C for the 150 mm one (in order to

minimize back-pressure).

80



Capitulo 2 Diaz et al./Rapid Commun. Mass Spectrom., 25 (2011) 355-369

For automated accurate mass measurement, the lock-spray probe was used, using as
lockmass the [M +H]* ion of leucine enkephalin (2ug/mL) in ACN/water (50:50) at 0.1% HCOOH
pumped at 30 uL/min through the lock-spray needle. A cone voltage of 60-70V was selected
and checked daily to obtain adequate signal infensity for this compound (~500 counts). The
[M+H]*ion of leucine enkephalin atm/z 556.2771 was used to recadlibrating the mass axis and
ensure a robust accurate mass measurement over fime.

Calibration of the mass-axis was performed weekly using the built-in single-syringe pump,
directly connected to the interface. Calibration from m/z 50 to 1000 was conducted with a 1:1
mixture of 0.05M NaOH/5% (v/v) HCOOH diluted (1:25) with water/ACN (20:80 v/v) plus imazalil
(yielding a [M + H]* ion at m/z 297.0561) at a final concentration of 500 pg/L.

The data station operating software was Masslynx version 4.1 (Waters).

RESULTS AND DISCUSSION

As stated in the infroduction, LC/MS still does not have commercially available mass
spectral libraries due to the non-availability of a standardized interface. This implies the building of

home-made libraries to facilitate the searching, with a focus on particularly relevant compounds.

Building an empirical library database

Several experiments were carried out to evaluate and optimize the main parameters that
can affect the sensitivity, mass accuracy and fragmentation provided by UHPLC coupled to TOF
MS. The objective of our work was to establish the optimum working condifions in order to obtain
reliable specfra to be included in the library for further non-target analysis. To this aim, a
significant number of compounds (43, including pesticides and anfibiotics), with m/z values
ranging from 192 ([M+H]*ion of carbendazim) to 837 ([M+H]*ion of roxythromycin), were
selected fo provide more complete and realistic knowledge of the instrument potential.

In all these experiments, 20 mDa narrow-window extracted ion chromatograms (nwXICs)
were generated for each analyte at the m/z value of its [M + H]* ion, and the mass spectra were
combined over the corresponding chromatographic peaks. Mass accuracy was calculated as
the difference between the theoretical exact mass and the experimental one, and expressed in

mDa units.
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Effect of the lockspray parameters on the mass accuracy

The QTOF Premier mass spectrometer is equipped with a lockspray interface,
independent of the sample interface, used for the infroduction of the reference substance. This
system avoids matrix suppression of the lock mass but it can affect the chromatographic peak
shape if sampled when the top of the peck is eluting. The effect on the mass accuracy of the
acquisition interval and the scan fime acquisition of the lock mass was evaluated, trying to
minimize the possible interference of the lock mass in the analyte peak. Default settings given by
the software were 1 scan time and 10s acquisition interval. To perform this experiment, a 50 ug/L
mix standard was analyzed at different lockspray scan times (0.25, 0.5 and 15s) and acquisition

intervals (10, 20, 30 and 505).

As shown in Table 2, despite increasing the acquisition interval of the lock mass as well as
decreasing the scan time, the mass accuracy was not affected very much. In fact, after one-
way analysis of variance (ANOVA) for each compound studied, we did not find significant

differences in the mass error when changing lockspray parameters.

Table 2. Effect of the frequency (s) and scan time (s) of lock mass acquisition in mass
accuracy

Interval (s) at 1 s scan Mean error+SD Scan time (s)at 10 s Mean errorxSD
time (mDa) interval (mDa)
10 0.63+0.45 1.0 0.63+£0.45
20 0.67 £0.44 0.5 0.65+£0.57
30 0.64+0.52 0.25 0.54%0.50
50 0.49 £0.41 0.1 0.60+0.41

We also tested different combinations of these parameters to evaluate their joint effect
on the mass accuracy measurements. Thus, when an interval of 30s or higher was used together
with low scan times (less than 1s), higher mass errors were obtained. For example, using scan
times of 0.5s and 0.25s, and an interval of 50s, average mass errors were 1.38 and 1.47 mDa,
respectively, i.e., two-fold higher than those given in Table 2. In contrast, when an interval of 30s
or higher was selected, the number of peaks interfered by the lock mass acquisition was

minimized (less than 4% of the compounds studied were affected at the peak top). Finally, the
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best option for lock mass conditions, for both adequate peak shape and mass accuracy, was an
interval of 30s and a scan time of 1 s when using UHPLC.

Another parameter studied was the influence of the signal intensity of the lock mass
(measured as counts per second, cps) on the mass accuracy. For this purpose, the 50 ug/L mix
standard was analyzed at 300, 500 and 800 cps for lock mass (these intensities were adjusted by
varying the cone voltage). It was concluded that the signal intensity of the lock mass did not
significantly affect the mass accuracy of analytes, although a slight decrease in mass error was
observed in the range 300-500 cps (data not shown). Finally, a lock mass signal intensity of

between 400 and 500 cps was selected as the optimum value.

Effect of the ion abundance on the mass accuracy. Programmable dynamic range

enhancement

Another parameter studied was the relationship between mass accuracy and analyte
ion abundance. Traditional TDC detectors suffer from saturation effects, which limit some
applications of the TOF mass spectrometer. In our instrument, a TWIG is used to extend the
dynamic range of the TDC detector. The entrance lens to the TWIG is used as a gate to allow only
a portion of ions to pass through, therefore producing an attenuated pulsed signal. The TWIG
electrodes are then used to smooth out the attenuated signal and to create a homogeneous ion

beam of lower intensity.

To assess the dynamic range increase when using the TWIG collision cell, we compared
the data obtained when acquiring with, and without, the attenuated pulsed signal (DRE)
enabled. The mass accuracy, over a wide dynamic range, was also compared. Differences
between the measured and theoretical accurate masses for 43 compounds at diverse ion
abundances (i.e. different concentrations) were studied. In both cases (DRE-off and DRE-on),
similar mass accuracy was obtained when the ion intensity was sufficiently small not to saturate
the detector (less than approximately 3500 counts). However, when the ion intensity was higher
than 3500 counts, pDRE-enabled acquisitions demonstrated a significant improvement in the
mass accuracy compared with the acquisitions without pDRE. As an example, Fig. 1(a) shows the
effect of DRE on average mass accuracy for six of the compounds selected (carbendazim,
thiabendazol, imazalil, simazine, terbuthylazine and pirimiphos-methyl) at different concentration

levels. Selection of the representative compounds was performed as a function of the sensitivity

83



Capitulo 2 Diaz et al./Rapid Commun. Mass Spectrom., 25 (2011) 355-369

in order to obtain similar saturation for the concentration levels tested. Our results demonstrated
that mass accuracy was satisfactory using the pDRE option, with mass errors lower than 1 mDa at
all concenfrations tested, illustrating the high degree of confidence, with regard to mass

accuracy, provided by the instrument.
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Figure 1. Effect of DRE on average mass accuracy for several pesticides at different
concentrations (n=3). (a) Compounds showing good sensitivity (good ion statistics):
carbendazim, thiabendazol, imazalil, simazine, terbuthilozine and pirimiphos-methyl. (b)
Compounds showing poor sensitivity (poor ion statistics): alachlor, dimethoate, metolachlor,

pyridaphention, pyriproxyfen and thiobencarb.

Consequently, pDRE can be satisfactorily employed to increase the ion abundance
range for which accurate mass measurements are recorded. Although the mass errors
achievable were comparable when the ion intensities were lower than 3500 counts, the mass
accuracy was notably improved at high concentrations (high ion abundance) when using this

option. This significant improvement illustrates its effectiveness in qualitative analysis. It is important
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to note that applying this approach affects the number of spectra per second recorded,
decreasing the number of points per chromatographic peak. However, this was not a problem,

even when using UHPLC, because of the high acquisition speed of the instrument.

On the other hand, when the ion statistics are poor, the mass accuracy is also affected in
the TDC detector even when using the pDRE option. Figure 1(b) shows this effect for several
compounds that presented low sensitivity (alachlor, dimethoate, metolachlor, pyridaphention,
pyriproxyfen and thiobencarb), which were injected at different concentrations. The results
illustrate the effect of the ion abundance on the mass accuracy. However, even in this adverse

case, the mass errors are still acceptable at analyte concentrations down to 10 ug/L.

Effect of the enhanced duty cycle in the sensitivity and the mass accuracy

The sensitivity of TOF instruments is a key parameter in environmental and food safety
analysis. The TWIG transports the ions in packets and so it is possible to synchronize the TOF pusher
with individual ion packet and enhance the duty cycle over a selected m/z range.l?4This mode
of operation is referred as enhanced duty cycle (EDC).

A 2.5ug/L mix standard of 43 pesticides and antibiotics (see Table 1) was selected as a
compromise for detecting the majority of the analytes but avoiding saturation. The mix standard
was injected with and without EDC mode at m/z 200, 300, 400, 500 and 800. The objective was to
evaluate the effective increase of ion abundance in the mass range between m/z 200 and 800,
as well as the mass interval affected. As can be seen in Fig. 2, the EDC increased the analyte

sensitivity between 2 and 6 times in relation to the measurements without EDC.
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Figure 2. EDC/No EDC ion abundance ratio at different m/z values for organic pollutants

with m/z ranging from 192 to 838. It shows the EDC effect on TOF MS signall.

The mass range affected was found to depend on the target mass range selected. Thus,
when EDC values at m/z 200 or 800 were selected (i.e. located at both ends of the mass spectra),
the sensitivity increased only for analytes in a range of approximately 100 m/zunits around
the m/z value tested. However, when EDC values at m/z 300, 400 or 500 were selected, the
sensitivity in all the mass range was improved. Thus, to detect and identify target analytes and/or
elucidate unknowns, the most useful approach to increase the sensitivity would be to use the
EDC function at m/z 400, as the sensitivity for ions up to m/z 700 would notably increase. We also
observed that the repeatability of the ion intensity measurement was not affected by the use of
the EDC.

The possible influence of the EDC on the mass accuracy was also investigated. Although
a direct relationship was not expected between these two parameters, our data indicated some
kind of correlation because a slight loss of mass accuracy was observed when the EDC function
was selected. The mass error was around two-fold higher when the EDC function was switched
on, but it was lower for those analytes with ions at m/z values close to the selected EDC value, as

shown in Table 3.
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Table 3. Average mass error (mDa) for 30 selected compounds as a function of the mass
range and EDC applied

EDC EDC EDC EDC EDC

Massrange (m/z)  NoEDC . 560  m/z300 m/z400 m/z500  m/z800

<250 0.7 0.8 2.1 2.5 2.3 2.4
250-350 0.5 2.8 1.0 1.3 1.6 1.4
350-450 0.6 - 3.3 1.0 1.1 1.3

(-) For those analytes with m/z higher than 350, no peaks were detected or the sensitivity was too
low to correctly calculate the mass error.

Finally, the EDC was not selected for the screening of compounds that might be present
in samples in a wide range of concentrations. As the EDC cannot be applied simultaneously with
the pDRE and because of the possibility of safturation occurring for the most abundant

compounds, the latter option (pDRE) was preferred.

Effect of calibration on the mass accuracy

When the data described in the section 'Effect of the lockspray parameters on the mass
accuracy' were studied in detail, a remarkable increase in the mass errors was observed for those
compounds with [M + H]* ions ranging from m/z 270 to 310. After considering possible reasons, we
noticed that the highest mass error in the calibration function (see Fig. 3(a)) was also produced in
this interval. For mass axis calibration of the TOF mass spectrometer, adducts of sodium formate
(obtained from NaOH 0.05M/HCOOH 5% (v/v) diluted 1:25 in water/ACN (20:80)) have
fraditionally been used in our laboratory. From the calibration report using this solution, we
observed that the ion at m/z 294 had a notably lower intensity. This led fo higher mass deviatfions
in the area around m/z 300 that could not be corrected by the calibration function of fifth

polynomial order, therefore affecting the accurate mass measurements.
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Figure 3. Calibration report obtained with (a) sodium formate and (b) sodium

formate + imazalil. Residuals for m/z range 226 to 362 are highlighted.
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To solve this problem, different compounds with [M+H]*ions around m/z 300 were
studied. The fungicide imazalil (m/z 297.0561) was tested at different concentration levels (5, 50
and 500 ug/L) in the calibration solution, and 500 ug/L was finally selected as the best option. In
this way, the peak envelope was smoothed and mass errors were lower (Fig. 3(b)). As illustrative
examples, pesticides metolachlor (m/z 284.1417) and buprofezin (m/z 306.1640) had mass errors
of 0.7 and 1.5 mDaq, respectively, when only sodium formate adducts were used. However, after
adding imazalil to the calibration solution, the mass errors decreased to 0.2 and 0.7 mDa,

respectively.

Effect of the V and W ion optic modes on the mass accuracy. Matrix effect

Two mass spectrometry acquisition methods — selecting V and W ion optics modes — were
compared. A separate calibration file was recorded for each mode. The effect of using V-mode
(resolution 10 000 FWHM) or W-mode (resolution 17 500 FWHM) on mass accuracy was evaluated
for five different matrices: two food matrices (cucumber, pepper) and three waters (surface
water, influent and effluent urban wastewater). Samples were spiked with 10 organic
contaminants (see Table 1, compounds marked as 'b') with [M + H]* ions ranging from m/z 192 to
350, at 50 ug/L level each and analyzed in triplicate. As shown in Table 4, slightly lower mass errors
were typically obtained when the W-mode was used. As an example, average errors for influent
wastewater (the most complex water matrix) decreased from 1.30 mDa (V-mode) to 0.81 mDa

(W-mode).

Table 4. Average mass errors for 10 selected compounds (n=3) analyzed in the five food
and environmental matrices, in both V. and W ion optics acquisition modes

Mean mass errors (mDa) (n=3)

Solvent Cucumber Pepper EWW IWW SW
V-mode 1.09 1.15 1.25 1.33 1.30 1.41
W-mode 0.78 1.03 1.30 0.99 0.81 0.93

EWW = effluent wastewater; IWW =influent wastewater; SW = surface water

However, a significant decrease in sensitivity was also observed (up to 3-fold in some
cases) when using the W-mode. In food matrices with important matrix suppression effects, such

as pepper, the mass errors were even higher due to the sensitivity decrease. Thus, the W-mode
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was considered as a good approach for the analysis of complex matrices in those cases when

sufficient sensitivity was maintained.

Optimization of the chromatographic conditions

Another alternative way to reduce the mass errors in analysis of complex matrices would
be the use of longer chromatographic columns. All the experiments described until now were
carried out with a 50 mm UHPLC column. At this point, we tested the effect of using a three-fold
longer column, i.e. 150 mm long. In this way, better separation between analytes and interferents,
and consequently better mass accuracy, was expected. Using the 150 mm column and working
in V-mode, the mass errors were similar fo those in W-mode for all the matrices tested, but without
sensitivity loss. Using a longer column, it was also possible to increase the injection volume. We
tested a 50 yL loop, instead of the 20 uL loop initially used, obtaining excellent peak shape while
injecting 2.5 times more sample. As a consequence, the sensitivity could be increased by a factor
of around 2.5 times although with the disadvantage of longer chromatographic runs. Finally, a
150 mm UHPLC column (Acquity UPLC BEH C18) was selected for the empirical spectra library
creation and for further screening experiments. For the organic mobile phase, we tested the use
of MeOH and ACN, as well as the addition of HCOOH. For most of compounds studied, the

sensitivity was better when using MeOH with 0.01% (v/v) HCOOH (see Instrumentation section).

Study of the fragmentation conditions

To improve confidence in positive findings, analyte fragmentation was promoted, thus
producing richer mass spectra, which are more useful for identification/elucidation purposes. The
objective was to find a compromise between producing enough fragment ions and sfill
observing the [M+H]*ion. Different approaches were considered using both in-source and
collision cell fragmentation.

Different cone voltages were tested to evaluate sensitivity (10, 20 and 30 V) as well as in-
source fragmentation (40, 50 and 60 V). The sensitivity was maximized at cone voltages ranging
from 20 to 30V. However, it was unfeasible to find a common voltage for the pesticides and
antibiotics studied at which fragmentation was acceptable for all compounds. Thus, two different
cone voltage ramps, 10-70V and 20-60V, were tested in an attempt to find compromise
fragmentation conditions. The empirical results revealed a considerable loss of mass accuracy,

with mass errors mostly exceeding the value of 5ppm normally required for a correct
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identification, even with increasing the scan time (Fig. 4). In addition, the cone voltage ramps did
not produce fragmentation as efficiently as a single high voltage, probably because the

algorithm of the ramp is not linear.
8 =

7

Ocone voltage 30 V

4 Clcol.enargy ramp 15.40 eV
— (0.158scan time)

gcone voltage ramp 10-70 V
. . . (0.1s scantime)

pcone voltage ramp 10-70 V
- (0.3 s scan ime)

Figure 4. Mass errors (mDa) of the base peak of the spectra using a cone voltage ramp
of 10-70V at two different scan times, and a collision energy ramp 15-40eV. Comparison with

the non-promoted fragmentation acquisition, at fixed cone voltage 30 V.

To improve the identification potential of (Q)JTOF MS, collision cell fragmentation was
evaluated. As stated before, our instrument is equipped with a TWIG collision cell, designed to
always work with an argon gas flow-through. This permits the entrance energy in the TWIG to be
increased, thus promoting collision-induced dissociation (CID), although working in TOF MS mode.
After testing the possibility of using single collision energy (CE) to fragment the analytes (no
satisfactory compromise CE was found), four CE ramps were tested: 10-30eV, 10-50¢eV, 10-70¢eV,
and 15-40eV. A CE ramp of 15-40 eV was finally chosen as it involved a smaller voltage change,
with improved fragmentation. In addition, collision cell fragmentation revealed low errors for the
main product ions, typically below 1 mDa, lower than those obtained after in-source
fragmentation (see Fig. 4).

Due to better fragmentation and lower mass errors, two simultaneous TOF MS acquisition
functions were finally monitored: the first one with 4 eV collision energy (low energy function, LE,
poor or no fragmentation) and the second one with a collision energy ramp ranging from 15 to

40 eV (high energy function, HE, promoting collision cell fragmentation). The LE and HE function
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scan times were set to 0.2s and 0.155, respectively, with an interscan delay of 0.05s. This type of
acquisition is known as MSE. Furthermore, the spectra obtained from the HE and MS/MS
acquisitions were quite similar in most cases (see Fig. 5). Moreover, additional information such as
isotopic pattern and adduct formation is retained (normally not available in MS/MS experiments,
where unit mass resolution is commonly selected in the first quadrupole mass analyzer). For
example, the chlorine pattern for the fungicide imazalil ([M +H]*, m/z 297) is also shown for the
product ions atm/z 158, 176 and 255, demonstrating that this approach is excellent for
identification purposes.[?7]

Finally, for the creation of the in-house empirical spectral library, different standard
pollutant solutions (see Table 1) at approximately 100 ug/L were injected into the UHPLC-(Q)TOF
MS system under the conditions previously established, i.e. pDRE-on, V ion optics mode using a
lock mass intensity around 500 cps with a 1s scan time and 30s acquisition interval, and a
150 mm UPLC column. In total, 230 compounds were included in the empirical library to facilitate
screening in water and food samples. Different families of pesticides, antibiotics,
pharmaceuticals, drugs of abuse and mycotoxins commonly detected were included in this list,
as well as some metabolites, degradates and other transformation products. Compounds were
acquired in either positive or negative ion electrospray mode, except for propanil, which was
acquired at both polarities.

For each compound two library entries were created, one for HE and the other for LE
acquisition yielding 462 entries in the empirical mass spectral library. Entries included compound
name, nominal mass, exact mass and molecular formula. Any information field could be used to
filter the 'hit list' and facilitate assignment of the right candidate. In Table 1, accurate masses for

up to five abundant product ions (with their respective normalized intensity) are reported.
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Figure 5. Comparison of MS spectra for (a) protonated fungicide imazalii and (b)

protonated antibiotic tfrimethoprim reference standards by using MSE(top) and MS/MS (bottom).

Evaluation of the empirical library for screening purposes

Once the library was created, it was tested for the analysis of real-world samples. For this
test an effluent wastewater sample was 50-fold pre-concentrated by passing 50 mL of sample

through an Oasis HLB 60 mg solid-phase extraction (SPE) cartridge. The 5mL-eluted MeOH extract
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was evaporated to dryness and reconstituted with TmL H2O0/MeOH (20:10). Then 50 uL of the final
exfract were injected into the UPLC-(Q)TOF MS system under the chromatographic conditions
explained in the paper. As shown in Fig. 6, the TIC was too complex to detect the trace level
compounds; so data processing was required. We used Chromalynx software in non-target
mode for TIC deconvolution in the LE function, thus facilitating the detection of frace level
components present in the sample. To illustrate the strategy applied, Fig. 6 shows the detection
and identification of the fungicide carbendazim in effluent wastewater. The LE spectrum of the
compound given by the software was searched against the in-house mass spectral library and
carbendazim was proposed as the first candidate. In addition, the higher fragmentation

observed in the HE spectrum allowed us to reliably improve the identification process.

At present, this non-target approach using an empirical spectral library is being
compared with the target approach. For the target approach, a large list of compounds is
specifically searched for in the full-scan TOF spectra after MS data acquisition (i.e. post-target) in

different types of water and food matrices.
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Figure é. Effluent wastewater sample positive to carbendazim. Left: Total ion and
extracted ion chromatograms in LE and HE functions for the EWW sample. Right: Comparison of

carbendazim library spectra and suspected compound spectra in LE and HE functions.

CONCLUSIONS

An extensive investigation of the different factors that can affect mass accuracy,
sensitivity and dynamic range in a UHPLC/QTOF MS instrument has been carried out. In addition,
conditions for building a mass spectral library have been studied with the aim of improving the

sensitivity and the analyte fragmentation information.

These results have allowed us to improve our knowledge of the capabilities, limitations
and robustness of the instrument. This was necessary to enable us to perform an efficient wide-

scope screening analysis at a later stage. Establishing the optimum experimental conditions to
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build an empirical in-house spectral library is essential to optimize accuracy and future results of
screening. The sensitivity and dynamic range of the instrument are now well-known, and this is
crucial when dealing with the elucidation of unknown compounds. Under optimum conditions,
mass errors below 1 mDa have been obtained for the standard solutions of the compounds
investigated, and below 2 mDa for several food and water spiked samples. Good mass accuracy
and sensitivity have been shown over a concentration range of three orders of magnitude when

using the pDRE option on the Q-TOF Premier mass spectrometer.

An in-house compound spectral library has been created (and the main fragment ions
reported) for 230 compounds, including pesticides, antibiotics, other pharmaceuticals, drugs of
abuse and toxins, as well as several fransformation products. Using this empirical library allows the
rapid screening of samples making use of the MSE approach (simultaneous acquisition at low and
high collision energy), as the detection and the confirmation of the identity of the analyte can be

achieved simultaneously, without the need for sample re-analysis.
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2.2.1. Discusion de resultados

En andlisis non-target resulta de enorme importancia poder disponer de bases
de datos o librerias de espectros de contaminantes y TPS. En el caso de la
cromatografia de gases acoplada a espectrometria de masas con ionizacién
electronica (GC-EI-MS) existen extensas librerias de espectros que facilitan la
elucidaciéon e identificacion de los llamados unknown-known compounds, es decir
aquellos compuestos desconocidos para el analista pero conocidos o reportados en la
literatura. Este es el caso de librerias como la NIST o la Wiley, con mds de dos cientos mil
espectros disponibles que maximizan el porcentaje de éxito en la elucidacién de
contaminantes mediante andlisis por GC-EI-MS.

Un caso muy diferente es el que ocurre con el acoplamiento LC-MS. Esta
técnica estd cada vez mds extendida debido a sus excelentes propiedades en el
andlisis de compuestos polares y semipolares, entre las que se incluyen su elevada
sensibilidad y selectividad, el minimo tratamiento de muestra requerido normalmente y
sus interfases de ionizacidon débil que permiten determinar con facilidad la masa del
compuesto en cuestion. Sin embargo, este Ultimo atributo conlleva que la eficiencia
de los procesos de ionizacidén sea muy variable en funcién de pardmetros como la fase
movil utilizada en la separacién, el voltaje de capilar o de cono aplicados, e incluso
del diseno de la propia interfase de ionizacién. Esto hace complicada la creacién de
librerias de espectros LC-MS estandarizadas que puedan ser utilizadas de forma fiable

para la identificacidn de compuestos desconocidos.

Recientemente han surgido algunas librerias para LC-MS, como por ejemplo
MassBank o Metlin, que intentan solventar el problema de las condiciones de
adquisicion en la interfase mediante la insercion de diversas entradas para cada uno
de los compuestos indicando el voltaje de cono, el tipo de interfase (ESI o APCI
principalmente), el tipo de analizador y, en algunos casos, la casa comercial del
instrumento con el que se adquirid dicho espectro. De este modo, se incrementa
notablemente la posibilidad de encontrar un espectro similar al adquirido en el propio

instrumento bajo condiciones similares, pero no asegura que las relaciones de
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intensidad de los diferentes iones se cumplan, limitando la utilidad de estas librerias.
Ademds, estas bases de datos de espectros suelen disponer de la informacién de
masa en nominal y estdn limitadas a unos pocos compuestos, como fadrmacos y
drogas en el caso de MassBank o metabolitos (generalmente humanos) en el caso de
Metlin. Asi pues, aungue resultan de utilidad, las librerias de espectros de masa

disponibles para compuestos analizables mediante LC-API-MS fienen un uso restringido.

La alternativa es, por tanto, la creacidén de una base de datos o libreria doméstica
(home-made) en base a condiciones de andlisis claramente establecidas en un
insfrumento concreto. Esto es el objetivo perseguido en en el articulo tfitulado “Building
a mass specra library for screening of organic pollutants by ultra-high-pressure liquid
chromatography/hybrid quadrupole time-of-flight mass spectrometry”, pues las
condiciones 6ptimas seleccionadas para la creacion de la libreria serdn la base de
futuros andlisis y estrategias ya que, como se ha mencionado anteriormente,
variaciones en ciertas variables implican cambios que pueden llegar a ser muy
importantes en los espectros de masa resultantes y en los tiempos de retencién de los

compuestos.

Lo que se pretendi® en este articulo fue establecer unas condiciones
experimentales para el screening lo mds genéricas posibles y aptas para un amplio
rango de analitos. Obviamente, fué necesario alcanzar un compromiso, pues la
mayoria de variables estudiadas dependen en gran medida del analito en cuestidon y
algunas de ellas son incluso incompatibles. Este Ultimo es el caso de las opciones pDRE
y EDC. La primera de ellas permite aumentar el rango lineal de concentracion
evitando en gran medida la saturacién y, por tanto, la medida errdnea de intensidad
o drea y de masa exacta. La segunda aumenta la relacion S/N para un determinado y
prefijado rango de valores de m/z, pero disminuye de forma notable para el resto de
masas. Por este motivo, la opcidn pDRE fue seleccionada para el screening “universal”,

descartando asi el EDC, vdlido Unicamente para un limitado rango de masas.

Por otro lado, se compararon los modos V y W del analizador TOF mediante el
andlisis de muestras seleccionadas, con el fin de comprobar el efecto de matrices
complejas sobre la masa exacta en funcion de la resolucion del analizador de masas.

Se comprobd una ligera mejora en la exactitud de masa en todas las matrices
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exceptuando la mds compleja, el pimiento, que se vié afectada por una disminucién
de la sefal en modo W, de hasta tres veces. Se propuso mejorar la separacion
cromatogrdfica, frabajando en modo V, triplicando la longitud de la columna, como
alternativa al aumento de la resolucion de masa, obteniendo valores muy similares a
los obtenidos mediante el andlisis en modo W. Ademds, esta mejora permitié aumentar

la sensibilidad gracias a la inyeccién de mayores volimenes.

En lo que respecta a la separacion cromatogrdfica, se evalud el uso de MeOH
y ACN como disolventes orgdnicos en la fase movil obteniendo similares resoluciones
cromatogrdficas pero con un ligero aumento de la sensibilidad cuando se eligio MeOH
con HCOOH como modificador. Adicionalmente, se investigaron los efectos de la
intensidad del lockmass, la relacién de iones en la solucidén de calibracién y el EDC en
la exactitud de masa, consiguiendo las mejores condiciones posibles para el andilisis

instrumental.

La aportacién mds importante realizada en este trabajo es probablemente la
posibilidad de realizar la identificacidn de los analitos encontrados en una misma
inyeccidn gracias a la adquisicion en modo MSE. Este modo permite adquirir
simultaneamente dos funciones: a baja y a alta energia de colision. En la primera,
suele favorecerse la ionizacion mediante la (des)protonacion o la formacién de
aductos, facilitando la identificacion del ion molecular y la asignacion de una
composicion elemental o viceversa, es decir, obtener el/los iones predominantes a
partir de la informacién estructural. En la segunda, se promueve la fragmentacion de
la molécula, lo cual es fundamental para la correcta identificacidon del analito. Entre
diversas energias y rampas de energia de colisidon, se selecciond una rampa entre 15y
40 eV como compromiso para los diferentes compuestos estudiados, aunque algunos
de ellos presentaron, inevitablemente, una fragmentacién pobre o nula. En cualquier
caso, como se muestra en la figura 5 del articulo, se obtuvieron espectros muy similares
a los obtenidos por MS/MS y, aunque menos selectivo, el modo MSE resulta ventajosos

gracias a:

a) la obtencion automdtica y simultdnea de los espectros, sin necesidad

de preseleccionar los compuestos de interés previamente a la inyeccién en el sistema,
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permitiendo el andlisis retrospectivo de las muestras sin necesidad de volver a

analizarlas.

b) se conserva la distribucion isotépica (pattern isotépico) de los
fragmentos lo cual resulta Util en la identificacién de los contaminantes y ayuda en su

elucidaciéon estructural

Como se muestra en la figura 6 del articulo, al comparar un positivo de
carbendazima en un efluente urbano con los espectros incluidos en la libreria
doméstica creada, el grado de similitud (mafch) es muy alto, lo que implica un

elevado grado de confianza en la correcta identificacion del compuesto.

Este trabajo sienta las bases para el desarrollo de una metodologia robusta y
eficaz para el screening “universal” de contaminantes orgdnicos mediante LC-HRMS
en diferentes tipos de matrices. A partir de los resultados de este articulo, se

establecieron las condiciones de andlisis para futuras investigaciones.

Cabe remarcar la informacién disponible en la base de datos sobre los iones
fragmentos obtenidos con masa exacta para mds de 100 compuestos. Esto abre una
via para la creacion de una libreria de espectros a partir de datos obtenidos en
diferentes laboratorios, la cual no esté centrada Unicamente en una cierta familia de

compuestos.
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In this paper, we illustrate the potential of ultra-high performance liquid chromatography (UHPLC)
coupled with hybrid quadrupele time-of-flight mass spectrometry (QTOF MS) for large scale screening
of organic contaminants in different types of samples. Thanks to the full-spectrum acquisition at
satisfactory sensitivity, it is feasible to apply both (post)-target and non-target approaches for the rapid
qualitative screening of organic pollutants in food, biological and environmental samples. Different
strategies have been applied and compared in this work. The first approach consists of target screening
based on automatically extracting the exact analyte masses with a narrow mass window (10 mDa).
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a lower number of compounds for which reference standards were available. In all cases the confidence
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acquisition mode (i.e. simultaneous acquisition of low and high energy TOF MS spectra in a unique
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ABSTRACT

In  this paper, we llustrate the potential of ultra-high performance liquid
chromatography (UHPLC) coupled with hybrid quadrupole time-of-flight mass
spectrometry (QTOF MS ) for large scale screening of organic contaminants in different types of
samples. Thanks to the full-spectrum acquisition at safisfactory sensitivity, it is feasible to apply
both (post)-target and non-target approaches for the rapid qualitative screening of organic
pollutants in food , biological and environmental samples. Different strategies have been applied
and compared in this work. The first approach consists of target screening based on
automatically extracting the exact analyte masses with a narrow mass window (+10 mDa). The
selection of analytes can be made after MS acquisition as non-specific analyte information is
required when injecting the samples. The second, non-targeted approach, consists of a first
component detfection step followed by the search of the detected components in home-made
spectral libraries. In this work, two types of libraries have been evaluated: a theoretical database,
including the molecular formula of a large number of pollutants (~1000), and an empirical mass
spectra library which includes a lower number of compounds for which reference standards were
available. In all cases the confidence of the identification process was excellent, thanks to the
value of information given in QTOF MSE acquisition mode (i.e. simultaneous acquisition of low and
high energy TOF MS spectrain a unique run). Both, target and non-target approaches, are
complementary and both have advantages and drawbacks. Their application to different types
of samples has allowed the detection of diverse organic compounds, for example
the mycotoxin fumonisin B1 in food samples, cocaine and several metabolites in human urine, as

well as several pesticides , antibiotics and drugs of abuse in urban wastewater.
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INTRODUCTION

Nowadays, liquid chromatography (LC ) hyphenated to mass spectrometry (MS ) using a
variety of mass analyzers is the technique of choice for the investigation of organic contaminants
in most analyte /sample matrix combinations in environmental, food or toxicology fields. Mass
analyzers used include triple quadrupole (QQQ),'-¢ time-of-flight (TOF ), hybrid quadrupole fime-
of-flight (QTOF),27-1" quadrupole-linear ion trap (QLIT)31213 or Orbitrap .14 Many examples can be
found in the literature dealing with pesticide residue analysis in environmental,'> food ¢17 or
biological samples,'8 using LC-MS based methods. Emerging contaminants, such
as pharmaceuticals > or drugs of abuse,'?” amongst others, are increasingly being monitored in
the environment by LC-MS because their medium-to-high polarity and low volatility make their
determination fit better with LC . Similarly this applies to metabolites and fransformation products,
which are generally more polar than their parent molecules.

LC-tandem MS (LC-MS/MS ) operating in Selected Reaction Monitoring mode (SRM) with
QQgQ analysers are the workhorses nowadays in target analysis.?0 LC-MS/MS methods rarely
include more than two hundred analytes 22122 and with a few exceptions,22 most of them are
focused on a single family of contaminants. Excellent sensitivity and notable selectivity are
achieved by LC tandem MS , allowing reliable quantification and identification of a considerable
number of compounds. However, the presence of other contaminants that might be present in
the samples would be ignored in LC-MS/MS under SRM mode (the most common approach), due
to the analyte -specific information acquired. There is a need in the field of public health to
develop reliable methods for large-scale screening that are capable of detecting and identifying
a large number of hazardous compounds that can potentially be present in environmental
and food samples. For this purpose, full spectrum acquisition techniques capable of providing
accurate mass measurements are a great help.

To solve the limitations of unit resolution mass spectrometers, two main alternatives,
based on the use of high-resolution MS instruments, are of note at present: the time-of-
flight 24 and Orbitrap 2526 analysers. Both provide full spectrum accurate-mass data at satisfactory
sensitivity. These capabilities are very helpful for detecting and identifying not only priority known
pollutants but many other unknown contaminants that might be a risk for human health.27-2?

Although quantitative applications have been reported using LC-TOFMSor LC-
QTOF MS 81030 quantification does not seem to be the most attractive feature of these analysers.
This may be due to the higher limits of detection and narrower linear dynamic range in
comparison to QgQ analysers. One of the most interesting applications of TOF MS deals with the

wide-scope screening of a large number of contfaminants and residues in different types of
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samples, as that allows a significant amount of useful information on ionisable compounds
present in the sample to be obtained.’! Generic (universal) sample treatments and
chromatographic separations are required to broaden the scope of the method to as many
compounds as possible. Besides, the elevated acquisition speed of TOF makes it compatible with
ulfra-high pressure (Ulfra-Performance) liquid chromatography (UHPLC/UPLC ). This fechnique
provides fast, high-resolution separations that will hopefully minimize matrix effects and render
high mass spectra purity, improving the screening process.

Different strategies can be used to extract analytical information from full-acquisition
accurate mass data. A genuine non-target analysis involves the automated component
detection from the total ion chromatogram (TIC) and the mass spectra deconvolution for a
subsequent comparison with mass spectral libraries. Nevertheless, electrospray ionization (ESI) is
not anion source as stable and reproducible as electron ionization,32and commercial,
standardized ESI mass spectra library are not available. Instead, theoretical mass spectra libraries,
based on the molecular formula database, can be built which facilitate increasing the number
of compounds that can be searched. These use accurate mass measurements and isotopic
pattern information for identification. Home-made empirical libraries can also be used, but these
normally include much fewer compounds due to the need to inject standards. These
experimental libraries offer fragmentation and retention time information as well, providing more
confidence in the compound identification process.33 However, the possibility of detecting and
identifying the sample contaminants, using both mass spectra libraries in a non-target analysis,
depends on the success of the deconvolution process, i.e. the capability of the software to find
the component peaks and to obtain mass spectra as free as possible of sample interferents.
Obviously, the more complex the matrix, the more difficult the deconvolution will be.

An efficient approach to overcome the component detection limitations is the use of
“post-target” methodology,3435.e. the selection of the analytesto be searched is done
after MS acquisition. A post-target screening facilitates the detection of the compounds as it is
only focussed on those pollutants selected. It is unnecessary to totally deconvolute all
components present in the samples, these mainly belong to matrix compounds. Furthermore,
processing and reviewing steps become easier as fewer compounds are searched for and
consequently detected.

In this work three sample types have been selected (wastewater, food and human urine)
fo explore the pofential of UHPLC-(Q)TOF MSto detect and identify/elucidate organic
contaminants and/or residues. Two strategies have been applied for this purpose: a post-target
screening, based on mass filtering at the exact mass of the compound investigated (typically the

(de)protonated molecule) using narrow mass extractionwindows and a non-target methodology
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using both empirical and theoretical mass spectra libraries. QTOF MS has been used under
MSE mode, i.e. simultaneous acquisition at low (LE) and high collision energy (HE) functions, which
provides useful information on the (de)protfonated molecules (commonly at LE) and on the main
fragments ions (commonly in HE). On the basis of this information, and on isotopic distribution
observed in the spectra, the reliable identification of the compounds detected in the samples

was feasible.

EXPERIMENTAL

Reagents and chemicals

HPLC-grade water was obtained from deionized water passed through a  Milli-
Q water purification system  (Milipore, Bedford, MA, USA). HPLC-grade methanol (MeOH)
and acetonitrile (ACN) were purchased from ScharlLab (Barcelona, Spain). Formic acid (HCOOH)
(>98%) was obtained from Fluka (Buchs, Switzerland). Sodium hydroxide (>99%) was obtained
from ScharlLab. Leucine enkephalin, used as lock mass, was purchased from Sigma Aldrich (St
Louis, MO, USA).

Reference compounds were purchased from Acros Organics (Geel, Belgium), Bayer
Hispania (Barcelona, Spain), Fort Dodge Veterinaria (Gerona, Spain), Vetoquinol Industrial
(Madrid, Spain), Aventis Pharma (Madrid, Spain), Sigma Aldrich (St Louis, MO, USA), Ceriliant
(Round Rock, TX, USA), Dr Ehrenstorfer (Augsburg, Germany), Riedel-de Haén (Seelze, Germany),
the National Measurement Institute (Pymble, Australia) and Fluka. All reference materials

presented purity higher than 93% (w/w).

Instrumentation

An UPLC Acquity system coupled with a hybrid quadrupole orthogonal acceleration-
time-of-flight (Q-0aTOF) mass spectrometer (QTOF Premier, Waters, Milford, MA) provided with an
orthogonal Z-spray lockspray electrospray interface (ESI) was used.

Mobile phases A and B were water and methanol respectively, both with 0.01% formic
acid. The separation was performed on an Acquity C18 BEH analytical column (150 mm x 2.1
mm, i.d. 1.7 um) at a flow rate of 0.3 mL min~' (at 60 °C). The initial percentage of methanol was
10%, which was linearly increased to 90% in 14 min, followed by a 2 min isocratic period and,
then, returned to initial conditions during 2 min in total run duration of 18 min. The injection

volume was 50 pL.
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Cone and nebulizer gas were nitfrogen (Praxair, Valencia, Spain) at flow rates of 60 L
h=1T and 600 L h7', respectively. The nitrogen desolvation temperature was set to 350 °C and the
source temperature to 120 °C. A cone voltage of 25 V and capillary voltages of 3.5 kV and 2.5 kV
in positive and negative ionisation modes, respectively, were used.

TOF MSresolution was~10000 at full width half maximum (FWHM) in V-
mode. MS spectra were acquired over an m/zrange 50-1000. Collision gas was argon 99.995%
(Praxair, Valencia, Spain), which was always furned on with a pressure of approximately 5 x
10-3 mbar.

Two acquisition functions were created with different collision energies. The first one, the
low energy (LE) function, at low collision energy (4 eV) and the second one, the high energy (HE)
function, with a collision energy ramp ranging from 15 to 40 eV. The scan time values of LE and HE
functions were set to 0.2 and 0.15 s, respectively, both with an inter-scan delay of 0.05 s.

The lock mass (leucine enkephalin, 2 mg L7'in ACN :water, 50:50) was
infroduced via the lock spray needle at a flow rate of 30 pL min'using a reagent
manager pump (Waters). A cone voltage of 60-70 V was selected and checked daily to obtain
adequate signal infensity for this compound (around 500 counts).

Calibration of the m/z-axis was performed using the built-in single-syringe pump , directly
connected to the interface. Calibration from 50 to 1000 m/z was conducted with a 1 : 1 mixture
of 0.05 MNaOH : 5% HCOOH diluted (1 :25) withwater/ACN (20:80 v/v) plus imazalil
(m/z 297.0561) at a final concentration of 500 ug L.

Data station operating software was Masslynx v 4.1. Chromalynx XS application
manager was used for non-target (deconvolution and library search) as well as for target

analysis.

Sample treatment

8 wastewater samples—4 influent (IWW) and 4 effluent (EWW)—10 human urine and
6 food samples (2 oranges, 2 banana and 2 corn samples) were analysed for comparing the
screening approaches.

50 mL of wastewater were pre-concentrated by off-line SPEusing 200 mg
Oasis HLB cartridges, eluted with 5 mL of MeOH, evaporated under a gentle nitrogen stream at
40 °C and reconstructed with 1 mL water : MeOH (90 : 10 v/v).

Food sample exiraction was performed according to previous work developed by
our group .63¢ 20 g of triturated and homogenized orange or banana samples were extracted
with 60 mL water : MeOH (20 : 80 v/v) for 2 min using a high-speed blender, filtered and diluted
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with water : MeOH (20 : 80 v/v) to a final volume of 100 mL. Afterwards, an aliquot of the extract
was diluted eightfold with water.

2.5 g of crushed corn sample were extracted with 10 mL ACN : water (80 : 20 v/v) with
0.1% HCOOH and mechanically shaken for 0 min.¢ Afterwards, the solution was centrifuged, and
a 5 mL aliquot of supernatant was diluted twofold with water.

Human urine samples from healthy volunteers and from people involved
in drug detoxification programmes were cenfrifuged, diluted fivefold with water and directly
injected into the LC-QTOF instrument.

Software parameters

The deconvolution and spectra rejection parameters were selected as follows:
e minimum peak width at 5% height: 4 s,
e peak-to-peak baseline noise: 5,
¢ smoothing activated,
* mass tolerance (mass window width): 20 mDa,
e fwo mass chromatograms exiracted for each component in LE function (5
mass chromatograms for HE), i.e. 2 or 5 coeluting ions to be exiracted with the narrow window

mass selected (£10 mDa).

The values for minimum peak width and mass window were selected as a function of the

chromatographic resolution and mass accuracy data of our instrument.

Accurate mass scoring parameters were selected as follows:
* Number of ions used for accurate mass scoring: 2
* Minimum infensity (% of largest peak in the range): 10
* High precision mass tolerance (colouring in green): 2.5 mDa

* Low precision mass folerance (colouring in yellow) = 5 mDa

These values were selected according fo our own experience and characteristics of the LC-
QTOF MS equipment used, but they might be modified according to the performance of the

instrument used in each laboratory.
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RESULTS AND DISCUSSION

Mass resolving power is an important issue for the correct detection and identfification of
the suspect compounds. Even if the 10 000 at 10% valley resolution (20 000 FWHM) required by
the EC Decision 2002% is not achieved by the (Q)TOF mass spectrometer used, we consider that
mass accuracy is really the key in the idenfification of the compounds in the wide-scope
screening. Although strongly correlated, mass resolving power and mass accuracy are not strictly
the same. In a previous work,33 improving the resolution (about 18 000 FWHM) by doubling the
path length using the so-called W-mode in different matrices (influent and effluent wastewater,
surface water, pepper and cucumber) showed no significant effect for the compounds tested
on mass accuracy achieved using UHPLC separation. On the other hand, a 20 mDa mass
window has been used in this work for both, non-target and post-target strategies, as a
compromise between ensuring correct chromatographic peak at both ends and attainable
selectivity. Lower mass windows (e.g. 5 and 10 mDa) were also tested, but finally discarded as no
satisfactory chromatographic peaks were always ensured. Newer instruments with stable mass
accuracy across the peak could facilitate the screening process by reducing this mass window,
even down to 1 mDa.

The non-target and post-target strategies studied in this work were applied to all selected
samples to test the screening capabilities and for comparison purposes. A flowchart of the

process is shown in Fig. 1.
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Sample treatment

I
Sample injection UHPLC-{Q)TOF M5 in positive or negative mode
LE and HE functions in 1 run

Post-Target screening Mon-Target screening

Component detection and
deconvolution

XICs for each compound (LE) Mon-target companent list

List of target compounds

\Match deconvoluted mass spectra

Exact mass filtering of each component versus mass
spectra library
Theoretical mass spectra Empirical mass spectra
Is. standard available? library library
Non-target Mon-target
HE ! candidate list candidate list

) v I Ty

Compare HE spectra with M5MS spectra in the
| literature (strategy 1) or fragment interpretation

Retention time Automated retention time filtering

fitatioe | [strategy 2) & MSE (HE) spectra confirmation
Manual MSE (HE) spectra Suspect positives
confirmation "L’

Confirm with reference standard

Fig. 1 Flowchart of the overall screening process.

1. Non-target screening

A true non-target screening using LC-(Q)TOF MS is a challenging task as it is very difficult

to detect and identify trace level contaminants when no selection is made on the compounds to
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be searched.8In this work, non-target screening was applied to environmental, food and
biological samples to evaluate the potfential of the algorithm to detect components when
dealing with complex matrices. For this purpose, the deconvolution software Chromalynx XS in a
non-target mode was used. The software applies a component detection algorithm (CODA) to
deconvolute the TIC and detect the components present in the sample. Afterwards, it compares
the spectra assigned to every component with those included in the home-made libraries. To
facilitate the confirmation of the identity of the components detected, two functions were
simultaneously acquired at different collision energies (MSE). The LE function was used to obtain
the (de)protonated molecules (occasionally adducts and fragment ions). The HE function was
used to promote fragmentation, improving the identification of the positive findings
as spectra obtained were quite similar to those of MS/MS experiments.333? This acquisition
provides reproducible spectra without the need of precursor ion pre-selection in the first
quadrupole. The success for detecting and identifying non-target compounds using this
approach obviously depends on the deconvolution process. In addition, MSE provides not only
fragmentation spectra but also isotopic pattern information of the fragments and it conserves
adduct and/or dimer information. However, two main limitations were noticed when MSE was
applied to non-target screening:
(a) As there is no pre-selection of precursor ion in the quadrupole, the
MSE approach is less specific and might be conflictive when dealing with non-selective
fragments in the presence of co-eluting related compounds. This occurs, for example,
when investigating amphetamine -like compounds amphetamine and
methamphetamine. As can be seen inFig. 2, bothdrugselute at very
close retention fimes and present poor and identical HE spectra, with the most
abundant ion being the non-selective fragment at m/z 91 corresponding to tropylium ion.
Moreover, as protonated molecules have relafively poor abundance in the LE function
(especially amphetamine ) it could be very difficult to distinguish both compounds af low

concentration levels.
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Fig. 2 LE and HEmass spectrafor amphetamine -like compounds. LE spectra for
methamphetamine and amphetamine show notable in-source fragmentation with different [M +
H]* ion (m/z 150.1290 and 136.1134). Identical HE spectra (m/z 91.0548 corresponding to tropylium

ion) are obtained for both compounds.

(b) The success of the MSEapproach can be limited by the quality of
the spectrum .32 Thus, low sensitivity or strongly interfered spectra end up making it
unfeasible to match with library spectra as well as not being able to elucidate the
component using fragment interpretation. In these cases, additional MS/MS experiments

would be helpful in the identification/elucidation process.

Finally, the software returns a match factor for the comparison of standard and
candidate mass spectra and gives the mass errors for the 2 most abundant ions present in the LE

function and for the 5 main fragment ions present in the HE function. A positive match can be
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filtered by a minimum match factor and retention time, if available. In this work, a relatively low
match factor (in reverse fit) of 70% was selected as a compromise. This facilitated the reviewing
process of positives without losing potential hazardous compounds that could be present in the
samples although with low match factors. Two types of mass spectra libraries were evaluated in
this work as discussed in the following secftions.

When no or unsatisfactory match is obtained, the components appear to be tentative. In
these cases, the elucidation of the compound requires a lot of time and effort with a low
possibility of success. Furthermore, the majority of non-matched components are likely to be

matrix compounds.

1.1 Theoretical library.

Initially, a database containing approximately one thousand pollutants of different
families (pesticides , antibiotics , pharmaceuticals , illicit drugs , mycotoxins, anabolic steroids ,
personal care products and metabolites ) was built (see ESIt). The compounds were included
based on our own experience on LC-MS/MS analysis of environmental and food samples, and on
bibliographic data on LC-MSamenable organic pollutants. The database was created
separating positive and negative ionisable compounds. It contained information on the
molecular formula (required by the software), exact mass of the neutral and the (de)protonated
molecule, as well as supplementary informationt of the compound type and on retention time,
when available. From the molecular formulae of each compound, two theoretical mass
spectra libraries (for positive and negative ionisation modes) were automatically built, containing
theoretical nominal mass spectra of the (de)protonated molecule and sodium adducts as well as
the theoretical isotopic pattern expected for each compound. Each library (positive and
negative modes) was used in the corresponding acquisition mode.

A drawback of the theorefical library (and also of the empirical mass spectra library) is
that TOF MS spectra are stored in nominal mass for NIST format compatibility, and in this step the
mass accuracy information given by TOF MS is lost. In order to minimize this limitation, the mass
errors between the measured masses of the compound detected and the exact masses of the
candidates formulae are calculated and used in a subsequent step, fo rank them and fo

propose the most plausible identity (accurate mass scoring).35

1.2 Empirical library.
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Details about reference standards injected and condifions for the creation of the
empirical spectra library are reported in Diaz et al.33 Briefly, around 230 reference standards of
selected contaminants were injected in both, positive and negative, ionisation modes atf low and
high collision energy (MSE mode) to obtain retention time and fragmentation information under
the previously optimized conditions.3® For each compound, two library entries (LE and
HE spectra ) were created including name, exact mass, retention time and spectra .

Detection/identification problems derived from LE adducts formation and/or important
in-source fragmentation were prevented by analyzing the samples under exactly the same
conditions as the reference standards. This favoured the task and minimized the risk of potential
false negatives. Furthermore, HE mass spectra were automatically matched with those included
in the empirical library which greatly facilitated the confirmation of the compound identity. In our
experience, HE provided highly reproducible spectra (independently of the type of sample
analysed) when the component was found at relatively high abundance. As signal intensity is the
main limitafion during the component detection step, HE spectra facilitated identification of the
compound when its spectrum was available in the library in those components detected by the

non-target approach.

2. Post-target screening

Trying fo avoid the dependence of the screening success on the component detection
algorithm, a post-target screening strategy was applied including an extraordinarily large number
of compounds in the search. The term "“post-target” was first used by our group 343540 as a target
screening without pre-selection of the analytes before analysis. It consists of searching for a list of
target compounds after MS full-acquisition. Other authors name this approach, when reference
standards are unavailable, as suspect screening.2 In the post-target screening, a database with
the same compounds included in the theorefical library of the non-target approach was used
(ESIT). Chromalynx XS uses the molecular formula fo calculate the exact mass for [M + H]*. Then,
the software automatically performs the extraction of a nw-XIC (20 mDa) for each compound in
the LE and HE functions and looks for peaks (S/N and peak width higher than pre-selected
values) in the corresponding chromatogram . A list of potential candidates found in the sample is
shown in different colours depending on accurate mass measurement; positive (green) for error
<2.5 mDaq, tentafive (yellow) for error between 2.5 and 10 mDa, and negative (red) for error >10
mDa. Furthermore, as in the non-target approach, ChromLynx XS filters positive findings
according to retention time deviation limit when this information is available in the database

(reference standards previously injected). The retention time window was set in £0.5 min but
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accepted tolerance was 2.5%. Thus, the retention times for 231 analytes , injected when building
the empirical library, were also infroduced in the database. In this way, nw-XIC, top
peak spectra and mass error as well as isotopic distribution fit (i-FIT) information, retention time
(measured and expected when already known) and peak area were available for positive
matches. Fig. 3 shows the Chromalynx XS browser for a positive of mycotoxin Fumonisin B1 in a
corn sample using this approach.

B2 Chromal ynx X5 Identily - unfitled ®

Fle Ecdk View Doplay Processng Window e
@S G- 0% g D HRWE
2l Targe: Compounds: MUEDDS
I 4 Poskive; 3 Tentative; 56 Negative
= Fumnoniin B1 (CIHSNO01S, miz 722, 7963, 9.4 min)
® £28, (10, 10min), Area 435.2, 0. 15 mDw, HFIT Conf 21.1%, (3/100) (a)
* Pumaonisin B2 (CMHHSS014, miz 7064014, 11.01 min)
= Fumnonen B3 (CHHTINO1A, miz 706.4014)
# o Fumonisn B4 (C34HSIN013, mfz 690,.4055)

Extracted lon Chromatograms

Fumonisin B1 2.240e+003 [ Scan 688, Fumsnisin 81 2.7868+003
T22 3863 100- 7223965
100

(b) - ()

% .
234013
24,4048
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Fig. 3 Chromalynx XS browser with accurate mass confirmation for Fumonisin B1 in corn
using post-target screening. (a) Candidate list for compound with mass error <2.5 mDa (which
offers retention time, area, mass error and i-FIT information), (b) nw-XIC for suspected candidate

(at 20 mDa window). (c)mass spectrum (in blue, candidate peak is shown).

QTOF MS post-target screening has proved to be an efficient tool due to the high
number of pollutants screened. The potential of this approach to detect different families of
organic contaminants, for example drugsof abuse or antibiotics in environmental samples, has

been reported recently 3?41 The easy reviewing step and the relevant information obtained, such
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as accurate mass spectrum of the peak, mass error for the protonated molecule and the most
abundant fragments, and isotopic distribution, give high confidence to the confirmation of
potential positives even without reference standards being available. The large number of
contaminants included in the list (more than 1000) opens a new scenario in screening, favouring
a more realistic overview when investigating organic contaminants in different applied fields.
However, if only the predicted presence of the protonated molecule was taken into account in
the LE function, potential in-source fragments would not be detected (e.g. as occurs
in amphetamine -like compounds, see Fig. 2], not even sodium or other adducts that could be
formed.

In  this work, formic acid was added to the mobile phases. Under this
situation, ammonia adducts and other adducts like [M + MeOH + H]*or [M + K]* would not
normally be expected. However, sodium adducts are common for many LC-amenable
compounds, and they might be present despite using formic acid. In our own experience, 88 out
of 231 compounds (38%) included in the experimental library showed sodium adducts af relative
abundance higher than 10%. Among them, 38 compounds (16% of the total compounds)
presented the [M + H]*ion at relative intensity lower than 10%, this becoming the [M + Na]*, the
most abundant ion in the mass spectra . When analyzing real samples, sodium adducts might be
found at higher abundance due to the normal presence of sodiumin the sample matrices.
Therefore, it is important to include sodium adducts in the screening to avoid potential false
negatives in those cases where it is the most abundant ion (see Table 1). However, it seems
reasonable not to include sodium adducts for all analytes investigated, as the processing and the
reviewing step would be much longer and more tedious. The injection of reference standards
and/or literature search, along with analyst experience, are necessary parts of knowing when it is
reasonable fo include compound adducts to improve the confidence of the screening process.

A similar problem may occur when important in-source fragmentation takes place atf the
LE function. In this work, we used 25 V cone voltage as beftter sensitivity was observed for
selected analytes in the 20-30 V range.33 Obviously, this cone voltage is a compromise value as it
is not the best choice for all compounds but it is impossible to optimize any variable for all LC-
amenable compounds included in the database. As previously stated, amphetamine (M +
H]* 136.1126) presents an in-source fragment atm/z 91.0553 as the most abundant ion in
the spectra, while the protonated molecule has an abundance lower than 10% (Fig. 2). Other
examples are insecticide carbaryl (fragment at m/z 145.0563) or pesticide metabolite aldicarb
sulfoxide (fragment atm/z 89.0415). In these cases, analyte defection in samples based on

testing [M + H]* presence would be only feasible at relatfively high analyte concentrations.
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Table 1 Results of different screening approaches for representative samples. Common

data for all approaches are shown:retention time (RT), retention time deviation (only when

available) and mass error. For target screening, confirmation with MSEwas performed when

reference standard was previously injected. Detection of sodium adduct and/or fragment ions in

the LE function is reported. Reverse Fit is given for compounds detected by non-target

approaches

Target Screening

Non-target screening

Effluent wastewater ) . i
Tentative . Theoretic Empirica
Identification B2uCiS el al libra | liora
Confirme Y Y
d with
standard Match
Compound RT ART Amass Strategy | Strategy 2 Na Fragment Match reverse
P (min) (%) (mDa) 1@ 20 adduct? ions? reverse fit it
Antipyrine 5.43 - 1.4 -
Bamethan 3.43 - 0.5 v x -
Bisoprolol 7.25 - 0.0 v v - 929
Caffeine 4.19 - 0.2 v v -
Carbendazim 4.45 0.04 0.5 yes v (1) 923 898
Celiprolol 6.41 - 0.7 v v -
clarthomyet | yom | a0 [ 17 yes 855
Clofibric acid 12.60 - 2.5 v x -
Codeine 2.82 0.00 1.6 yes 943 794
Diazinon 13.04 0.01 0.9 yes
Diuron 9.98 0.02 0.3 yes
Erithromycin(-
H20) 9.86 0.01 1.2 yes
Gabapentin 3.47 0.09 0.5 v v yes v (2) 903
Irbesartan 11.42 0.10 0.0 v v yes 953
Ketoprofen 10.61 0.04 0.5 yes
Metoprolol 5.55 - 0.0 v v -
Nordiazepam 11.01 - 0.1 v -
OD-PABA 5.49 - 0.9 v v - 953
Oxazepam 10.19 - 0.4 v -
Oxprenolol 2.77 - 0.2 v v -
Propylphenaz 999 _ 0.4 v v .
one
Terbutryn 11.69 0.14 1.0 yes
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Thiabendazol 5.22 0.12 0.1 yes
Trimethoprim 3.83 0.10 0.9 yes 980 925
Valsartan 11.59 0.05 1.9 v v yes v 849
Venlafaxine 7.7 0.46 0.3 yes V(1)
MDMA 3.78 0.00 0.0 yes v(2)
Bezafibrate* 11.07 0.01 2.1 yes v
Gemfibrozil* 13.84 | 0.03 2.5 yes v
*Compounds found only as sodium adduct ion
Target Screening Non-target screening
Orange Tentative . Theoretic | Empirica
Identification LE function al libra I ibra
Confirme i &
d with
standard Match
Compound RT ART Amass Strategy | Strategy 2 Na Fragment Match reverse
P (min) (%) (mDa) 1@ 20 adducte ions? reverse fit it
Imazalil 9.22 0.03 0.3 yes 9216 925
Thiabendazol 5.21 0.03 0.3 yes 893 916
Target Screening Non-target screening
Banana peel Tentative . Theoretic Empirica
Identification LE function allibrary | Iliorary
Confirme
d with
standard Match
Compound RT ART Amass Strategy | Strategy 2 Na Fragment Match reverse
P (min) (%) (mDa) 1@ 2° adducte ions?e reverse fit fit
Chlorpyrifos 14.61 0.01 0.5 yes v
Diazinon 13.03 0.01 0.7 yes 854 863
Imazalil 9.21 0.02 0.9 yes 931 923
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Target Screening Non-target screening
Com Tentative . Theoretic | Empirica
Identification LE funciion al libra | libra
Confirme Y Y
d with
standard Match
Compound RT ART Amass Strategy | Strategy 2 Na Fragment Match reverse
P (min) (%) (mDa) 1@ 2° adduct? ions?e reverse fit fit
Fumonisin B1 10.10 0.03 0.8 yes 785 800
Fumonisin B2 11.69 0.03 1.2 yes 681 686
Fumonisin B3 10.97 - 1.3 v v -
Fumonisin B4 12.44 - 0.2 v v -
Target Screening Non-target screening
Urine sample Tentative . Theoretic Empirica
Identification HEtunE e al library | library
Confirme
d with
standard Match
Compound RT ART Amass Strategy | Strategy 2 Na Fragment Match reverse
P (min) (%) (mDa) 1@ 2° adduct? ionse reverse fit fit
Gabapentin 3.27 0.05 0.8 yes (2) 893
Nicotine 2.72 - 1.1 v v -
Paracetamol 2.68 0.02 0.3 yes
Risperidone 6.72 0.10 0.0 yes
amehetamin | 397 | 020 | 04 yes 2) 874
Benzoylecgon | so4 | 002 | 10 yes 895 967
Cocaethvien | 425 | om | 04 yes
Cocaine 5.16 0.19 0.8 yes 716
noreenzoylec | 598 | 0,00 0.6 yes
gonine
norCocaethyl 571 . 0.7 v v .
ene
norCocaine 5.34 0.05 0.2 v v -

aStrategy 1, used for tentative identification of the compounds when the standard was not

available, consisted of comparing the main fragments observed in the HE function with

common MS/MS product ions reported in the literature.

b Strategy 2 was made by justifying the HE accurate mass fragments using a bond-disconnecting

software
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Other compounds, like anabolic steroids, are frequently ionised forming adducts
with MeOH, acetonitrile, ammonium or sodium (as a function of the mobile phase and sample
maftrix composition) and/or they suffer in-source fragmentation with neutral losses of one, or even
two, water molecules ([M = H20 + H]*, [M = 2H20 + H]*).#2 The later drawback is more difficult to
solve than adducts formation, but it could be circumvented by including empirical formula of the
known fragment ions in the database. Again, information reported in the literature and/or from
reference standards injection would be required to include expected fragments in the database.
Although fragmentation behaviour is not completely known in most cases, in our experience, this
effect is less common than adduct formation. Indeed, only 6 out of 231 compounds (3% of the
compounds studied) almost exclusively presented the fragment ion as base pecak, with the
protonated ion being practically absent. In these particular cases, monitoring this fragment is
mandatory for compound detection. In-source fragmentation turns into a useful confirmatory tool
when the reference standard is available and/or its behaviour is well known. Thus, including most
abundant fragments is always useful for automated confirmation.

As an illustrative example, Table 2 shows information on database entries for different
types of analytes included in this work. The molecular formula of the ion, when adduct formation
and/or in-source fragmentation occurred, was also introduced in the database, as well as the
bibliographic source, when information on possible occurrence of these ions was not directly

obtained from reference standard injection.
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Table 2 lllustrative example of the database used in the post-target approach. Database

entries were created including molecular formula, retention time (when available), accurate

mass and pollutant family, as well as bibliographic source when data were not empirically

obtained by reference standard injection. Different entries were created for sodium adducts

(marked as Na) and in-source fragments (marked as F1, F2, efc.). Entries marked with (*) indicate

the main ion/s in the reference standard spectrum.

Molecular RT Accurate
Compound lon type Pollutant family Source
formula (min) mass
Oxytetracycline* C22H24N209 4.83 [M+H]*  461.1560 Anftibiotic
Fragment
Oxytetracycline F1 C22H22N208 4.83 . 443.1454 Anftibiotic
ion
. Fragment .
Oxytetracycline F2 C22H15NOs 4.83 ) 426.1189 Antibiotic
ion
Amphetamine CoHiaN 3.06 [M +H]* 136.1126 lllicit drug
Fragment .
Amphetamine F1 CoHio 3.06 ) 119.0861 lllicit drug
ion
Fragment
Amphetamine F2* C7He 3.06 . 91.0548 lllicit drug
ion
MDMA CiiHisNO2 3.14 [M+H]*  194.1181 lllicit drug
Fragment
MDMA F1* CioH1002 3.14 . 163.0759 lllicit drug
ion
Fragment
MDMA F2 CsHsO2 3.14 . 135.0446 Illicit drug
ion
6-OH-4-Cl-
C2oH2703Cl 9.91 [M+H]* 351.1727 Steroid
dehydromethyltestosterone
6-OH-4-Cl-
Fragment
dehydromethyltestosterone CaoH2502Cl 9.91 . 333.1621 Steroid
ion
(-H20)
6-OH-4-Cl-
Fragment
dehydromethyltestosterone Ca0H230ClI 9.91 . 315.1515 Steroid
ion
(-2 x H20)
6-OH-4-ClI-
dehydromethyltestosterone C20H26NaO;Cl 9.91 [M+Na]* 373.1547 Steroid
(Na)*
Ethisterone C21H2802 - [M+H]* 313.2168 Steroid JMS,42,2007,497-516
[M + Na +
Ethisterone [M+Na+MeOH]* Ca22Ha31NaOs —_ MeOH] 367.2249 Steroid JMS,42,2007,497-516
e +
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Molecular RT Accurate
Compound lon type Pollutant family Source
formula (min) mass
Fumonisin B1* Cs34H59NO115 10.13 [M +H]* 722.3963 Mycotoxin
Fumonisin B2* Ca4Hs9NO14 11.66 [M+H]* 706.4014 Mycotoxin
Aldicarb sulfoxide C7H14N203S 3.19 [M+H]*  207.0803 Pesticide
Aldicarb sulfoxide (Na)* C7H1aNaN20sS 3.19 [M+Na]*  229.0623 Pesticide
Fragment
Aldicarb sulfoxide F1* CaHeS 3.19 ) 89.0351 Pesticide
ion
Fragment
Aldicarb sulfoxide F2 CsHyNOS 3.19 . 132.0483 Pesticide
ion
Tebufenozide C22H28N202 12.54 [M+H]*  353.2229 Pesticide
Tebufenozide (Na)* Ca2H27N202Na 12.54 [M+Na]* 375.2048 Pesticide
Tebufenozide (2M + Na)* C4HssN4OsNa 12.54 [2M + Na]* 727.4199 Pesticide
. Fragment .
Tebufenozide F1* CigH20N202 12.54 ) 297.1603 Pesticide
ion
Fragment
Tebufenozide F2* CoHsO 12.54 . 133.0653 Pesticide
ion
Azinphos-methyl CioH12N3O3PS2  10.49 [M+H]* 318.0136 Pesticide
Azinphos-methyl (Na)* CioH1iIN3O3PS2Na  10.49  [M + Na]*  339.9956 Pesticide
Fragment
Azinphos-methyl F1 CeHsNsO 10.49 K 160.0511 Pesticide
ion
Fragment
Azinphos-methyl F2* CgHsNO 10.49 i 132.0449 Pesticide
ion
Azoxystrobin C22H17N30s 10.97 [M+H]*  404.1246 Pesticide
Azoxystrobin (Na)* C22H16NaN3Os 10.97  [M+Na]* 426.1066 Pesticide
Fragment
Azoxystrobin F1* C21H13N3O4 10.97 . 372.0984 Pesticide
ion
Bifenazate Ci7H20N203 11.92 [M +H]* 1.0078 Pesticide
Bifenazate (Na)* Ci7H19N20OsNa 11.92  [M+Na]* 229898 Pesticide
Fragment
Bifenazate F1 CisHnNO 11.92 . 198.0919 Pesticide
ion
Fragment
Bifenazate F2 Ci2HiN 11.92 . 170.0970 Pesticide
ion
Dimethoate CsH12NO3PS2 5.76 [M+H]*  230.0075 Pesticide
Dimethoate (Na)* CsHiINaNOsPS2 576 [M+Na]* 251.9895 Pesticide
Methiocarb sulfone CiiH1sNO4S 6.27 [M+H]*  258.0800 Pesticide
Methiocarb sulfone (Na)* C1iH1.NO4SNa 6.27 [M+Na]* 280.0620 Pesticide
Methiocarb sulfone F1 CoH12038 6.27 Fragment  201.0585 Pesticide
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Molecular RT Accurate
Compound lon type Pollutant family Source
formula (min) mass
ion
Fragment
Methiocarb sulfone F2* CsHsO 6.27 . 122.0732 Pesticide
ion
Methiocarb sulfoxide CiiH1sNOsS 5.73 M+ H]* 242.0851 Pesticide
Methiocarb sulfoxide (Na) C1iH1.NO3SNa 5.73 [M+Na]* 264.0671 Pesticide
Fragment
Methiocarb sulfoxide F1* CoH12025 5.73 ) 185.0636 Pesticide
ion
Thiamethoxam CsH10CINsO3S 4.26 [M+H]* 2920271 Pesticide
Thiamethoxam (Na)* CsHyCINsOsSNa  4.26 [M+Na]* 314.0091 Pesticide
Fragment
Thiamethoxam F1* CsH10N+OS 4.26 . 211.0654 Pesticide
ion
Fragment
Thiamethoxam F2 C4H2NSCI 4.26 . 131.9675 Pesticide
ion
Thiobencarb Ci2H16CINOS 13.39 M+ H]* 258.0719 Pesticide
Thiobencarb (Na)* Ci2HisNaCINOS  13.39  [M +Na]*  280.0539 Pesticide
Fragment
Thiobencarb F1* C7HsCl 13.39 . 125.0158 Pesticide
ion
Thiodicarb CioH18N4O4S3 9.36 [M+H]* 355.0568 Pesticide
Thiodicarb (Na)* CioHi7NaN4O4sSs 9.36 [M+Na]* 377.0388 Pesticide
Fragment
Thiodicarb F1 CaHsNS 9.36 . 88.0221 Pesticide
ion
Bezafibrate Ci9H20CINO4 11.06 [M+H]*  362.1159 Pharmaceutical
Bezafibrate (Na)* CisHisNaCINO4  11.06  [M +Na]* 384.0979 Pharmaceutical
Chloramphenicol C11H12CI2N20s 6.46 [M+H]* 323.0201 Pharmaceutical
Chloramphenicol (Na) CiHiNaCN2Os  6.46 [M+Na]* 345.0021 Pharmaceutical
. Fragment .
Chloramphenicol F1* CiHioN204Cl2 - 6.46 ) 305.0101  Pharmaceutical
ion
Fragment
Chloramphenicol F2* CioHsN203Cl2 6.46 . 275.0002 Pharmaceutical
ion
Fragment
Chloramphenicol F3 C1HeNOCI2 6.46 . 241.0078 Pharmaceutical
ion
Gemfibrozil Ci5H2203 13.81 [M+H]* 251.1647 Pharmaceutical
Gemfibrozil (Na)* CisH21NaOs 13.81 [M+Na]* 273.1467 Pharmaceutical
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3. Application to samples

After application of the screening strategies to selected food , wastewater and human
urine samples, the post-target approach was found to be the most efficient for wide-scope
screening. In all samples analyzed, the number of positives was higher than using the non-target
approach, in this way giving a more realistic overview of the presence of organic pollutants in the
samples. A summary of the results obtained for selected samples is shown in Table 1. The list of
pollutants found by target and non-target screening (those with an adequate match reverse fit)
is reported together with the main information managed (mass error and retentiontime), as well
as retention time deviation when reference standard was available. Almost in all cases, Rt
deviation was lower than 1%. However, the retention time window for positive match was +0.5
min due to the wide range of matrix analysed having, in some particular cases, deviations higher
than 2% typically accepted as in the case of Venlafaxin. Confirmation using MSEis also shown
when it could be made. When reference standards were unavailable, information on
fragmentation and retention time was absent. Two strategies were followed to improve the
confidence in the compound identification.

The first strategy (Strategy 1 in Table 1) was to simply compare main fragments observed

in HE acquisition with common MS/MS product ions reported in the literature for the suspect
compound. This was the case for the anfibiotic gabapentin, which was detected and identified
in urine and wastewater by the presence of ftwo abundant fragments in the
HE spectrum with m/z 137.0966 and 154.1232 (Fig. 4). These fragment ions were also present in the
LE function and had been reported by other authors for determination of gabapentin by QqQ.43-
45 Elemental composition for these two fragments was calculated based on their accurate

masses obtaining errors of 0.7 and 0.2 mDa, respectively.

The second strategy (Strategy 2 in Table 1) consisted of justifying the fragments accurate
mass (typically observed in the HE spectra ) using MassFragment software. This software applies a
bond-disconnecting methodology to obtain possible structures for the fragment ions from a given
molecule. An example of this approach is shown in Fig. 5, where identification of main fragments
of the pharmaceuticalirbesartan was carried out. For this purpose, LE and HE
combined spectrum of suspect irbesartan was extracted from the chromatographic peak (Fig.
5a and b). The main fragments were justified with the MassFragment tool obtaining reliable
structures for all of them. In order to avoid spectrum interferences that could complicate the
identification process, recognizing which ions are fragments and which are not, becomes

mandatory. From this point of view, UHPLC resolution proved to be valuable for choosing
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perfectly coeluting ions (see Fig. 5¢). Irbesartan is an angiostensin Il receptor antagonist used in
the treatment of hypertension that has been in the market for over 10 years.#¢ Some fragments
observed for irbesartan had been previously reported by ion trap;4 the most used SRM transition
coincides with the most abundant fragment ion of the TOF spectra (m/z207.0922).4748 However,
as MassFragment is a bond-disconnecting software, correct justification is not always feasible.
Thus, for m/z 192 ion unreliable structures were suggested. In these cases, previous analyst

knowledge or better fragmentation prediction software is necessary.

URINOOG [M+H]* 1: TOFMSES+  URINO0SS 2: TOF MS ES+
100, LE /ITI/Z 172.1330 1370972%5;132 100 HE 328 ”2“‘2?623
GABAPENTIN

/ in-source fragment ion

(@)= m/z 154.1228

/ in-source fragment ion
m/z 137.0968
[ Time Time
100 200 300 400 500 600 700 800 9.00 9.00
1: TOF MS ES+ 2: TOF MS ES+
0 32106 81004
(b) # sample
155.1227 173.1381
205.0803
950855  119.0858 177.1030205.0819
0o |-87.0556 miz 0 miz
60 80 100 120 140 160 180 200 220 60 80 100 120 140 160 180 200 220
1: TOF MS ES+ 2: TOF MS ES+
1004 172.1338 7.52e5 1004 950850 2.11e4
| 137.0039
© * reference st ol PO 154.1202
?6705‘8 119.0854
154,1242 | 172.1342
1731390 | 136.1128 155,1245
155.1207 194.1223 { 81,0703 173.1389 2100872
1 174.14 |
o 87,0551 95.0863 119.0864 137.0969 1416 210%; 0 mz
60 80 100 120 140 160 180 200 220 60 80 100 120 140 160 180 200 220

Fig. 4 Positive finding of the pharmaceutical gabapentin in human urine: (a) overlapped
nw-XIC for three main ions (protonated ion at m/z 172 and in-source fragments at m/z 154 and
137) in the LE function and seven coeluting ions in the HE function. LE and HE spectra for sample

(b) and reference standard (c) showing good correlation for up to six abundant fragment ions.

In Table 1, the strategy used for the identification of each suspected positive is shown.
Bibliographic search and fragment interpretation were helpful to confirm potential positives.
When a disagreement occurred between experimental and literature data for fragment ions (if

available), and when structures provided by MassFragment software did not fit with the structure
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of the candidate, the suspected positive could not be confirmed, and no further research was

performed for its elucidation.

MUE004 2 70“555‘ MUEO04 778 (11.421) Cm (774:780-756:768) - TOF MS ES+
1na 180,084 0.020
100 1 100+ 1.34e5
« HE nse | BEE f
0 100 1180 | 1200 | 1280 | IRBESARTAN § ~
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100 1na ‘”0”00?‘.;! | “?S CocHaNLO
25" 129" Y6
- HE 1159 * * -0.7mDa (a)
430.2434
Thoo | 1S 1200 | 1250
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* HE 198.9840 1749925  207.0937 251.0002 365.1685 423.1764
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R T e e T T e 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450
MUE004 2: TOF MS ES+
" " i osm MUEOQ04 778 (11.426) Cm (776:780-747:757) 2: TOF MS ES
r m :780-747: iy +
HE .@;
# 6 2.95e4
B % e CuHeN D
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100 14 429.2410.020a
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. HE | Y CHioN {j A 8
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olr . s T - * : 0.4 mDa
11.00 11.50 1200 1250 Cu 1sN:0
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100 1na2 429.241 0.020a
ares 208.0941
* | LE 206.0832
, o . | e 180. 0803 1 . 209.0973
oo 50 1200 1250 ime 96.1536 213.4763222.1141 224.}3}?
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Fig. 5 Positive finding of the pharmaceutical irbesartan in effluent wastewater. Spectra for
LE function (a) and HE function (b) of the suspect peak and justification of the HE fragments using
MassFragment software. (c) nw-XICs (20 mDa mass window) for [M + H]* in LE function and main

fragments in HE function.

Following the above mentioned strategies, high confidence in the identification process
can be achieved. However, no definitive confirmation should be made without injecting the
reference standard. Thus, for the most frequently detected pharmaceuticals, irbesartan,
valsartan and gabapentin, the reference compounds were acquired. After injecting the
standard solutions, all suspect positives in wastewater were confirmed. Our experience on
identification of suspect organic contaminants by LC-QTOF under MSE mode is that the great
majority of suspect positives (around 95%) were subsequently confirmed when the reference
standard was acquired. This means that acquisition of expensive standards could be made only

when solid evidence exists on their presence in samples analyzed. The decision on which
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tfandards should be acquired would then be made on the basis of previous findings by QTOF MS .
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Fig. é Positive finding of the drug of abuse MDMA in effluent wastewater. (a) Overlapped
nw-XIC for two main ions (protonated ion at m/z 194 and in-source fragment at m/z 163) in the LE
function, and up to five coeluting ions in the HE function. LE and HE spectra for sample (b) and

reference standard (c) showing good correlation for up to five abundant fragment ions.

To overcome some post-target limitations and to enhance detectability and
identification reliability, improvements in the database approach were made to minimize
“missing” compounds due to abundant adduct formation and/or in-source fragmentation. More
enfries were added in the pollutant database for compounds with a high degree of
fragmentation and sodium adduct formation. This is easier when information for the compound is
available. After reprocessing the samples using the new, enlarged database, two more
compounds (gemfibrozil and bezafibrate) were found in wastewater. These compounds were not
detected before due to the abundantsodium adduct formation in positive electrospray
ionisafion (marked as * in Table 1). In addition, not only the detection step was improved but also
the confidence in the identification, as for several analytes, both the protonated molecule and
in-source fragments/sodium adducts were also detected (information shown inTable 1). To

exemplify this feature, Fig. 6 shows a positive finding of MDMA in EWW. As can be seen, the
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protonated ion and main in-source fragment ion of the compound were both detected, the

latter being much more abundant than the protonated molecule.

As a summary, two situations could be considered when using the post-target approach

based on QTOF measurements:

(a) Detection of target analytes for which standard is available and has been
previously injected under the same conditions as the samples. In this case, retention time, in-
source fragmentation and adduct formation became useful tools, making the confirmation of
findings highly reliable, surely unequivocal.

(b) Detection of suspect compounds for which reference standards are unavailable.
Obviously, the situation requires extra-work and time. After a careful study of the full-scan
accurate mass data obtained for the suspect compound, a reliable identification could be
advanced. A definitive confirmation by injection of the reference standard would be required in
the case that significant environmental or legal implications were associated to the presence of
the suspect compound. Here, the experience of the analyst and their background on mass

spectrometry is of the utmost relevance.

Regarding the non-target screening results, it must be noted that the deconvolution
process depends to a great extent on the intensity of the chromatographic peak. Using this
approach, several contaminants were missed, as the number of compounds found in the

samples was considerably lower than using the targeted one (Table 1). Furthermore, non-target

screening with empirical library allowed us to detect very few compounds, not only because of
the component detection limitations but also due to fewer enfries in this library (231). However,
confirmation of the identity becomes simultaneous and more reliable than with other
approaches (i.e. theoretical library) as LE and HE spectra are compared with those included in
the empirical library making unlikely the reporting of false posifives. As an example, Fig. 7 shows a
corn sample positive tofumonisin . In this figure, two and five coeluting ions were selected for
component detection in the LE and HE functions, respectively (Fig. 7a). Both deconvoluted LE
and HE mass spectra were automatically compared with those of fumonisin B1 included in the
empirical mass spectra library with a match of 80% (Fig. 7b and c).

When employing the theoretical, library-based, non-target screening approach, the
investigation of findings when reference standards were unavailable was carried out using the

same two strategies discussed before for post-target screening.
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Fig. 7 Non-target screening using experimental library search. Accurate-mass
confirmation of the mycotoxinfumonisin B1. (a) Overlapped nw-XICs of the main deconvoluted
ions of Fumonisin B1 under LE and HE conditions. Mass spectrum at LE and HE functions for sample
(b) and reference standard (c). Library match (80%) and accurate-mass confirmation of the ions

(mass errors below 1.3 mDa).

This work shows that the post-target approach has better capability for wide-scope
screening of different analyte /sample matrix combinations. However, the non-target approach
sfill has some advantages, especially when using an experimental library, as a comparison of the
suspect compound versus library spectrais automatically performed achieving a highly reliable
identfification. In addition, other non-expected compounds that might be present in samples at
relatively high concentrations might be detected without any kind of selection (pre- or post-
target). However, searching for unknowns is an analytical challenge, where the possibilities to
elucidate the components detected are rare.® The main limitation for this approach is the
difficulty of having large compound libraries similar to those used in GC-MS . At the moment,
spectral libraries for LC-MS are home-made and are quite limited. Hopefully, in the near future

large standardized libraries which will facilitate non-target screening will be available.
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In this work, several contaminants have been found in the three types of samples
investigated. Some of them have been tentatively identified without reference standard. The
compounds detfected belong to very different chemical classes and included emerging
contaminants such as pharmaceuticals, UV filters and drugs of abuse, as well as
several pesticides. Commonly used post-harvest fungicidesimazalil and thiabendazol were
identified in the orange and banana samples. In the case of the corn samples,
the mycotoxins Fumonisin Bl and B2 were found, and also the less commonly
detected Fumonisin B3 and B4 that were not previously included in the common pre-target

approaches applied.

CONCLUSIONS

The comparison of different strategies based on the use of UHPLC coupled with QTOF
MS for large-scale screening of organic pollutants in food , environmental and urine samples has
been carried out. Thanks to the accurate-mass, full-spectrum acquisition in QTOF MS , it is feasible
to apply both the target and non-target approaches, which can be seen as complementary
within the public health field.

The application of the target approach to selected samples has been demonstrated as
an efficient tool for screening a large number of pollutants. For this purpose, a database
containing information on the exact mass of the (de)protonated molecule and on the fragment
ions and adducts (typically sodium adducts) has been created containing more than 1000
enftries. This database has been built on the basis of our own experience and from data reported
in the literature on LC-MS analysis of the compounds. Once a compound is detected, the
potential positives need to be confirmed taking info account the information obtained on
accurate masses of the (de)protonated molecule and of fragment ions, as well as the isotopic
distribution. This is feasible using the MSE acquisition mode in the QTOF instrument, which allows
the simultaneous MS data acquisition at low and high collision energy. The accomplishment
of retention times and experimental MSE fragmentation using reference standards obviously
facilitates the confirmation step.

In this work, an empirical library containing 231 selected compounds has also been
employed in both the target and non-target approaches. Building empirical spectral libraries has
been found fo be the best way to facilitate both screening types, although it requires the
injection of a large number of reference standards to be efficiently applied.

The non-targeted screening presents important drawbacks at low compound

concentrations, especially in more complex-matrix samples, due to the difficulties in the

132



Capitulo 2 Diaz et al./Anal. Methods, 4 (2012)196-209

components detection step. Identification of non-target contaminants is greatly facilitated when
the compound detected is included in the home-made libraries, otherwise the elucidation of the
compound becomes an analytical challenge where the possibilities of success are rare.

An inferesting advantage associated with TOF MS -based methodologies concermns the
possibility of performing refrospective analysis. This allows investigation of the presence of organic
contaminants that were included in the first screening. This can be done at any time, without the

need of either new analysis or new sample injections.
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SUPPORTING INFORMATION

Table 3. Analytes included in the post-target and the non-target with theoretical library
screening in positive ESI mode grouped by compounds family.

A) List of Pesticides included.

1-Naphthaleneacetic acid Cycloate Flazasulfuron Pendimethalin

2.4,5-T Isopropyl ester Cyfluthrin Fluacrypyrim Phenmedipham

2.4-D Butyl ester Cyprodinil Fluazifop-P-butyl Phenyl mercuric acetate

2,4-D methyl ester Cyromazine Fludioxonil Phorate oxygen analogue

2-hydroxy-simazine Daminozide Flufenoxuron Phorate-sulfone

2-Naphtoxyacetic acid DDVP (dichlorvos) Fluguinconazole Phosfon

3.4,5-trimethacarb Deethyl cyanazine Fluroxypyr Phosphamidon

5-hydroxy-imidacloprid Deethyl cyanazine amide Flusilazole Picolinafen

6-chloro-4-hydroxy-3-phenyl-  Deethyl-2-hydroxy-

pyridazin terbuthylazine Folpet Pirimiphos ethyl

Deethyldeisopropyl-2-

Absidic acid hydroxyaftrazine

Forchlorfenuron Primisulfuron-methyl

Acephate Deethylsymetrine Fosthiazate Prochloraz

Acetate Deethylterbutryn Furathiocarb Profenofos

Acibenzolar-S-methyl Deisopropylatrazine Haloxyfop Prometon

Haloxyfop-

Acrinathrin Deltamethrin ethoxyethylester

Propachlor

Alanycarb Demethon-S-methyl sulfon Haloxyfop-methyl Propanil

13
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Aldicarb Demethyl fluometuron Hexaconazole Propethamphos

Aldicarb sulphone Demethyl monuron Hexythiazox Propiconazole

Amidosulfuron Desmethylpirimicarb Hydroxy atrazine Propyzamide

Amitraz Dialifos Imazameth Prosulfuron

Anilofos Diazinon Imidacloprid Pymetrozine

Atrazine Dichlofluanid lprodione Pyridaben

Avermectin Blb Dichlorprop Iprovalicarb Pyridate

Azinphos-ethyl Diclofop-methyl Isofenphos Pyrifenox isomer Z/E 2

Azoxystrobin Dicrotophos Isoxaflutole Pyriproxyfen

Bendiocarb Dieldrin Kresoxim-methy! Quinmerac

Bensulfuron-methyl Difenoconazole Lufenuron Quinoxyfen

Bensultap Diflubenzuron Malathion Reserpine

Benzoximate Disulfoton MCPA methylester Rotenone

Bifenox Dimethachlor Mepanipyrim Simazine

Dimethomorph estereoisomer

Bitertanol 1

Mesotrione Spinosyn A

Bromoxynil Dimethylvinphos Metamitron Spiroxamine

Bupirimate Dinocap Metconazole Sulfallate

Butocarboxym Diphenylamine Methamidophos Sulfotep

Butoxycarboxym Diuron Methidathion Tebuconazole

13
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Cambendazole Dodemorph Methiocarb sulfone Tebufenpyrad

Carbaryl Edifenphos Methomyl Teflubenzuron

Carbetamide EPN Metobromuron Terbufos

Carbofuran-3-OH EPTC Metosulam Terbufos sulfoxide

Carboxin Ethiofencarb Metribuzin Terbuthylazine

Chlorfenapyr Ethiofencarb sulfoxide Mevinphos 1 Tetrachlorvinphos

Chlorfenvinphos-Met Ethion Molinate Thiabendazole

Chloridazon Ethoxyquin Monolinuron Thiamethoxam

Chloropicrin Ethofumesate Myclobutanil Thiobencarb

Chloroxuron Etoxazole Napropamide Thiofanox

Chlorsulfuron Famoxadone Nicosulfuron Thiofanox-sulfoxide

Cinosulfuron Fenarimol N-m-Tolylphthalamic acid  Thiophanate-methyl

Clethodim-imin-sulfon Fenbendazole Ofurace Tolclofos-methyl

Clethodim-sulfon Fenfuram Oxamide Triadimefon

Clodinafop-propargy! Fenoxaprop Oxamyl Triasulfuron

Clomazone Fenoxycarb Oxydemeton-methyl Tribenuron-methyl

Cloquintocet-mexyl Fenpropathrin Oxygen Tricyclazole

Clorpyrifos-methyl Fenpropimorph Paraoxon Trifloxystrobin

Coroxon Fensulfothion Paraquat dichloride Triflumuron

Cyanazine Fenthion Parathion-methyl Trisulfuron-methy!

13
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Cyanazine amide Flamprop Pebulate Vamidothion

B) List of Pharmaceuticals included.

Paracetamol/Acetaminop

Acetobutolol Cimbuterol Ibuprofen hen

Ibuprofen (Met 1)

Hydroxyibuprofen Pavabid

Acetylsalicylic acid/Aspirine Ciproheptadina

Albuterol Clenbuterol Indomecthacin Phenazone/Antipyrine

Phenylbutazone (Met 1)

Alendronic acid Clenhepterol lopromide Oxyphenbutazone

Amfepramone Clenisopenterol Isoprenaline Phenylthiouracil

Aminoglutethimide Clenproperol Ketoprofen Pirbuterol

Anastrozole Clobetasone butryate Latanoprost Prednisolone

Benzylpiperazine Clofibric acid Lorazepam Procaterol

Bupropion Codeine Mabuterol Propylthiouracil

Carphedon Cortisone Mapenterol Quinapril

Cathine Desoxycortisone Meloxicam Raloxifene

Amfetaminil Diatrizoate Mestranol Ranitidine

Chlorphentermine Diclofenac Metamizole/Dypirone Risedronic acid

Amidotrizoic acid Dimethylaminophenazone Methotrexate Salbutamol

Amlodipine Doxazosine Methylprednisone Salmeterol

14
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Atenolol Etofibrate Metoprolol Simvastatin

Bamethane Fenofibric acid/Fenofibrate Mevastatin Sulfapyridine

Benzafibrate Fenoterol Montelukast Tapazol

Betaxolol Florfenicol Naproxen Terbutaline

Bezafibrate Fludrocortisone acetate Nifedipine Timolol

Brombuterol Flunixin Nitroglicerine Tolfenamic acid

Broom-clenproperol Fluorometholone Nordiazepam Tramadol

Budesonide Furosemide Olanzapine Triamcinolone acetonide

Captopril Gabapentina Oxazepam Valsartan

Palaudine/(n-

. Warfarin
hydroxypapaverine

Carbamezapine Hydrochlorothiazide

Carprofen Hydroxy-clenbuterol Pancuronium Bromide Zilpaterol

AHD Dicloxacillin Midecamycin Spiramycin Il

Amikacin Dimetridazole Monesin Streptomycin

AMOZ Doxytetracycline Nafcilline Sulfachlorpyrazine

AOZ emamectin Bla benzoate Narasin Sulfadiazine

Azaperone emamectin B1b benzoate Nitrofurantoin Sulfadimidine

Azithromycin (+2) Enrofloxacin Norfloxacin Sulfaguanidine

Cefaclor Erythromycin A Oleandomycin Sulfamethazine

Cefoperazone Erythromycin C Oxacillin Sulfamethoxazole

14
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Cefoxatime Febantel Oxibendazole Sulfamonometoxine

Ceftizoxime Fleroxacin Oxytetracycline Sulfapyridine

Cephadroxile Flumequine Penicillin Sulfasalazine

Cephapirin Furazolidone Penicillin V Sulfisoxazole

Chlorpromazine Gemifloxacin Pipedimico Temafloxacin

Cinoxacin Grepafloxacin Pirlimycin Tiamulin

Ciprofloxacin (Met 1) Halofuginone Propionylpromazine Tinidazole

Ciprofloxacin (Met 3) Josamycin Robenidine Triclabendazole

Ciprofloxacin (Met 5) Leucomalachite green Rosoxacin Trovafloxacin

Clindamycin Lincomycin Rufloxacin Tylosin B

Cloxacillin Maduramicin Sarafloxacin Tylosin D

Diaveridine Marbofloxacin Sparfloxacin

C) List of lllicit drugs included.

11-hydroxy-THC Codeine MDA Norbenzoylecgonine

14-Hydroxycodeine Codeine-é-glucuronide MDMA Norcocaine

3-Acetylmorphine Diacetylmorphine Methamphetamine Normorphine

3-Hydroxyflunitrazepam Ecgonine Methylecgonine Nortropacocaine

6-Acetylmorphine (6-AM) EDDP Morphine Paraxanthine

14
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7-aminonorflumitrazepam Ethylecgonine Morphine-6p-glucuronide Pseudomorphine

Amphetamine Fentanyl Morphine-gsh Psicolin

Caffeine GHB N-Demthylflunitrazepam THC

Cocaethylene Ketamine Nicotine

D) List of Hormones included.

1.4-androstadiene-3,17-dione Bolandiol Ethisterone Nandrolone

16B-hydroxystanozolol Boldenone Ethynodiol Norclostebol

17B-oestradiol Broparoestrole Fluoxymesterone Norethisterone

17-oestradiol Chlormadinone Formebolone metabolite Norprogesterone

19-hydroxyandrostenedione Clostebol Gestrinone Oestriol

1-testosterone Cyproteron Lynestrol Oxandrolone

Dehydrochloromethyl

3'-hydroxystanozolol testosterone

Medroxyprogesterone Oxymetholone

4,9-androstadien-17-methyl-17-

ol-3-one DHT Megestrol acetate Quinbolone

4B-hydroxy-progesterone Diethylstilbestrol Melengestrol acetate Stanozolol

4-hydroxystanozolol Dl-norgestrel Mesterolone Taleranol

6alpha-hydroxy-androst-4-ene-

3,17-dione Dydrogesterone Methandienone Testosterone

6b-hydroxytestosterone Epi-nortestosterone Methandrol Trenbolone

6-hydroxyandrostenedione Epi-trenbolone Methylestrenolone Zearalenone

14
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Allylestrenol Estriol Methylfrienolone Zearalenol

E) List of Mycotoxins included.

15-Acetyldeoxynivalenol Chaetoglobosin A Ergotamine Monoacetoxyscirpenol

3alpha-

. . Chetomin Fumitremorgin C Neosolaniol
Acetyldiacetoxyscirpenol

Aflatoxicol | Cytochalasin E Fumonisin A2 Norsolorinic acid

Aflatoxin B2 Deoxynivalenol Fumonisin B2 Ochratoxin B

Aflatoxin G1 Diacetoxyscirpenol Fumonisin B4 Paxilline

Aflatoxin M1 Dihydroergotamine Gibberallic acid Roridin A

Agroclavine Dihydroxysterigmatocystin Griseofulvin Sterigmatocystin

Alpha-Zearalenol Emodin Hydrolyzed zearalenone T-2 Toxin

Alternariol Enniatin B Meleagrin Tentoxin

Austocystin A Ergocornine Methoxysterimatocystin Verrucarol

Averufin Ergometrine Moniliformin Zearalenone

F) List of Surfactants included.

C12-AEO10 C13-DEA C14-AEO9 C18-AEO10

C12-AEO12 C14-AEOT11 C16-AEO10 C18-AEO4

C12-AEO14 C14-AEO13 C16-AEO12 C18-AEO6

14
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C12-AEO4 C14-AEO4 C16-AEOS C18-AEO8

C12-AEO¢6 C14-AEO6 C16-AEO7 C7-DEA

G) List of Dyes included.

Butter yellow Sudan | Sudan Para-red

Leucocrystal violet Sudan i Sudan Red B

H) List of UV filters included.

BM-DBM IAMC OD-PABA

1) List of Phenols included.

Chlorophenol 4-chlorophenol Dinoseb p-Cresol

SUPPLEMENTARY INFORMATION

Table 4. Analytes included in the post-target and the non-target with theoretical library
screening in negative ESI mode grouped by compounds family.

A) List of Pesticides included.

2,4-DB Dicamba Haloxyfop Propanil

Absidic acid Fenazaquin loxynil Terbacil

Bentazone Fludioxonyl Mecoprop Triflumuron

Bromoxynil Fluroxypyr Oxyfluorfen

14
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B) List of Pharmaceuticals included.

Acetylsalicylic acid/Aspirine Furosemide Chloramphenicol

Bendroflumethiazide Ketoprofen Enrofloxacin

Clofibric acid Naproxen Nalidixic acid

diclofenac sodium salt Piroxicam Nitrofurantoina

Digoxin Salicylic acid Sulfamethoxazole

Enalaprilat Valsartan

C) List of lllicit drugs included.

11-nor-9-carboxy-A9-THC

D) List of Hormones included.

Estrone Testosterone Zearalenol

E) List of Mycotoxins included.

Gibberallic acid Patulin

F) List of Surfactants included.

C11-LAS CI13-AE1S C14-AE2S NPEO3-SO4

C12-AE2S C13-AES3S C14-AE4S NPEOS-SO4

C12-AEA4S C13-AES5S C14-AS NPEO7-SO4
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C12-AEéS C13-AS DHSS

G) List of Dyes included.

Acid green 9 Chrysoine Naphtol yellow S Red 10B

Acid violet Erythrosine Orange I/1I/RN Rose bengal

Amaranth Fast Red E Phloxine B Tartrazine

Azorubine Green S Ponceau 4R Yellow 2G

Brilliant black PN Martius yellow Ponceau SX

H) List of UV filters included.

Benzophenone-2 (BP-2) 4-hydroxybenzophenone (HBP) 2,3,4-Trihydroxybenzophenone (THB)

Benzophenone-4 (BP-4) 2-hydroxy-4-methoxy benzophenone Ethylhexyl salicylate (EHS)

1) List of Phenols included.

2.3.4,6-tetrachlorophenol 2,4-dimethylphenol 3.5-dichlorophenol Bisphenol A

2.3,5.6-tetrachlorophenol 2,5-dichlorophenol 3-chlorophenol Dinoseb

2.3,6-trichlorophenol 2,6-dinitro-2-methylphenol 4,6-dinitro-4-methylphenol o-Cresol

2,4,5-trichlorophenol 2-nitrophenol 4-chloro-3-methylphenol Pentachlorophenol

2.4,6-trichlorophenol 3.4,5-trichlorophenol 4-nitrophenol
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2.3.1. Discusion de resultados

Este trabajo representa la continuaciéon del primer articulo cientifico en el cual
se estudiaban las condiciones éptimas para la creacion de una libreria de espectros y
el posterior andlisis de tipo screening por LC-HRMS. En él se comparan diferentes
aproximaciones para afrontar el tratamiento de la ingente canfidad de datos
obtenidos en base a la automatizacién, confianza de la identificacion, al nimero de
falsos positivos y, sobretodo, al de falsos negativos. En un screening es importante
poder asegurar, con la mdxima fiabilidad posible, si una muestra estd o no
contaminada a niveles de concentracidn relativamente bajos previamente
establecidos. Por ello, el procesamiento de datos no debe presentar un impacto
negativo sobre la deteccidén/identificacién de los diferentes compuestos, pues restaria
robustez a la metodologia aplicada. Se estudiaron dos aproximaciones: non-target y
post-target. El término post-target, ha sido comentado en el capitulo de infroduccién,
y se refiere a la bUsqueda o seleccién de los analitos después de la inyeccién de la
muestra y de haber adquirido los datos. Esta fue la opcion mds adecuada, gracias en

parte al bajo nimero de falsos positivos y negativos encontrados.

Asi pues, mediante la metodologia post-target fue posible detectar un mayor
numero de analitos en comparacion a las aproximaciones non-target, tanto si se
utilizaba la libreria de espectros doméstica experimental o tedrica. Sin embargo, en la
aproximacién non-target con libreria empirica, la confianza en la identificaciéon de los
compuestos encontrados fue mayor gracias a la comparacién automdtica con los
espectros de los patrones incluidos en la libreria tanto a baja como a alta energia de
colision. Esto permitia de manera sencilla y visual (ademds de por los valores de
similitud/match) confirmacion inmediata de la identidad. Para mejorar las posibilidades
identificativas en la aproximacion post-target se introdujeron los datos de los
fragmentos observados para los compuestos incluidos en la libreria experimental (por
tanto, se disponia de patrén), como entradas adicionales de la base de datos utilizada
para el screening post-target. Para ello, se calcularon las composiciones elementales
de cada uno de los fragmentos de todos los compuestos mediante el uso del software

MassFragment.
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El programa MassFragment se basa en cdlculos de rotura de enlaces con el fin
de encontrar subestructuras posibles para cada uno de los iones de un espectro
concreto a partir de la estructura quimica del compuesto en cuestion. Esto significa
que a partir de una estructura y de los iones en masa exacta observados en el
espectro de fragmentacion, el software calcula automdticamente donde podria
producirse la rotura del enlace o enlaces para obtener dichos fragmentos. Ademds,
puede seleccionarse, a eleccion del usuario, un margen de error en cuanto a los
hidrégenos de la estructura del fragmento final, permitiendo asi predecir la posible
(des)protonacién, ciclacién o formaciéon de dobles enlaces durante el proceso de
fragmentacién. Adicionalmente, se puntuan las posibles estructuras propuestas para
los posibles fragmentos en base al tipo de enlace/s roto/s para la formacién de ésta,
es decir, de entre las diferentes subestructuras posibles para un determinado
fragmento, se penalizan en mayor medida aquellas que involucren roturas de enlance
de grupos aromdaticos, ciclos o enlaces multiples, pues este tipo de fragmentaciones

son energéticamente menos probables y, por tanto, menos comunes.

En la figura 2.B. se muestra un ejemplo de los resultados obtenidos para el
pesticida Alachlor. En este caso, el compuesto se enconfraba altamente fragmentado
incluso en la primera funcién (baja energia de colision, LE) y ademds presentaba un
aducto sodiado abundante, siendo prdcticamente inexistente el ion correspondiente
a la molécula protonada. Ademds, se puede observar, de forma clara el pattern
isotépico correspondiente a un dtomo de Cl en uno de los fragmentos, lo que facilité
en gran medida la elucidacion de los fragmentos. Sin embargo, esta aproximacion
presenta dos principales inconvenientes. El primero de ellos, puede observarse en la
figura 2.B., donde el cluster correspondiente al aducto sodiado no es justificado
debido a que el programa no estd disefado para deducir iones de mayor masa que
la molécula en cuestidn, no pudiendo predecir la formacién de aductos o de dimeros.
El segundo viene dado por la incapacidad de deduccidn de fragmentos formados a
partir de reordenamientos en la molécula, ya que Unicamente se consideran roturas
de enlace, o posibles formaciones de iones policargados (aungue esto Ultimo es muy
improbable en el caso de moléculas pequenas). Estos inconvenientes deben pues ser

solventados por el analista a partir de su conocimiento y experiencia.
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Alachlor
Input:
ID (job) 9
~o cl Mass (Da) 269.1183
L\ Formula C14H>cNOCI
N7 S0
Experiment:
162.1282 238.1005 239.1046 239.1635 240.0978
Product ion(s) (Da) 240.1678 292.1091 293.1147 294.1065 295.1085
+/- 0.01 in positive mode, structure filter off
DBE -1.5to 50
Electron count both
Maximum H deficit 6
Fragment number of bonds |4
Scorin aromatic: 6, multiple: 4, ring: 2, phenyl: 8, othér
9 H-deficit: 0, hetero modifier: 0.5, max score: 16
Results:

238.1005 —+ (+OH) 162.1282 ~+ (+1H)
(]

238.0999 (+0.6.mDa) (S:0.5, Bi162.1283 (-0.1.mDa) (S:1.0, B2)
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Figura 2.B. Resultados obtenidos mediante MassFragment para la elucidacién estructural
del pesticida Alachlor a partir del espectro del patrén correspondiente en la funcién de baja
energia de colision.

La metodologia aplicada permitié la deteccidn e identificacion de
compuestos cuyos tiempos de retencién y fragmentos fueran previamente conocidos
(es decir cuyo patrén estuviese disponible y hubiese sido previamente inyectado),
pero, ademdas, estaba disponible la informacién de fragmentacion de los compuestos
incluidos en la base de datos tedrica (en el caso de detectarlos en la muestras), de los
cuales solo se tenia informacion de la férmula molecular. Esta informacion permitié la
identificacion tentativa de aquellos compuestos cuya presencia fuera reiterada, como
por ejemplo el fadrmaco Irbesartan, mediante el uso de los espectros de baja y alta
energia y la justificacién de fragmentos usando MassFragment o la busqueda en
literatura. La experiencia en cuanto a esta pseudo-confirmacion, o identifiacion

tentativa, nos ha demostrado que casi la totalidad de los positivos encontrados y
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razonadamente justificados han sido posteriormente confirmados mediante la
inyeccién de patrones bajo las condiciones del método. Un ejemplo de este

procedimiento se muestra en la figura 5 del articulo.

La identificacion tentativa de compuestos sin patrén permitié ampliar el
conocimiento sobre la presencia de contaminantes emergentes en las muestras
analizadas, e incluir posteriormente dichos compuestos en métodos multiresiduales de
LC-QgQ MS para su control en muestras medioambientales (Gracia-Lor, Martinez et al.
2012). Nuestros estudios con QTOF MS revelaron la presencia de fdrmacos que no
habian sido incluidos en la base de datos, como el antes mencionado Irbesartan, en

un importante nimero de muestras de agua analizadas.

Este segundo arficulo se sentaron las bases para una metodologia de
screening "universal”, que con el fin de reforzarla debid ser validada cualitativamente,

tal como se muestra en el siguiente articulo cientifico.
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A multiclass wide-scope screenmg of organic contaminants in natural and was:e water has been deveh
aped and validated for qual purposes, i.e. detection and reliable i of

detected in samples at a certain level of concentration. The screening is based on the use of liquid chro-
matography coupled to quadrupele-time of flight mass spectrometry (LC—QTOF MS) and has been applied
to water samples of different origin and matrix composition (surface water, ground water and effluent
urban wastewater). Water samples were spiked with a standard mixture of around 150 organic con-
taminants from different chemical families (including a number of relevant metabolites/transformation
products (TPs), at 0.1 and 1 pg/L concentration levels. After solid-phase extraction with Oasis HLB car-
tridges, sample extracts were analyzed by LC-QTOF MS and the accurate-mass full-spectrum data were
processed for qualitative analysis. The presence of at least two ions (typically the (de)protonated molecule
and one fragment ion) accurate-mass measured was used for the reliable identification. The screening
detection limit (SDL) and the limit of i (101} were as the main of
the screening method. Nearly all compounds could be detected at the lowest concentration tested, but
identification was problematic for some compounds at 0.1 pg/L level, especially in wastewater samples.
The screening procedure was finally applied to different water samples using a home-made database of
around 1100 organic contaminants. It allowed the detection and identification of several antibiotics, anti-
inflammatory/analgesics drugs and lipid regulators. Cocaine and its metabolite benzoylecgonine were
also frequently detected. In addition, triazine herbicides and their TPs, and fungicides like thiabendazol,

carbendazim or imazalil, were also identified in some of the samples.
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1. Introduction

Environmental pollution is a matter of increasing concern as the
number of contaminants potentially hazardous for plant and ani-
mal species, or even for human health, is extraordinary high. During
many years, the impact of chemical pollution has been focused
almost exclusively on the so-called “priority” pollutants, especially
those acutely toxic/carcinogenic pesticides and industrial interme-
diates displaying persistence in the environment. However, in the
last years, the presence of emerging contaminants, such as pharma-
ceuticals [1-3], illicit drugs [4-6] or personal care products [7-9],
is being reported in the environment. These compounds can finally
reach the aquatic environment due to the inability of water treat-
ment plants to completely remove some of them [10].

Environmental analytical chemists have to face the investi-
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environment. Multiclass/multiresidue methods, commonly based
on LC-MS/MS, are applied to menitor most emerging contami-
nants, as this technique allows the satisfactory identification and
quantification of target analytes at low concentrations. However,
although quantitative data are highly useful, information on the
possible presence of other pollutants that do not form a part of the
list is missed in most target methods [11-13].

Full-spectrum acquisition techniques based on the use of
high resolution mass spectrometry (HRMS) are increasingly being
applied for wide-scope screening purposes in the environmen-
tal field [12,14,15]. Screening a large number of contaminants is
highly useful in the environment to have realisticinformation ofthe
actual composition of samples [ 16]. HRMS can achieve extended
multi-class compounds information as well as provide a broad
and realistic knowledge about sample pollution in a rapid, sen-
sitive and selective way [17]. Moreover, this approach facilitates
the easy method update or even the retrospective analysis of sus-
pected samples in a subsequent step, a relevant fact as “emerging
contaminants” are continuously appearing {as well as new trans-
formation products discovered), this being another new reason of
concern [18].
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HIGHLIGHTS

¢ Qualitative validation of a UHPLC—-(Q)TOF MS wide-scope screening method performed.
* Contaminant identfification criteria have been discussed for HRMS methodologies.

* SDL and LOI have been established for around 150 contaminants from different families.
* The methodology has been applied to real waters samples.

ABSTRACT

A multiclass wide-scope screening of organic contaminants in natural and waste water
has been developed and validated for qualitative purposes, i.e. detection and reliable
identification of compounds detected in samples at a certain level of concenfration. The
screening is based on the use of liquid chromatography coupled to quadrupole-time of flight
mass spectrometry (LC-QTOF MS) and has been applied to water samples of different origin and
maftrix composition (surface water, ground water and effluent urban wastewater). Water samples
were spiked with a standard mixture of around 150 organic contaminants from different chemical
families (including a number of relevant metabolites/transformation products (TPs), at 0.1 and 1
ug/L concentration levels. After solid-phase extraction with Oasis HLB cartridges, sample extracts
were analyzed by LC-QTOF MS and the accurate-mass full-spectrum data were processed for
qualitative analysis. The presence of at least two ions (typically the (de)protonated molecule and
one fragment ion) accurate-mass measured was used for the reliable identification. The
screening detection limit (SDL) and the limit of identification (LOI) were established as the main
parameters of the screening method. Nearly all compounds could be detected at the lowest
concenfration tested, but identification was problematic for some compounds at 0.1 ug/L level,

especially in wastewater samples. The screening procedure was finally applied to different water
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samples using a home-made database of around 1100 organic contaminants. It allowed the
detection and identification of several antibiotics, anti-inflammatory/analgesics drugs and lipid
regulators. Cocaine and its metabolite benzoylecgonine were also frequently detected. In
addition, triazine herbicides and their TPs, and fungicides like thiabendazol, carbendazim or

imazalil, were also identified in some of the samples.

1. INTRODUCTION

Environmental pollution is a matter of increasing concern as the number of contaminants
potentially hazardous for plant and animal species, or even for human health, is extraordinary
high. During many years, the impact of chemical pollution has been focused almost exclusively
on the so-called “priority” pollutants, especially those acutely toxic/carcinogenic pesticides and
industrial intermediates displaying persistence in the environment. However, in the last years, the
presence of emerging contaminants, such as pharmaceuticals [1-3], illicit drugs [4-6] or personal
care products [7-9], is being reported in the environment. These compounds can finally reach the
aquatic environment due to the inability of water treatment plants to completely remove some
of them [10].

Environmental analytical chemists have to face the investigation of thousands of organic
pollutants from different origin and chemical composition that may be present in the aquatic
environment. Multiclass/multiresidue methods, commonly based on LC-MS/MS, are applied to
monitor most emerging contaminants, as this technique allows the satisfactory identification and
quantification of target analytes at low concentrations. However, although quantitative data are
highly useful, information on the possible presence of other pollutants that do not form a part of

the list is missed in most target methods [11-13].

Full-spectrum acquisition techniques based on the use of high resolution mass
spectrometry (HRMS) are increasingly being applied for wide-scope screening purposes in the
environmental field [12-15]. Screening a large number of contaminants is highly useful in the
environment to have realistic information of the actual composition of samples [16]. HRMS can
achieve extended multi-class compounds information as well as provide a broad and realistic
knowledge about sample pollution in a rapid, sensitive and selective way [17]. Moreover, this
approach facilitates the easy method update or even the retrospective analysis of suspected

samples in a subsequent step, a relevant fact as “emerging contaminants” are continuously
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appearing (as well as new transformation products discovered), this being another new reason of

concern [18].

Typically, a large screening is focussed on qualitative analysis, i.e. the objective is to know
whether a given analyte is present or not in the sample at a certain concentration level.
Oppositely to other applied fields, like toxicology or anti-doping analysis [19,20], there is a lack of
environmental wide-scope screening methods conveniently validated from a qualitative point of
view [21,22]. In fact, validation guidelines are commonly focussed on quantitative methods [23],
and there is not a widely accepted procedure to be applied in qualitative analysis yet. Recently,
SANCO documents have included screening methods based on MS techniques and give some
useful indications on their validation in the field of pesticide residue analysis [24]. As the goal of
screening is detect and identify the presence of contaminants in the sample, qualitative
validation pursues establishing the minimum concentration for each compound that can be
detected (screening detection limit, SDL) and identified (limit of identification, LOI) in a reliable
way in the different matrices under study. Qualitative validation of screening methods is useful
and necessary to assess the applicability and potential limitations of the procedure applied and
to improve the knowledge on the analyte concentration limits and on specificity of the method.
Due to the lack of information on screening methodologies, some authors have proposed criteria

to be achieved when developing screening methodologies with HRMS [22,25].

The objective of this work is to develop and perform the qualitative validation of a
screening method for organic pollutants in natural water and wastewater based on the use of
ultra-high pressure liquid chromatography coupled to hybrid quadrupole time-of-flight mass
spectrometry (UHPLC—-(Q)TOF MS). In order to evaluate the methodology, a subset of around 150
organic contaminants from different chemical families has been used. Once validated, the
screening method has been applied to the analysis of different water matrices, including ground
water, surface water and wastewater, to test its applicability. QTOF under MSE mode has been
applied, which allows the reliable identification of the positive findings in just one run thanks to
the simultaneous acquisition of low and high collision energy spectra. Identification criteria when

using HRMS with promoted fragmentation in wide-scope screening methods are discussed too.

2. EXPERIMENTAL

2.1. Reagents and chemicals
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Reference compounds were purchased from Across Organics (Geel, Belgium), Bayer
Hispania (Barcelona, Spain), Fort Dodge Veterinaria (Gerona, Spain), Vetoquinol Industrial
(Madrid, Spain), Aventis Pharma (Madrid, Spain), Sigma Aldrich (St. Louis, MO, USA), Cerilliant
(Round Rock, TX, USA), Dr. Ehrenstorfer (Augsburg, Germany), Riedel-de Haén (Seelze, Germany),
the National Measurement Institute (Pymble, Australia) and Fluka (Buchs, Switzerland). All

reference materials presented purity higher than 93%.

Individual stock solutions of each compound (around 500 mg/L, when possible) were
prepared in methanol, acetonitrile or acetone. Regarding anfibiotics, the addition of 100 pL of 1
M NaOH was necessary for the proper dissolution of the acidic analytes like gquinolones. Six
infermediate mixed solutions at 1 mg/L were prepared in MeOH. Finally, an infermediate mixed
solution containing all compounds at a concentration of 100 yg/L was obtained after mixing the
six infermediate solutions and diluting with water. Working solutions were subsequently prepared
from the mixed solution by diluting the appropriate volume with HPLC-grade water. All standard
solutfions (stock, infermediate and working solutions) were stored in amber glass boftles at =20 °C

in a freezer.

HPLC-grade water was obtained by purifying demineralised water in a Milli-Q plus system
from Millipore (Bedford, MA, USA). HPLC-grade methanol (MeOH), HPLC-grade acetonitrile,
residue analysis grade acetone, sodium hydroxide >99% (NaOH), ammonia solution (25%), and
formic acid (?8-100%) were acquired from Scharlau (Barcelona, Spain). Leucine-enkephalin,

used as the lock mass, was purchased from Sigma-Aldrich.

Oasis HLB (60 mg) as well as Oasis MCX (60 mg) cartridges, used for solid-phase

extraction, were purchased from Waters (Milford, MA, USA).

2.2. Instrumentation

A Waters Acquity UPLC system (Waters) was interfaced to a hybrid quadrupole-
orthogonal acceleration-TOF mass spectrometer (Q-oaTOF Premier, Waters Micromass,
Manchester, UK), using an orthogonal Z-spray-ES| interface operating in positive and negative ion
mode. The UPLC separation was performed using an Acquity UPLC BEH C18 1.7 um particle size
analytical column 100 x 2.1 mm (Waters) at a flow rate of 300 uL/min. The mobile phases used
were A = H20 with 0.01% HCOOH and B = MeOH with 0.01% HCOOH. The percentage of organic

modifier (B) was changed linearly as follows: 0 min, 10%; 14 min, ?0%; 16 min, 90%; 16.01 min, 10%;
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18 min, 10%. Nitfrogen was used as the drying gas and nebulizing gas. The gas flow was set at 600
L/h. TOF-MS resolution was approximately 10,000 at full width half maximum (FWHM) in V-mode at
m/z 556.2771. MS data were acquired over an m/z range of 50-1000. A capillary voltage of 3.5 kV
and 3.0 kV for positive and negative ion modes, respectively, and cone voltage of 25 V were
used. Collision gas was argon 99.995% (Praxair, Valencia, Spain). The interface temperature was

set to 350 °C and the source temperature to 120 °C. The column temperature was set to 60 °C.

For MSE experiments, two acquisition functfions with different collision energies were
created: the low energy function (LE), selecting a collision energy of 4 eV, and the high energy
(HE) function, with a collision energy ramp ranging from 15 eV to 40 eV in order to promote
fragmentation. The LE and HE functions settings were for both a scan time of 0.2 s and an inter-
scan delay of 0.05 s. The automated atftenuated function was also selected to correct for

possible peak saturations (extended mode).

Calibration of mass axis was conducted from m/z 50 o 1000 with a 1:1 mixture of 0.05 M
NaOH:5% HCOOH diluted (1:25) with acetonitrile:water (80:20), at a flow rate of 10 yL/min. For
automated accurate mass measurement, the lock-spray probe was used, using as lock mass a
solution of leucine—-enkephalin (2 ug/mL) in acetonitrile:water (50:50) at 0.1% HCOOH pumped at
30 pL/min through the lock-spray needle. A cone voltage of 65 V was selected to obtfain
adequate signal intensity for this compound (1500 counts). The (de)protonated molecule of
leucine—enkephalin, at m/z 556.2771 in positive mode and m/z 554.2615 in negative mode, was
used for recdlibrating the mass axis and ensuring a robust accurate mass measurement along
time. It should be noted that all the exact masses shown in this work have a deviation of 0.55
mDa from the "true” value, as the calculation performed by the MassLynx software uses the mass
of hydrogen instead of a proton when calculating [M+H]* exact mass. However, because this
deviation is also applied during mass axis calibration, there is not negative impact on the mass
errors presented in this article. MS data were acquired in centroid mode and were processed by

the Chromalynx XS application manager (within MassLynx v 4.1; Waters Corporation).

2.3. Water samples

Three surface water (SW), three ground water (GW) and three effluent wastewater

samples (EWW) were collected from different locations of the Castellon province (Spain) and

were used for method validation.
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The developed procedure was applied to some other water samples to tfest its
applicability. For this purpose, six SW samples were collected at different sites from the
Comunidad Valenciana and from Ebro River (Tarragona); six GW samples, corresponding to
vulnerable aquifers within areas of intensive agriculture, were also collected from wells in the
Comunidad Valenciana; finally, three EWW samples were collected from a wastewater
freatment plant in Castellon. All samples were collected in high-density polyethylene bottles and

stored in the dark at a temperature below —18 °C until analysis.
2.4. Analytical procedure
To facilitate the procedure overview, Fig. 1 summarizes the overall screening method

applied, including both sample treatment as well as LC-MS data processing.

Sample treatment

I 100 mL centrifuged water samples |

l Spikesamples at 0.1and 1 pg/L

| Extraction with Oasis HLB eartridges (60 mg) |

Conditioning with 3 mL MeOH + 3 mL H,O
Loading sample by gravity
Elution with 5 mL MeOH

| M, stream evaporation till dryness {35%2C) |

¢ Reconstruction with 1 mL 10% MeOH (ag)
| UHPLC-{QJTOF MSinjection (S0pL) |

LC-M5 Data

Data process with Chromalynx X5
Database including;

[ Empirical formula of compound i

[ Empirical formula of fragment ions ]

SDL: Screening Detection Limit LOI; Limit of Identification
Lowest concentration for which a compound Lowest concentration for which a compound
was detected [(at least 1 accurate-mass was reliably identified (al least 2 aceurate-
measured ion) in all-samples mass measured ions) in all-samples

Fig. 1. Overall scheme of the screening method applied.
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Water samples were centrifuged at 4500 rom for 5 min to remove possible solid material.
The recommended SPE procedure was based on the use of Oasis HLB cartridges. Briefly, 100 mL
of water sample were passed through an Oasis HLB cartridge, previously conditioned by washing
and rinsing with 3 mL of MeOH and 3 mL of Milli-Q water. After loading the sample by gravity, the
cartridge was air-dried, using vacuum for at least 5 min, and then eluted with 5 mL MeOH. The
eluate was evaporated to dryness at 35 °C under a gentle stream of nitrogen, and reconstituted
with 1T mL of 10% methanol aqueous solution. Analyses were performed by injecting 50 pL of the
final extract into the UPLC—(Q)TOF MS system.

2.5. Qualitative validation

A total of nine water samples (3 SW, 3 GW and 3 EWW) were spiked at two concentration
levels each (0.1 and 1 pg/L) and analyzed together with their respective blanks (non-spiked) for
qualitative validation. The screening detfection limit (SDL) was established as the lowest
concenfration level tested for which a compound was detected in all the samples, using the
most abundant ion (normally, the (de)protonated molecule). The limit of identification (LOI) was
established as the lowest concentration tested for which a compound was satisfactorily identified
in all spiked samples. The identification criterion was the presence of, at least, two m/z ions in
either the LE or HE function, at the expected retention time (2.5% RT deviation folerance) and a
minimum peak width of 5 s, measured at their exact mass (i.e. two peaks in the respective

narrow-window exfracted ion chromatograms, nw-XIC) with a maximum mass error of 2 mDa.

Selectivity, considered as the ability of the method to discriminate between the analyte
and other compounds that could be present in the samples, was tested by determining every
analyte in the presence of the rest of compounds included in the screening. It was based on the
presence of characteristics m/z ions, measured at accurate mass, for each compound in the LE

and HE spectra.

Specificity, considered as the ability of the detector (supported by the selectivity of the
extraction, clean-up, derivatization or separation, if applicable) to provide signals that effectively
identify the analyte, was checked by analyzing six “blank” natural water samples (SW and GW)
and three “blank” wastewater samples. Several of these non-spiked samples contained some of
the organic pollutants under study; therefore it was unfeasible to evaluate specificity in these

particular cases.
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3. RESULTS AND DISCUSSION

3.1. UHPLC-(Q)TOF MS measurement

In a first step, two SPE procedures based on the use of Oasis MCX [4] and Oasis HLB [3]
were evaluated for 120 organic pollutants, including mycotoxins, pharmaceuticals, drugs of
abuse, pesticides and relevant metabolites and TPs. Water samples were fortified af 1 ug/L and

processed using both type of cartridges.

Using Oasis MCX cartridges, 100 mL of the water sample acidified at pH 2 were loaded
onto the cartridges by gravity and, after vacuum-drying 5 min, analytes were eluted with 8 mL of
2% ammonia solution in MeOH. The Oasis HLB procedure has already been described in the
experimental section. Recoveries were not taken into account in this study as the goal of the
screening was to detect and identify the compounds, not their quantification. The best results
were obtained using Oasis HLB cartridges, so it was finally selected as the most adequate. Only
the pharmaceutical gabapentin was undetected using HLB but several compounds (e.g. oxilinic,
nalidixic and pipedimic acids or moxifloxacin and simvastatin) were not detected when using
MCX cartridges.

In a second step, the number of compounds was widened to around 150 to include UV
filter agents, preservatives and hormones. In this case, water samples were fortified at both 0.1
and 1 pg/L and processed using only Oasis HLB cartridges. The method was validated for all

compounds included in this second study.

As stated in the experimental section, data were acquired under MSE mode, which
allows the acquisition of several functions at different collision energies without any m/z pre-
selection in the first quadrupole, producing CID fragmentation of all ions generated in the ESI
interface. In this work, two functions were acquired, the low collision energy (LE) function, at 4 eV,
and the high collision energy (HE), using a collision energy ramp from 15 to 40 eV. In the LE
function, mainly (de)protonated and/or sodium adducts are expected although in-source
fragments can also been observed in some particular cases, while in the HE function,

fragmentation is promoted and fragment ions are more abundant.
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Table S1 (Supplementary information) shows the molecular formulae and exact masses
for the m/z ions included in the validation for each compound. For up to 58 analytes, it was

feasible to use 5 or even more ions, giving an extraordinary power to the identification process.

Accurate-mass full-spectrum acquisition data were processed using an automated
processing method (Chromalynx XS). As this software automatically calculates the
(de)protonated exact mass from the molecular formula included in the database, in the case of
the confirmatory fragment ions the listed chemical formula differs £1 hydrogen from the real
empirical fragment formulae as a function of the ionization mode employed. Thus, one H was
subtracted for positive ESI mode or added for negative ESI mode to finally obtain the correct

exact mass of the fragment.

3.2. General aspects of qualitative validation protocol

The aim of a qualitative validation is to ensure the presence of an analyte in a sample at
a cerfain concentration level. As no quantitation is necessary, method recovery, accuracy and
precision are not considered. This type of validation has been widely performed in anti-doping
analysis [19,20,26], where the use of screening methods is common. However, qualitative
validation of screening methods is less frequent in other fields, like pesticide residue analysis [25]
and [27] and environment [21]. Recently, SANCO documents on pesticide residue analysis have
included some criteria and parameters to be considered in the validation of screening

qualitative methods [24].

In this work, method validation has been performed following the same strategy than in
our previous paper [21]. As the main purpose of the qualitative screening is to detect and identify
positive samples at a given concentration, the method was considered as satisfactorily validated
at certain concentration level when the target analyte was detected (SDL) and correctly
identified (LOI) in all the nine samples tested, independently on the recovery and precision. Two

concentration levels were assayed (0.1 and 1 pg/L) in each water sample.

The identification criteria in screening methods are a matter of present discussion,
particularly the compliance of ion intensity ratios. Recently, Mol et al. have made a detailed
discussion on this issue when using full-acquisition HRMS and suggested to widen ion ratio
tolerance [25]. Furthermore, a stricter retention time tolerance is also proposed. This is in the line of

our previous suggestion of revision of the ion ratio tolerances admitted when using GC-TOF MS for
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screening, as compliance of ion ratios is rather problematic in environmental samples at low
analyte concentrations [21]. In large screening methods, the measurement of the ion ratios
becomes non-suitable or much more tedious than in target quantitative methods where a limited
number of analytes is included in the scope. In this work, the method performance was
evaluated for 150 compounds, but a wider list of approximately 1100 compounds, was tested in
analyses of samples. In addition, analyte ions were monitored in different functions (LE and HE),
and variations in the fragmentation performance might occur depending on the sample matrix,
which notably affects the ion intensity ratfios. This makes accomplishment of Q/q intensity ratios
froublesome, as they can be modified in the samples more than expected, especially at low

analyte concentrations.

As an example, Fig. 2 shows a positive of terbuthylazine in surface water. A Q/q rafio
deviation of 39% for the most abundant ion, higher than the allowed 20% tolerance
(2002/657/CE) [28], was obtained in this sample. However when the complete HE spectra were
compared, a good match was observed supporting the identification of this herbicide. The same
behavior was observed in several analyte/matrix combinations. Our results show that Q/q ratio,
which are commonly used for identification in LC-MS/MS methods, do not fit-for-purpose when
using accurate-mass full-spectrum techniques, such as time-of-flight mass spectrometry. If
applied, higher tolerances would be required as recently suggested [25]. Thus, the presence of
two accurate-mass measured ions in any of the acquisition functions (low collision energy
function and/or high collision energy function) using a narrow mass window of 0.02 Da with mass
errors bellow 2 mDa, at expected retention time, has been used in this work as criterion for the

reliable identification of the compounds detected in the screening.
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Fig. 2. HE spectra and XICs at 20 mDa mass window for [M+H]+ and main fragment ions
(with the corresponding Q/q ratio) of a 25 ug/L reference standard of terbuthylazine (left) and a

positive finding of this herbicide in surface water (right).
3.3. Vdlidation results

Three different aqueous matrices were tested in method validation: surface water,
ground water and effluent waste water Three samples of each type were spiked at two
concenfration levels (0.1 and 1 ug/L). It must be emphasized the difficulties to find realistic
samples free of any target analyte. Then, those waters previously analyzed and proven to have
few positive findings were selected as "“blanks” to facilitate the validation process (see Table 1).
Although several compounds were found in the “blank” samples, only two contaminants were
detected in 3 out of 3 samples of the same type (terbuthylazine in SW and triclosan in SW and
EWW). Thus, the method could not be validated for these compounds in this particular kind of
samples.

The method was considered fully validated for a given compound, at a certain
concenftration, when it was detected and correctly identified in all the samples tested (i.e. 9 out
of 9). Table 1 summarizes the SDL and LOI obtained for each analyte. It can be seen that the
wide majority of compounds (88%) could be detected at the 1 ug/L level while the percentage

of detection decreased down to 62% at 0.1 pg/L.
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Table 1. Validation results obtained after analysis of nine different spiked samples at
different concentration levels and corresponding screening detection limit (SDL) and limit of
identification (LOIl). Samples for which certain analytes have been detected in the non-spiked

blank are rejected for these particular compounds.

Detected per water type Identified per water type
(n=3) (n=3) Detected Identified
n=9 n=9 Detected
oL e | ootwen | vwen | orwen | O | 0 e
ompoun samples |(ug/L) (pg/L)
1 0.1 1 01 (n=9)
GW SW EW [GW SW EW [GW SW EW [GW SW EW
ug/L ug/L |ug/L  upg/L
11-nor-9-

carboxy-A9-THC 0/3 0/3 0/3 (0/3 0/3 0/3 |0/3 0/3 0/3 [0/3 0/3 0/3 | 0/2 0/9 | 0/9 0/9 = = =

17 beta-estradiol |3/3 3/3 3/3 |0/3 0/3 0/3 (0/3 0/3 0/3 |0/3 0/3 0/3 | 3/9 0/9 | 0/9 0/9 - - 1

ii:‘g’z‘:r"‘;xy 3/3 3/3 3/3 [0/3 0/3 0/3 [0/3 0/3 0/3 [0/3 0/3 0/3 | 9/9 0/9 | 0/9 0/9 - - 1
2-hydroxy- 3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 |33 3/3 33| 99 99 | 9 9| - 01 o
f;‘g’l:’,[l‘;’l‘z;ine 3/3 3/3 3/3 3/3 3/3 3/3 |33 3/3 33 |33 33 33| 99 95 | w9 e | - o1 ol
‘;n‘;::;,':;e 3/3 3/3 3/3 |3/3 3/3 3/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 9/9 9/9 | 0/9 /9 - - 0.1
Aceclofenac 3/3 3/3 3/3|0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 9/9 0/9 | 0/9 0/9 | - - 1
Acetamiprid 3/3 3/3 3/3|3/3 3/3 3/3 |3/3 3/3 3/3|3/3 3/3 3/3| 99 99| 99 99| - 0.1 0.1
Aflatoxin B1 3/3 3/3 3/3|3/3 3/3 3/3 |3/3 3/3 3/3(3/3 3/3 3/3 | 99 99| 99 99| - 0.1 0.1
Afiatoxin B2 3/3 3/3 3/3|3/3 3/3 3/3 |3/3 3/3 3/3|3/3 3/3 3/3| 99 99| 99 99| - 0.1 0.1
Aflatoxin G1 3/3 3/3 3/3|2/3 1/3 0/3 |3/3 3/3 3/3|0/3 0/3 0/3 | 9/9 3/9 | 9/9 09| - 1 1
Aflatoxin G2 3/3 3/3 3/3(3/3 1/3 0/3 |3/3 3/3 3/3|0/3 0/3 0/3 | 9/9 4/9 | 9/9 0/9 | - 1 1
Aflatoxin M1 3/3 3/3 3/3|2/3 1/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 9/9 3/9 | 0/9 0/9 | - - 1
Alachlor 3/3 3/3 3/3|3/3 3/3 3/3 |3/3 3/3 3/3|3/3 3/3 3/3| 99 99| 99 99| - 0.1 0.1
Alprazolam 3/3 3/3 3/3|3/3 3/3 3/3 |3/3 3/3 3/3|3/3 3/3 3/3| 99 99| 99 99| - 0.1 0.1
Amphetamine  |3/3 3/3 3/3 |3/3 0/3 0/3 |3/3 3/3 3/3 |0/3 0/3 0/3 | 9/9 39 | 99 09| - 1 1
Atorvastatin 3/3 3/3 3/3|0/3 0/3 0/3 |3/3 3/3 3/3|0/3 0/3 0/3 | 9/9 0/9 | 9/9 09| - 1 1
Afrazine 3/3 3/3 3/3|3/3 3/3 3/3 |3/3 3/3 3/3|3/3 3/3 3/3| 99 99| 99 99| - 0.1 0.1

Azinphos-methyl |0/3 0/3 0/3 (0/3 0/3 0/3 |0/3 0/3 0/3 [0/3 0/3 0/3 | 0/2 0/9 | 0/9 0/9 = = =
Azithromycin 3/3 3/3 3/3 |0/3 0/3 0/3 |3/3 3/3 3/3 |0/3 0/3 0/3 | 9/9 0/9 | 2/9 0/9 - 1 1

Azoxystrobin  [3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 (3/3 3/3 3/3 | 99 99|99 99| - 01 o1
Bentazone 3/3 3/3 3/3|3/3 3/3 3/3[3/3 3/3 3/3|0/3 0/3 O/3 | 9/9 99 |99 09| - 1 0.1
g‘i:,’,‘_’;’)he“"e' 3/3 3/3 3/3 |2/3 1/3 3/3 |3/3 3/3 3/3 |0/3 0/3 O/3 | 9/9 6/9 | 99 09 | - 1 1
g‘(’glﬁf’;he“"e' 3/3 3/3 3/3|3/3 3/3 3/3 |3/3 3/3 3/3 |1/3 2/3 /3| 99 99| 99 49| - 1 0.1
:T:,’,‘_’g"e"°"e' 0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 0/9 ©O/9 | O/9 0/9 | - - -
Ze"my'ecgmi" 3/3 3/3 2/2 |3/3 3/3 2/2 |3/3 3/3 2/2 |3/3 33 2/2| 8/8 88|88 88| 1/9 |01 Ol
Bezafibrate 3/3 3/3 3/3|3/3 3/3 3/3[3/3 3/3 3/3(0/3 0/3 0O/3 | 99 99 | 99 09| - 1 0.1

168



Capitulo 2 Diaz et al./ J. of Chrom. A, 1276 (2013) 47-57
Detected per water type Identified per water type
(n=3) (n=3) Detected Identified
Compound 1eg/t 0-1uo/t 1o/l 0.1ug/t (n=?) n=9) oiamk | LOI sDL
samples |(ug/L) (ug/L)
GW sw Ew [w sw Ew [ow sw Ew jew sw ew | | 01 |1 01 | (%)
Mg/l pg/L |ug/L pg/L
Bromacil 3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 33 33| 99 99 |99 99| - o1 ol
Buprofezin 3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 33| 99 99 | 99 99| - o1 ol
Butylparaben  [3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 [0/3 0/3 0/3 | 99 99| 99 o0/9 | - ] 0.1
Carbamazepine |3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 | 9/9 959 | 99 99| - o1 ol
Carbaryl 3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 343 33| 99 99 |99 99| - o1 ol
Carbendazim  |3/3 2/2 3/3 |3/3 2/2 3/3 [3/3 2/2 3/3 [3/3 2/2 3/3 | 8/8 8/8 | 8/8 88| 1/9 |01 0.
Carbofuran 3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 343 33| 99 99 |99 99| - o1 ol
Chloramphenico 153 33 373 [3/3 3/3 3/3 |3/3 33 3/3 |03 03 O/3 | 99 95 | 95 05 | - ! 0.1
Chlormadinon” la/s 33 373 [3/3 373 33 |3/3 33 33 |03 03 03 | 95 95 | 95 09 | - ! 0.1
Ciprofloxacin  [3/3 2/2 3/3 [0/3 0/2 0/3 [3/3 0/2 0/3 |0/3 0/3 0/3 | &/8 0/8 | 3/8 0/8 | 1/9 - 1
Clarythromycin  |3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 3/3 | 9/9 9/9 | 99 9/9 | - o1 ol
Clenbuterol 0/3 0/3 0/3 0/3 0/3 0/3 [0/3 0/3 0/3 [0/3 0/3 0/3 | 0/9 0/9 | 09 09 | - - -
Clindamycin  [3/3 3/3 1/1 |3/3 3/3 111 |3/3 3/3 11 |03 o/3 on | 77 77 | 77 o7 | 259 ] 0.1
Cloxacillin 3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 [0/3 0/3 0/3 | 99 99 | 99 o9 | - ! 0.1
Cocaethylene  |3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 3/3 | 9/9 9/9 | 99 9/9| - o1 ol
Cocaine 33 11 22 |33 1 22 (33 1 22 (33 11 22| 86 66| 86 66| 39 |01 o
Cyprodinil 3/3 2/2 3/3[3/3 2/2 3/3 |3/3 2/2 3/3 |13 1/2 13| 8/8 8/8 |8/ 38| 1/9 1 0.1
f':s:mnazine 11 22 33 |11 2/2 33 10 22 33 11 22 33 | 6/6 /6| 66 46| 39 |01 o
?;:;;‘Y"“"“""e 3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 |23 0/3 0/3 | 99 99 | 99 w9 | - 1 0.1
. 11 272 33 1 22 33 11 22 3/3 |11 22 3/3 | 6/6 616 | 66 /6| 35 |01 01
zﬁif;r‘l’:g:) 2/2 3/3 3/3 |2/2 3/3 3/3 |2/2 3/3 3/3 |0/2 0/3 0/3 | 8/8 8/8 | 8/8 0/8| 1/9 1 0.1
Deoxynivalenol |3/3 3/3 3/3 |0/3 0/3 0/3 |1/3 0/3 0/3 |0/3 0/3 0/3 | 9/9 0/9 | 1/9 o0/9 | - - !
Diazepam 3/3 3/3 3/3 |0/3 0/3 0/3 [0/3 0/3 0/3 [0/3 0/3 0/3 | 99 09 |09 09 | - - ]
Diclofenac 3/3 3/3 3/3 [3/3 3/3 0/3 [3/3 3/3 3/3 [0/3 0/3 0/3 | 99 69 | 99 09| - 1 !
Dicloxacillin 3/3 3/3 3/3 |13 2/3 0/3 [3/3 3/3 3/3 [0/3 0/3 0/3 | 99 49 | 99 o9 | - ! !
Diethylstilbestrol |0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 0/9 0/9 | 09 o079 | - - -
Dimethoate 3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 33 [0/3 0/3 0/3 | 99 99 | 99 o9 | - ] 0.1
Diuron 3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 33 | 99 99 | 99 99| - o1 ol
Enalapril 3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 33 |0/3 0/3 0/3 | 99 99 | 99 o9 | - ] 0.1
Enrofloxacin 22 22 22 |22 22 272 |22 2/2 22 |0/2 0/2 0/2 | /6 6/6 | 616 016 | 349 1 0.1
fl’zyg‘)mm”d" G |3z 33 3/3 (33 33 33 (33 33 3/3 |03 23 03 | 99 99 | 99 29 - 1 0.1
Erythromycin A |3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 |0/3 0/3 0/3 | 9/9 99 | 99 o0/9 | - ! 0.1
fzfl;gff' 3- 0/3 0/3 0/3 |0/3 0/3 0/3 [0/3 0/3 0/3 [0/3 0/3 0/3 | 0/9 09 |09 09 | - - -
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Capitulo 2

Diaz et al./ J. of Chrom. A, 1276 (2013) 47-57

Detected per water type

Identified per water type

(n=3) (n=3) Detected | Identified
Compound 1 Hg/L 0.1 g/t 1 Hg/L 0.1ug/L n=?) ) e | 101 sou
samples \(ug/L) (ug/L)
GW sw Ew oW sw Ew low sw Ew jew sw Ew | | 01 |1 01 | (079
mg/L upg/L |pg/L ug/L
Estriol 0/3 0/3 0/3 [0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 0/9 0/ | 09 09 | - - -
Estrone 0/3 0/3 0/3 [0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 09 0/9 | 09 09 - -
Estrone 3-sulfate |0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 [0/3 0/3 0/3 | 0/9 0/9 | 0/9 0/9 | - - -
Ethylparaben  [2/2 3/3 2/2 |2/2 3/3 2/2 |2/2 3/3 2/2 [0/2 073 072 | 77 77 | 77 07 | 29 ] 0.1
Fenarimol 3/3 3/3 3/3 |3/3 3/3 3/3[3/3 3/3 3/3 |03 0/3 0/3 | 99 99 | w5 o5 | - ] 0.1
Flumequine 3/3 3/3 3/3|3/3 3/3 3/3 [0/3 0/3 0/3 [0/3 O/3 O/3 | 99 99 | 0/9  0/9 o1 ol
FumonisinB1  |0/3 2/3 2/3 |0/3 0/3 0/3 |0/3 0/3 0/3 [0/3 0/3 0/3 | 5/9 0/9 | 0/9 0/9 | - - -
FumonisinB2  |0/3 2/3 1/3 |0/3 0/3 0/3 |0/3 0/3 0/3 [0/3 0/3 0/3 | 3/9 0/9 | 0/9 0/9 - -
Furaltadone 3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 33 | 99 99 | w5 95| - o1 0l
Furazolidone  |3/3 3/3 3/3 |3/3 3/3 3/3 |0/3 0/3 0/3 [0/3 0/3 0/3 | 9/9 99 | 0/9  0/9 ; 0.1
Gemiibrozil 3/3 3/3 3/3 |0/3 0/3 0/3 [3/3 3/3 3/3 |0/3 0/3 0/3 | 99 09 | 95 o9 | - ] ]
Hexythiazox 3/3 3/3 3/3 |0/3 0/3 0/3 [3/3 3/3 3/3 [0/3 0/3 0/3 | 99 0/9 | 9/9 0/ ] ]
HT-2 Toxin 3/3 3/3 3/3 |2/3 0/3 0/3 [0/3 0/3 /3 |0/3 073 0/3 | 99 29 | o9 o9 | - - ]
Ibuprofen 0/3 0/3 0/3 [0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 09 0/9 | 09 09 - -
Imazalil 3/3 2/2 3/3 |3/3 2/2 3/3 [3/3 2/2 3/3 |0/3 0/2 0/3 | 8/8 /8 | 8/8 0/8 | 19 ] 0.1
Imidacloprid  |3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 33| 99 99| 99 349 o1 ol
Iprodione 0/3 0/3 0/3 [0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 0/9 0/ | 09 09 | - - -
Irbesartan 3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 3/3 343 33| 99 99 | 99 99 o1 ol
Isoproturon 3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 33 | 99 99 | w5 95| - o1 0l
Ketamine 3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 |03 0/3 0/3 | 99 99 | 99 0/ o1 ol
Ketoprofen 3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 33 | 99 99 | w5 95| - o1 0l
Lincomycin 3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 343 33| 99 99 | 99 99 o1 ol
Lorazepam 0/3 0/3 0/3 [0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 0/9 0/ | 09 09 | - - -
Malathion 3/3 3/3 3/3 |0/3 0/3 0/3 [0/3 0/3 0/3 [0/3 O/3 O/3 | 9/9 0/9 | 0/9 0O/9 - |
Marbofloxacin  [3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 |0/3 0/3 0/3 | 9/9 99 | 99 0/9 | - ] 0.1
MCPA 3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 343 33| 99 99 | 99 99 o1 ol
MDA 3/3 3/3 3/3 |3/3 3/3 3/3[3/3 3/3 3/3 |03 03 0/3 | 99 99 | w5 95| - ] 0.1
MDEA (ecstasy) |3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 3/3 | 99 99 | 9/9 9/9 o1 ol
MDMA 3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 33 | 99 99 | w5 o5 | - o1 0l
Medroxyprogest
erone-17- 3/3 3/3 3/3 |3/3 3/3 3/3[3/3 3/3 3/3 [1/3 0/3 0/3 | 99 99 | 99 1/9 ] 0.1
acetate
fiegestrol 3/3 3/3 3/3 (33 3/3 3/3 |3/3 3/3 33 |03 13 03| 95 99 | w5 19| - 1 0.1
Melengestol |3/3 3/3 3/3 (313 3/3 3/3 |3/3 3/3 3/3 (03 03 O3 | 99 99 | 95 09 ] 0.1
Metalaxyl 3/3 3/3 3/3 |3/3 3/3 3/3 073 0/3 0/3 |0/3 0/3 0/3 | 99 99 | o9 o9 | - - 0.1
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Capitulo 2 Diaz et al./ J. of Chrom. A, 1276 (2013) 47-57
Detected per water type Identified per water type
(n=3) (n=3) Detected Identified
Compound 1eg/t 0-1uo/t 1o/l 0.1ug/t (n=?) n=9) oiamk | LOI sDL
samples |(ug/L) (ug/L)
GW sw Ew [w sw Ew [ow sw Ew jew sw ew | | 01 |1 01 | (%)
Mg/l pg/L |ug/L pg/L
Methamphetami |a/s 3/3 373 [3/3 173 073 |3/3 33 33 |o/3 03 053 | 95 49 | 95 09 | - ! 1
Methcathinone  |3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 3/3 | 99 99 | 99 95 | - o1 ol
Methidathion  |3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 |1/3 1/3 0/3 | 9/9 9/9 | 919 29| - ] 0.1
Methiocarb 3/3 3/3 3/3[3/3 3/3 3/3 |33 3/3 3/3 (373 33 33 | 99 99 | s 95| - o1 ol
Methomy! 3/3 3/3 3/3 [0/3 0/3 0/3 |3/3 3/3 3/3 |0/3 0/3 0/3 | 99 0/9 | 99 09 | - ! ]
Methylparaben  (2/2 2/2 1/1 |2/2 2/2 171 |2/2 2/2 171 |o/2 02 01 | 55 55 | 5/5  0/5 | 49 ! 0.1
Metolachlor 3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 33| 99 99 | 99 95| - o1 ol
Molinate 3/3 3/3 3/3 |0/3 0/3 0/3 |2/3 2/3 1/3 |03 03 073 | 99 o9 | 559 o9 | - - 1
Moxifloxacin  |3/3 3/3 3/3 |3/3 3/3 3/3 [0/3 0/3 0/3 |0/3 0/3 0/3 | 9/9 99 | 0/9 0/ | - - 0.1
Nalidixic acid ~ |3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 | 99 99| 99 99| - o1 ol
Naproxen 3/3 3/3 3/3 [0/3 0/3 0/3 3/3 3/3 3/3 |0/3 0/3 0/3 | 99 0/9 | 99 09 | - ! ]
:i:’:e"my'e"“ 3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 | 99 99| 99 99| - 0.1 0.1
Norcocaine 3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 33| 99 99 | w9 95| - o1 ol
Norfloxacin 3/3 3/3 3/3[1/3 0/3 0/3 |0/3 073 073 |0/3 073 073 | 99 19 | o9 o9 | - - 1
Z‘:r‘l’;"°"i" 3/3 3/3 3/3 [0/3 0/3 0/3 |3/3 3/3 3/3 |03 0/3 0/3 | 99 09 | 95 o5 | - ! 1
Ofloxacin 22 22 22 |22 22 22 |22 22 22 |0/2 0/2 1/2 | /6 66 | 616 16 | 349 1 0.1
Olanzapine 3/3 3/3 3/3 [0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 99 0/9 | 09 o9 | - - ]
Omeprazole 3/3 3/3 3/3 (13 3/3 33|33 3/3 3/3 |13 33 03 | 99 79 | w5 4| - ! !
Oxacillin 3/3 3/3 3/3 [0/3 0/3 0/3 |3/3 3/3 3/3 |0/3 0/3 0/3 | 99 0/9 | 99 o9 | - ! ]
Oxolinic acid  |3/3 3/3 3/3 [3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 3/3 | 99 99 | o/9 05 | - o1 ol
Paracetamol  [3/3 3/3 3/3 |0/3 0/3 0/3 [0/3 0/3 0/3 [0/3 0/3 0/3 | 9/9 09 | 0/9 09 | - - ]
Paroxetine 3/3 3/3 3/3 [0/3 0/3 0/3 |0/3 073 0/3 |0/3 073 073 | 99 o9 | o9 o9 | - - 1
Pefloxacin 3/3 3/3 3/3[3/3 173 2/3 |3/3 3/3 3/3 |03 0/3 0/3 | 99 79 | 99 o5 | - ! ]
Penicillin G 3/3 3/3 3/3[3/3 1/3 3/3 |33 3/3 3/3 |03 o3 03 | 99 79 | o5 o5 | - 1 !
Pipemidic acid  [3/3 3/3 3/3 |2/3 0/3 2/3 [0/3 0/3 0/3 [0/3 0/3 0/3 | 9/9 09 | 49 0/9 | - - !
Pirimicarb 3/3 3/3 3/3[3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 33 33 | 99 99 | s 95| - o1 ol
:’;’;’::;’Ih“' 33 22 22 |33 22 22 33 212 22 |33 22 22 | 77 w7 | w7 w7 | 29 o1 oa
Pravastatin 3/3 3/3 3/3[3/3 0/3 2/3 |3/3 3/3 3/3 |03 o3 03 | 99 59 | 95 o9 | - 1 !
Propanil 3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 33 | 99 99 | w9 95| - o1 ol
Propazine 3/3 3/3 3/3[3/3 3/3 3/3 |0/3 073 0/3 (073 073 073 | 99 99 | o9 o9 | - : 0.1
Propylparaben  (3/3 2/2 2/2 |3/3 2/2 2/2 |3/3 2/2 272 |o/3 02 02 | 77 77 | 717 o7 | 279 ] 0.1
Pyridaphenthion |3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 | 99 99 | 99 99| - o1 ol
Pyriproxyfen 3/3 3/3 3/3 [3/3 3/3 3/3 |3/3 3/3 3/3 |0/3 0/3 0/3 | 99 99 | 99 o5 | - ] 0.1
Roxythromycin  |3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 [3/3 3/3 3/3 | 99 99 | 99 99| - o1 ol
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Capitulo 2 Diaz et al./ J. of Chrom. A, 1276 (2013) 47-57
Detected per water type Identified per water type
(n=3) (n=3) Detected Identified
Compound 1hont 0-Tho/t 1uo/t 0.1ug/L n=" (n=9) mooiomc | 1O sDL
samples \(ug/L) (ug/L)
GW SW EW [GW SW Ew |GW sw Ew jow sw Ew | | 01 |1 01 | (09
mg/L upg/L |pg/L ug/L
salicilic acid 0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 0/9 0/9 | 0/9 0/9 - -
Sarafloxacin 3/3 2/2 2/2 |3/3 0/2 2/2 |3/3 2/2 2/2 |0/3 0/2 0/2 | 777 57 | 77 07 | 209 1 1
Simazine 11272 33 |11 272 33 |11 272 33 |11 272 3/3 | 6/6 /6| 616 66 | 39 0.1 0.1
Simvastatin 3/3 2/2 2/2 |3/3 2/2 2/2 |3/3 2/2 2/2 |3/3 2/2 22 | 77 77 | 77 77| 209 0.1 0.1
sulfadiazine 3/3 2/3 3/3|0/3 0/3 0/3 |2/3 1/3 3/3|0/3 0/3 0/3 | 7/9 0/9 | 6/9 0/9 - -
Sulfamethazine  [3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 [0/3 0/3 0/3 | 9/9 9/9 | 9/9 0/9 | - 1 0.1
Sulfamethiazole |0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 |0/3 0/3 0/3 | 0/9 0/9 | 0/9 0/9 - -
sullamethoxazol 1373 313 3/3 |33 3/3 373 [3/3 33 3/3 |03 03 O/3 | 99 99 | 99 09 | - ] 0.1
1-2 Toxin 3/3 3/3 3/3|3/3 3/3 3/3(3/3 3/3 3/3|0/3 0/3 0/3| 9/9 9/9 | 99 0/9 1 0.1
Terbacil 3/3 3/3 2/2 |3/3 0/3 2/2 |3/3 3/3 2/2 |0/3 0/3 0/2 | 8/8 5/8 | 88 0/8 | 1/9 1 1
Terbumeton 3/3 3/3 3/3 |3/3 3/3 3/3(3/3 3/3 3/3(3/3 3/3 3/3| 9/9 99| 99 99 0.1 0.1
Terbuthylazine*  [3/3 0/0 3/3 |3/3 0/0 3/3 |3/3 0/0 3/3 [3/3 0/0 3/3 | 6/6 6/6 | 6/6 6/6 | 3/9 2 2
Terbutryn 3/3 3/3 3/3 (3/3 3/3 3/3(3/3 3/3 3/3(3/3 3/3 3/3| 9/9 99| 99 99 0.1 0.1
Thiabendazole  [3/3 1/1 2/2 |3/3 1/1 2/2 |3/3 1/1 2/2 [3/3 1/1 2/2 | 6/6 6/6 | 6/6 6/6 | 3/9 0.1 0.1
Thiobencarb 3/3 3/3 3/3 (3/3 3/3 3/3(3/3 3/3 3/3(3/3 3/3 3/3| 9/9 99| 99 99 0.1 0.1
L’i°'°s°"/ rgasa 15,3 0/0 0/0 |0/3 0/0 0/0 |0/3 0/0 0/0 [0/3 0/0 0/0 | 33 3/3 | 3/3 33| 6/9 - s
Trimethoprim 3/3 3/3 3/3 |3/3 3/3 3/3(3/3 3/3 3/3(3/3 3/3 3/3| 9/9 99| 99 99 0.1 0.1
Tylosin A 3/3 3/3 3/3 |0/3 0/3 0/3 |3/3 3/3 3/3 |0/3 0/3 0/3 | 99 0/9 | 99 0/9 | - 1 1
Valsartan 3/3 3/3 2/2 |3/3 3/3 2/2 |3/3 3/3 2/2 |3/3 3/3 2/2| 8/8 8/8 | 8/8 88| 1/9 0.1 0.1
Venlafaxine 3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 |3/3 3/3 3/3 | 99 99 | 99 99| - 0.1 0.1
Zearalenone 3/3 3/3 3/3|0/3 0/3 0/3 |3/3 3/3 3/3|0/3 0/3 0/3| 9/9 0/9 | 9/9 0/9 1 1

*Compounds which presence was detected in all the blank samples of a certain type. In this

case, SDL and LOI could not be defined.
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The reliable identification using two accurate-mass ions was feasible for 74% of
compounds af 1 ug/L and for 37% at 0.1 ug/L. The identification of the antibiotic timethoprimin a
EWW sample is shown in Fig. 3. Up to 5 fragment ions were observed for this compound in the
sample, even at the lowest spiking level tested. It should be remarked that the majority of
unidentified compounds (24% at 1 ug/L level) could not be detected neither, due to the low
sensitivity under the analysis conditions or to an insufficient pre-concentration process. For
example, using the present methodology some hormones could not be detected (neither
validated) at any of the concentrations tested, indicating that specific analysis would be

required for these compounds, probably with different mobile phase modifiers.
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Fig. 3. (left) XICs at 20 mDa mass window for [M+H]+ in LE and main fragments in HE of
antibiotic trimethoprim in effluent wastewater; (right) LE and HE mass spectra of the samples and

a 50 pyg/L reference standard.
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In this work, typically the (de)protonated molecule (or adduct) and at least one collision
induced dissociation (CID) fragment ion, in either the LE or HE functions, were used. A few
compounds (e.g. aceclofenac and some hormones like estriol) presented poor or none
fragmentation as a result of the collision energy value applied, which was the result of a
compromise for all compounds. For these compounds not enough fragments could be
achieved. Therefore, the screening method was limited for detection (only SDL could be set-up),
but no identification could be performed. Although some compounds did not present the
(de)protonated ion (obtaining adducts or in-source fragments instead), they could be correctly
identified when two ions were observed. All the compounds validated in this work, as well as the

ions used for detection and/or identification, are shown in Table S1 (Supplementary information).

3.4. Application to routine samples

The developed procedure was applied to the screening of 15 water samples (6 SW, 6
GW, 3 EWW) and the compounds database was widened to around 1100 organic contaminants,
including many more pharmaceuticals, pesticides, drugs of abuse, mycotoxins, hormones, UV-
filter agents and preservatives, and also some colorants, phenols and surfactants [11]. A notable
number of compounds were detected and identified, most of them contaminants that formed a
part of the list of compounds subjected to validation, but also some others that were added to
the final database used in the screening. Among pharmaceuticals, several antibiofics (ofloxacin,
ciprofloxacin and clarithromycin), anfi-inflammatory/analgesics drugs (ketoprofen, diclofenac,
ibuprofen and salicylic acid) and lipid regulators (gemfibrozil and bezafibrate) were identified
using the criterion applied in this work. Regarding drugs of abuse, cocaine and its metabolite
benzoylecgonine were the most frequently compounds detected. Triazine herbicides and their
transformation products (e.g. simazine, terbumetone, terbuthylazine, deethyl-terbuthylazine and
2-hydroxy-terbuthylazine), and fungicides like thiabendazol, carbendazim and imazalil, were also
identified.

When the reference standard was not available in the laboratory, the tentative
identification was based on the ions observed (protonated molecule and fragment ions), their
compatibility with the chemical structure of the candidate, and by comparison with those ions
reported in the literature [11]. This was the case of the diuretic furosemide (Fig. 4), which after
tentative identification was finally confirmed after acquisition of the reference standard.
Information about fragments was afterwards included to improve the target list in future

screenings.
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Fig. 4. Positive finding of furosemide in a surface water. XICs at 20 mDa mass window and

HE spectra of reference standard and sample, showing proposed fragment ions structures.

As shown in Fig. 5 (terbutryn in a SW sample), some compounds could be identified at
concenfrations well below the lowest validated level (LOI), which suggest that several
contaminants could have been satisfactorily validated at levels below 0.1 ug/L. Following the
methodology described in this paper, the use of new-generation QTOF instruments will surely
allow the identification of compounds at concentration levels lower than 0.1 ug/L, as suggested

by our preliminary data making use of a Xevo G2 QTOF.
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Fig. 5. Identification of the herbicide terbutryn in a surface water at a concentration well

below the lowest validated level (0.1 ug/L).

4. CONCLUSIONS

The qualitative validation of a wide-scope screening method including around 150
organic pollutants has been carried out in three types of water samples (groundwater, surface
water and effluent waste water). The list of target compounds included many organic
contaminants from different families with very distinct physic-chemical properties, such as
pesticides and emerging contaminants like pharmaceuticals, drugs of abuse, preservatives or UV
filter agents. The SPE pre-concentration step was performed on Oasis HLB cartridges as they
provided the best results for the majority of compounds, i.e. the number of detected compound

was higher.

Analysis of water extracts by UHPLC-(Q)TOF MS under MSE mode allowed promoting
fragmentation of the molecule (without the need of pre-selection of the precursor ion) in a

second high-collision energy function. For identification of the compounds, the use of retention
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time and the presence of at least two accurate-mass measured ions were applied as a reliable

and redlistic criterion, as the compliance of ion ratios was problematic using this approach.

Most compounds of the target list were detected at both concentration levels (1 ug/L
and 0.1 yg/L) using the most abundant ion (typically the (de)protonated molecule). Unequivocal
identification was problematic at the low concentration due to the lower abundance of the
fragment ions, but it was feasible for the majority of analytes at the 1 pg/L level. Accurate-mass
full-spectrum acquisition in QTOF MS has allowed fo easily widen the list of compounds
investigated in the analysis of real-world samples. This has facilitated the detection and tentative
identification of additional contaminants that were not included in the list of validated

compounds.
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2.4.1. Discusion de resultados

El tercer articulo de este capitulo representa el Ultimo escaldn en el desarrollo
de una metodologia fiable y rdpida para la deteccidon e identificaciénde un amplio
numero de contaminantes orgdnicos en diferentes matrices mediante LC-(Q)TOF MS.
En este articulo se presenta la metodologia aplicada vy los resulados obtenidos en la
validacion cualitativa del screening (deteccidén e identificacion de los compuestos).
Para ello, se seleccionaron compuestos incluidos en la base de datos, los cuales se
tomaron como modelo para la validacién, y se anadieron en concentraciones
conocidas a distinfas muestras de agua. Una vez aplicado el procedimiento de
screening a las muestras fortificadas, se pudieron establecer los SDL y los LOI para estos

compuestos En el trabajo presentado se hicieron varias aportaciones de interés.

La primera fue corroborar la utilidad y aplicabilidad del método propuesto (en
este caso para muestras ambientales de agua), asi como el conocer las limitaciones
en cuanto a tipo de andlitos analizables y las concentraciones que se podian
alcanzar. La validaciéon del método permiti® comprobar qué compuestos, entre los
includidos en la validaciéon, eran detectables/identificables y a qué niveles de
concentracion. Asi, se pudo corroborar que el screening no era aplicable a ciertas
familias de analitos como, por ejemplo, algunas hormonas, pero mostré SDLs de 0.1
hHg/L (menor nivel de concentracion validado) para la mayoria de los compuestos.
Ademds, el andlisis de muestras reales mostré que era posible detectar, e incluso
identificar, algunos compuestos a niveles inferiores al mds bajo validado, pero que no

se habian testado

Por otro lado, se evaluaron los criterios propuestos por algunas guias para la
correcta identificaciéon para métodos de screening basados en HRMS. Aunque en el
campo medioambiental no se dispone de guias para este tipo de validaciéon, se
tomaron como referencia algunas guias existentes en otros campos, como por
ejemplo la guia SANCO para el andlisis de pesticidas en alimentos (SANCO/10684
2009) o la Decision EU 2002/657/EC sobre métodos analiticos para contaminantes y
residuos en productos de origen animal (2002/657/EC 2002).
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En ofros trabajos de nuestro grupo de investigaciéon (Herndndez, Ibdnez et al.
2004), ya se discute el sistema de confirmacién de la identidad basado en el criterio
de IPs en el caso de espectrometros de masa de alta resolucién, ya que desde nuestro
punto de vista, dicha clasificacién deberia establecerse acorde a la exactitud de
masa obtenida y no a la resolucion del instrumento puesto que, aunque en general
ambos pardmetros estdn estrechamente ligados, no son siempre proporcionales. En
este articulo, se discutié el criterio usado para la relacidén de intensidades entre los
iones medidos (ion ratio) para la identificacién de analitos en este tipo de técnicas, vy

especialmente, para el andlisis de muestras mediante el modo MSE,

Como se explica en el articulo, el cdlculo de los ion ratios, resulta tedioso para
el screening de contaminantes ya que éste no se centra exclusivamente en la
identificacién de analitos de los que se dispone de patrén de referencia (y por tanto
de tiempo de retenciéon y informacién de fragmentacion) sino que intenta abarcar un
elevado numero de compuestos, a priori analizables por LC-MS, en base a la esperada
formacién de ion correspondiente a la molécula (des)protonada. De la mayoria de
ellos, no se dispone de patrdn de referencia, y por tanto, no se tiene informacidén sobre
el ion ratio de los iones medidos. Asi, la metodologia de screening no estd dirigida a un
nUmero reducido de compuestos y la relacién de abundancia de los iones resulta
poco aplicable desde un punto de vista prdctico. Por otro lado, aunque la
fragmentacién por MSE resulta realmente prdctica para la obtencidén de fragmentos
para la confirmacién de la identidad, como ya se demostré en los anteriores trabajos
de este capitulo, esta aproximacién puede sufrir interferencias o alteraciones en la
relacion de la intensidad de iones fragmento en funcién de la matriz que lleven al
incumplimiento de los criterios de tolerancia del ion rafio, y por ende, a reportar falsos
negativos. Estos efectos son mds acusados a bajas concentraciones. Por ejemplo, en
el caso de la terbutilazina, reportado en el articulo, aunque el espectro de HE permita
la identificacion fiable del compuesto en esta muestra, el criterio de tolerancia en el

jon ratio hubiera llevado a reportar un falso negativo.

Una de las alternativas propuestas por las guias en estos casos es la adquisicion
de un ion fragmento adicional, pasando de los dos iones requeridos cuando se

calcula el ion ratio a un total de tres iones medidos en masa exacta. Este criterio,
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aungue valido, conllevaria un aumento considerable de los LOIs, puesto que se
necesitaria observar 2 fragmentos- ademds de la molécula (des)protonada- para la
correcta identificacién del compuesto. Segin nuestra experiencia, dos iones medidos
en masa exacta (tolerancia por debajo de los 2 mDa de error) al tiempo de retencidén
esperado resultaria en un nimero de falsos positivos minimo o nulo, probablemente no
mejorable con la adquisiscidn de tercer ion. Ademds, podria ser incluso mucho mds
selectivo que el uso de dos transicion en equipos de trabajo en m/z nominal, como por

ejemplo los analizadores QQQ, cuando no se selecionan iones productos especificos.

Cabe destacar que, aungue los resultados obtenidos para esta validacion
cualitativa son bastante favorables, el uso de instrumentos mds modernos y con
caracteristicas mejoradas, en especial la sensibilidad y exactitud de masa, deberia
mejorar notablemente los SDLs y LOIs conseguidos. El hecho de que los nuevos equipos
QTOF MS presenten mayor exactitud de masa, mejorard la selectividad del screening,
pudiendo restringir los errores de masa por debajo de los 2 mDa de error, asi como la
sensibilidad mediante la aplicacién de menores ventanas de masa para la extraccién
de los cromatrogramas, reduciendo asi el ruido y aumentando la relacion S/N

notablemente.

En cualquier caso, este articulo pone de manifiesto la necesidad de llevar a
cabo validaciones cualitativas para los métodos de screening, asi como la necesidad
de disponer de criterios Utiles y prdcticos para el andlisis cualitativo mediante técnicas

HRMS, especialmente en el campo ambiental.
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Capitulo 3 Metabolémica en exhalados pulmonares humanos

3.1. INTRODUCCION

La metaboldmica, como ya se explicd en el capitulo de introduccién, se ha
convertido en una herramienta muy extendida en diversos campos como la

biomedicina o la farmacologia.

La técnica mds empleada ha sido tipicamente la NMR, debido a su gran
versatilidad, robustez y la informacién estructural ofrecida (Moco, Vervoort et al. 2007).
Asi pues, esta técnica presenta una gran variedad de propiedades que la hacen muy
ventajosa para este tipo de aplicaciones. La mds importante de las caracteristicas
ofrecidas por la técnica NMR es su extraordinario poder para la elucidacion de
compuestos desconocidos (Jiang and Wang 2014), la cual se ensalza ain mds cuando
se trabaja con instrumentos de elevada resolucién (tipicamente por encima de los 600
MHz). Ademds, este tipo de instrumentos ofrecen también una mayor sensibilidad, ya
qgue en el caso de la NMR, la intensidad de la senal va directamente ligada a la
resolucién del equipo. Por otro lado, existen diversas aproximaciones aplicables, como
por ejemplo H, 13C, 3P, YF NMR, asi como la posibilidad de obtencidén de espectros
bidimensionales tipo COSY, STOCSY, etc. que aumentan el rango de metabolitos
detectables (convirtiendo a esta técnica en casi universal) y facilitan la identificacion
de éstos (Sobolev, Mannina et al. 2015). Por tanto, si combinamos la elevadisima
informacion estructural obtenida con la gran cantidad de librerias de espectros
disponibles, la NMR permite la elucidacién de la gran mayoria de los metabolitos
detectados (Wishart 2008).

Por ofro lado, la NMR presenta una elevadisima robustez, repetitividad y

reproducibilidad, permitiendo analizar las muestras en diferentes dias e incluso en
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diferentes instrumentos sin que los resultados se vean afectados por ello. Asimismo, otra
de las ventajas remarcables que ofrece esta técnica va ligada al hecho de no sufrir
pérdidas de sensibilidad durante largas secuencias de andlisis. Esto facilita en gran
medida el estudio de un elevado numero de muestras, como suele ser el caso de las

aplicaciones metaboldmicas (Moco, Vervoort et al. 2007).

200 +
150 +
100 +
50 4
d,_ar*”f
0 | sl | | f:.
1099 2000 2001 002 2003 2004
IMS 0 0 1 8 30 56
1 1 8 9 20 43 63
= total 3 14 33 77 147 203

Figura 3.A. BUsquedas bibliogrdficas en Chemical Abstracts Plus conteniendo las
palabras clave metabolomics y metabonomics usando SciFinder Scholar (10 junio 2005). Un total
696 articulos fueron encontrados. El set de datos fue a filfrado usando los pardmetros MS o NMR.
El diagrama muestra la frecuencia de las publicaciones totales, asi como aquellas que
mencionan MS y NMR desde 1999 a 2004 (Dettmer, Aronov et al. 2007).

Sin embargo, existen dos principales hdndicaps que han hecho irrumpir en los
Ultimos anos las técnicas espectrométricas en este tipo de aproximaciones. La primera
es el elevado coste de este tipo de instrumentacién, no solo con lo que respecta a la

compra sino también al mantenimiento y al andlisis de muestra, teniendo en cuenta
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que se suele trabajar a 4°K y con disolventes deuterados. La segunda desventaja es la
baja sensibilidad ofrecida (incluso por los instrumentos de mayor resolucién) en
comparacion con las concentraciones tipicamente detectables mediante GC/LC-MS
(Wishart 2008). Como se puede observar en la figura 3.A., entre los anos 1999 y 2004,
existe un aumento considerable de las publicaciones relacionadas con la
metaboldmica, pero también una tendencia hacia la paridad de cuanto a las dos
principales técnicas usadas. En el ano 2014, el nUmero de articulos cientificos
conteniendo la palabra “metabolomics” se ha incrementado a 2715, mientras que
aguellos que ademds contienen las palabras “MS” o “NMR" son 742 vy 408,
respectivamente, observdndose asi una tendencia al alza al uso de MS para estudios

metaboldmicos.

Asi pues, la situacidon ideal seria aquella que combinara las diferentes
posibilidades en cuanto a técnicas se refiere con la finalidad de englobar de forma
completa el metaboloma del sistema de estudio, eligiendo las diferentes modalidades
de las técnicas NMR para aquellos metabolitos mds concentrados y los diferentes
acoplamientos de MS para aguellos que se encuentren a baja concentracion (Figura
3.B.).

Sin embargo, existen ciertos tipos de matrices que podrian presentar
limitaciones de concentracién de sus metabolitos en todo el rango. Este es el caso, por
ejemplo, de los condensados de exhalados pulmonares (como nos ocupa en este
capitulo). Los exhalados pulmonares son una alternativa poco invasiva para el estudio
de enfermedades pulmonares y que, por tanto, permite la obtencion de un gran
numero de muestras. Lamentablemente, la baja concentracién de los metabolitos en
esta matriz dificulta enormemente la obtencidn de un perfil metabdlico fiable vy
completo. No obstante, la sensibilidad de las diferentes técnicas LC-MS juega un rol

importantisimo en estos estudios.
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Concentration

Hydrophobicity

Figura 3.B. Esquema comparativo de las técnicas NMR y MS en funcién de las diferentes
caracteristicas de los metabolitos.

En este capitulo, se explora la posibiidad del uso de condensados de
exhalados pulmonares para el estudio de la obstruccidn pulmonar de forma no
invasiva. Concretamente, se investigan las ventajas y desventajas de las dos
principales técnicas instrumentales, comparando su capacidad para afrontar dicho

problema.
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Is NMR-based metabolomic analysis of exhaled breath

condensate accurate?

To the Editors:

The metabolomic analysis of exhaled breath condensate (EBC)
is a simple noninvasive approach for the study of respiratory
system diseases. Previous studies introduced nuclear magnetic
resonance (NMR)-based metabolomics as a method allowing a
definite separation between healthy patients and patients with
airway disease [1, 2]. In these studies, the influence of external
contaminants was also considered. pe LAurents ef al. [1]
reported that the removal of interfering residual external
contaminants was crucial for correct EBC analysis and they
proposed a cleaning protocol for the “complete removal of the
disinfectant signals” from the reusable parts of the condensers.

In order to verify the influence of the disinfectant signals we
have compared the EBC '"H-NMR spectra of a healthy subject
obtained after the standard cleaning protocol (disinfected for
15 min using a 1.5% Descogen™ solution and flushed for
15 min with water) recommended by the manufacturer’s
guidelines and the International Consensus on EBC (fig. 1a)
[3]; one that was obtained after the cleaning protocol proposed
by pe Laurentis et al. [1] (fig. 1b); and one obtained using a
device without reusable condenser parts (fig. 1c). EBCs have
been collected using an Anacon condenser (Biostec, Valencia,
Spain). Sample collection and concentration (>99% water)
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were similar to those obtained in the procedure described by
DE LAURENTIS ef al. [1] and a similar spectrum (fig. 1f) to the
spectrum published by pe LAURENTHS ef al. [1] was obtained
(fig. 1f, insert). Figure 1 shows that although many of the
disinfectant signals present in the EBC spectrum have been
removed by the b LAURENTIIS ef al. [1] cleaning protocol, there
are some resistant peaks that are not observed in the spectrum
in figure lc. Furthermore, an EBC 'H-NMR spectrum of a
healthy subject acquired using the device without reusable
parts (fig. 1d) was compared with another control test (fig. 1e),
collected in the same time scale using the condensation of
room air pushed into the system by a continuous air spam
device using flow and volumes similar to those typical of
normal human respiratory function. In this case, it showed
similar blank spectra with only two signals (lactate and an
unidentified signal).

In our opinion, this comparison indicates that previous studies
were not able to remove all disinfectant signals via the cleaning
protocols. In addition, when the use of disinfectants was
circumvented using a non-reusable device, we obtained blank
spectra without metabolic information. We are persuaded to
conclude that within the normal time periods used for EBC
collection (10 min), NMR-based metabolomics does not have
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To the Editors:

The metabolomic analysis of exhaled breath condensate (EBC) is a simple noninvasive
approach for the study of respiratory system diseases. Previous studies introduced nuclear
magnetic resonance (NMR)-based metabolomics as a method allowing a definite separation
between healthy patients and patients with acirway disease [1, 2]. In these studies, the influence of
external contaminants was also considered. DE LAURENTIIS et al. [1] reported that the removal of
interfering residual external contaminants was crucial for correct EBC analysis and they proposed
a cleaning protocol for the '‘complete removal of the disinfectant signals’’ from the reusable

parts of the condensers.

In order to verify the influence of the disinfectant signals we have compared the EBC 'H-
NMR spectra of a healthy subject obtained after the standard cleaning protocol (disinfected for
15 min using a 1.5% Descogen™ solution and flushed for 15 min with water) recommended by the
manufacturer’'s guidelines and the International Consensus on EBC (fig. 1a) [3]; one that was
obtained after the cleaning protocol proposed by DE LAURENTIIS et al. [1] (fig. 1b); and one
obtained using a device without reusable condenser parts (fig. 1c). EBCs have been collected
using an Anacon condenser (Biostec, Valencia, Spain). Sample collection and concenfration
(>99% water) were similar to those obtained in the procedure described by DE LAURENTIIS et al.
[1] and a similar spectrum (fig. 1f) to the spectrum published by DE LAURENTIIS et al. [1] was

obtained (fig. 1f, insert). Figure 1 shows that although many of the disinfectant signals present in
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the EBC specfrum have been removed by the DE LAURENTIIS et al. [1] cleaning protocol, there
are some resistant peaks that are not observed in the spectrum in figure 1c¢. Furthermore, an EBC
TH-NMR spectrum of a healthy subject acquired using the device without reusable parts (fig. 1d)
was compared with another control test (fig. 1e), collected in the same time scale using the
condensation of room air pushed info the system by a continuous air spam device using flow and
volumes similar to those typical of normal human respiratory function. In this case, it showed

similar blank spectra with only two signals (lactate and an unidentified signal).

In our opinion, this comparison indicates that previous studies were not able to remove all
disinfectant signals via the cleaning protocols. In addition, when the use of disinfectants was
circumvented using a non-reusable device, we obtained blank spectra without metabolic
information. We are persuaded to conclude that within the normal time periods used for EBC
collection (10 min), NMR-based metabolomics does not have the degree of sensitivity needed to
detect the lung metabolic fingerprint present in these samples. For this reason, we propose a

mass spectrometry (MS) approach for the metabolomic analysis of EBC.

MS-based metabolomics, here using ultra-performance liquid chromatography coupled
to a time-of-flight mass spectrometer (UPLC-TOF-MS) requires similar sample preparation with a
high degree of sensitivity. Through this technique, we can detect the metabolic fingerprint of the
EBC not detected by "H-NMR spectroscopy. Figure 2 shows the UPLC-TOF mass matrix of an EBC
from a healthy subject acquired using the non-reusable device. With the aim of validating the
MS-based metabolomics as a discriminatory method between healthy patients and patients with
airway disease, preliminary data of a chronic obstructive pulmonary disease (COPD)
metabolomic study are presented. A fotal of 28 EBC samples, 18 COPD and 10 healthy subjects
were collected using the non-reusable device and the Anacon condenser. Lyophilised samples
were diluted with 200 pL of water and fransferred into 96-well plates and maintained at 4°C prior
to injection of 5 uL onto the column. Chromatographic separations were performed on a Acquity
UPLC system (Waters Corp, Milford, MA, USA) using a 10 min gradient with mobile phase A of 0.1%
formic acid (FA) in water and mobile phase B, 0.1% FA in acetonitrile. Electrospray (ESI) mass
spectrometry experiments were performed on a Micromass LCT Premier (Waters) operated in
positive ionisation mode. The raw data were processed using the open-source freeware XCMS
(Scripps Center for Mass Spectromeitry, La Jolla, CA, USA), which is able to deftect and align
metabolite peaks. Spectral differences between COPD and healthy subjects were verified by

principal components analysis and partial least squares analysis as shown in figure 3.
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Figure 1. 'H-nuclear magnetic resonance (NMR) spectra of exhaled breath condensate (EBC)
from a healthy subject after a) the standard cleaning protocol recommended by manufacturer’s
guidelines and the International Consensus on EBC; b) the cleaning protocol proposed by DE
LAURENTIIS et al. [1]; c) and d) using a device without reusable condenser parts; and €) 'H-NMR
spectra of the condensation of the room air pushed into the system by a continuous air spam
device. EBC spectra a), b) and c) were collected from the same healthy subject and spectra c)
and d) were collected in the same time scale. f) TH-NMR spectrum of EBC with similar sample
collection and disinfection to TH-NMR spectrum of EBC published by DE LAURENTIIS et al. [1]

(insert; reproduced from [1] with permission from the publisher). f1: first frequency dimension.
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Figure 2. An uJlira-performance liquid chromatography coupled to a fime-offight mass
spectrometer three-dimensional mass matrix of an exhaled breath condensate from a) a healthy
subject and b) a subject with chronic obstructive pulmonary disease, acquired using the non-

reusable device. m/z: mass fo charge.
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Figure 3. Multivariate analysis using ultra-performance liquid chromatography coupled to a time-
of-flight mass spectrometer spectra of exhaled breath condensate from healthy and chronic
obstructive pulmonary disease (COPD) subjects. a) Principal components analysis (PCA) score
plot shows a separation between groups, which is clearly confirmed by b) partial least squares
(PLS) analysis. o control; @ COPD. PC1 and 2 are the first two principal components; PLS1 and 2

are the first two partial least squares.
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In conclusion, the present study demonstrates that the cleaning protocols of the reusable
condenser parts produce an artificial metabolic fingerprint not related to the endogenous
metabolic pathway of the lungs. In addition, although NMR-based metabolomics have been
successfully applied in the study of numerous biosamples (e.g. urine [4-6] and tissues [7]), this
technique cannot be used to analyse EBC samples because the spectroscopic techniques do
not have the sensitivity required to observe the endogenous metabolites presented in the EBC.
Finally, we propose UPLC-MS and the use of non-reusable devices as a standard metabolomic

approach in the analysis of EBC.
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3.2.1. Discusion de resultados

Este trabajo refleja la importancia del uso de la técnica adecuada para el
andlisis de las diferentes muestras y compara las dos principales aproximaciones
utilizadas para afrontar estudios metaboldémicos. Tipicamente se ha preferido el andlisis
mediante NMR debido a las numerosas ventajas que esta técnica presenta y que ya
se comentaron en el apartado de 3.1 de intfroduccion del capitulo. Sin embargo, la
mayor sensibilidad de las técnicas espectrométricas permite que éstas deban ser
seriamente consideradas como una alternativa a la NMR, no solo en casos puntuales
como el de muestras de exhalados pulmonares, cuya baja concentraciéon de los
analitos requiere del andlisis por LC-MS para su determinacién (como ha sido puesto
en evidencia en este articulo cientifico), sino en general para todo tipo de estudios,
evitando la posible pérdida de informacion de los metabolitos a menores

concentraciones.

Como se comenta brevemente en el articulo, el acoplamiento LC-MS requiere
de protocolos para el tratamiento de muestra similares en dificultad y tiempo
(o incluso mds sencillos) a aquellos aplicados en técnicas espectroscdpicas. En este
frabajo, las muestras liofilizadas procedentes del condensado de exhalado pulmonar
fueron simplemente disueltas en 200 uL de agua y homogenizadas durante 5 minutos
mediante ultrasonidos. La simplicidad de los protocolos es esencial para este tipo de
técnicas por varias razones: el nuUmero de muestras con las que se suele trabajar es
muy elevado, se evitan asi errores durante el tratamiento de la muestra, ademds de
minimizar las pérdidas en la recuperacion de los analitos. Asi pues, protocolos extensos
generalmente conllevan la pérdida de ciertos analitos por degradacion, evaporacion
o simplemente incompatibilidad con el método de extraccién. Como se concluye de
este trabajo, la preparacién de la muestra consiste en una simple dilucién en agua,

para posteriormente inyectar las muestras en el sistema LC-MS.

Después de la disolucion de la muestra con agua, se dividié la muestra en dos
alicuotas: una de 140 uL para trasferir al vial que seria inyectado y otra 40 uL de cada
muestra que fueron mezclados con la finalidad de obtener un QC. Por tanto, en este

caso, el QC consistiria en una muestra promedio de todas las muestras a analizar. La
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finalidad de esta muestra control es la de evaluar posibles errores sistemdaticos durante
la inyeccidn y el procesamiento de datos, asi como comprobar la validez del modelo
estadistico generado. Probablemente la principal desventaja del acoplamiento
cromatografia-espectrometria de masas, y en especial la cromatografia liquida, frente
al NMR es, como se menciond brevemente en la introduccién de este capitulo, la
reproducibilidad y repetitividad en las medidas. Durante el andlisis de las muestras, los
instrumentos suelen sufrir variaciones de sensibilidad y tiempo de retencidon debido
sobre todo a las largas secuencias de inyeccidn requeridas para evitar diferencias en
el andlisis en dias posteriores. Asi pues, esta menor repetitividad debe ser evitada
mediante el andlisis aleatorio y la inyeccion inicial de al menos 10 veces el QC. Asi, se
favorece la estabilizacion de la columna cromatogrdfica y la fuente de ionizacion.
Ademds, inyecciones periddicas durante la secuencia de estas muestras QC
proporcionan una eficaz herramienta de evaluacién de la calidad de los resultados
obtenidos, debiendo estar éstas perfectamente agrupadas y centradas (por tratarse
de una muestra promedio) en el andlisis multivariante. Para minimizar el efecto de la
pérdida paulatina de sensibiidad de la fuente electrospray, las muestras fueron
inyectadas de forma aleatoria. Se evalud la opcidén de normalizar las muestras, pero
debido a la casi inexistencia de matriz en los exhalados, la normalizacién no fue

necesaria en base a los resultfados de los QC.

Puesto que la mezcla se realiza de forma posterior a la extraccién, en ningdn
caso corregiria errores en el proceso de tratamiento de muestra. Para evitar estos
errores, todo el proceso se lleva a cabo de manera aleatoria, al igual que la inyeccion

de las muestras.

Aungue no se comentd en el texto, una de las claves para poder analizar
maftrices tan diluidas en concentracidn de metabolitos como los exhalados
pulmonares es el uso del acoplamiento LC-MS bajo condiciones optimas. Para ello,
resulta altamente favorable el uso de fases méviles y modificadores del mayor grado
de pureza posible, asi como una intensa limpieza del la fuente de ionizacién. Esta es
una premisa vdlida para cualquier andlisis non-target, pero crucial en este tipo de
maftrices pues resulta imprescindible eliminar cualquier compuesto exdégeno que

podria llevarnos facilmente a obtener falsos biomarcadores ademds de complicar en
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gran medida el proceso de extraccién de picos (peak picking) al enmascarar
faciimente cualquier compuesto enddgeno. Este hecho es también aplicable al

proceso de toma de muestra (como se subraya en el texto) y su posterior fratamiento.

De este articulo cientifico se concluye la incapacidad de las técnicas NMR
para los estudios metaboldmicos de condensados de exhalados pulmonares. Por otfro
lado, aungue se trate de un estudio preliminar por el nUmero de muestras analizadas y
la falta de validacién del estudio, se demuestra la validez del acoplamiento LC-MS
para el andlisis de exhalados pulmonares en el estudio de enfermedades respiratorias,
dejando una puerta abierta al uso de este tipo de muestras no-invasivas para el

paciente.
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4.1. INTRODUCCION

La metaboldmica, como ya se ha explicado anteriormente, es uno de los
campos del emergente grupo de las “-Odmicas” centrado en la caracterizacién masiva
de metabolitos en matrices bioldgicas. Tipicamente utiizada en ramas de la
biomedicina y la farmacologia, también emerge en el drea de la ciencia de los
alimentos y la nutricion en investigaciones sobre la composicién de alimentos y su

calidad/autenticidad (German, Hommock et al. 2005).

Este increible avance ha sido propiciado no sélo gracias a los recientes
avances tecnoldgicos en la instrumentacidén analitica (especialmente aquella que
respecta al andlisis de metabolitos pequenos), sino también en gran medida a los
desarrollos en los campos del tratamiento de dicho flujo masivo de datos, con la
aparicion de herramientas informdticas capaces de extraer la informacion
comprendida en los resultados instrumentales, fodo ello en una forma muy eficaz y en

tiempos extremadamente cortos (Dunn, Bailey et al. 2005, Wishart 2008).

Igualmente importante para el desarrollo de la técnicas metaboldémicas ha sido
la compilacidon de bases de datos electrénicas, las cuales contienen informacion
descriptiva y espectral de los constifuyentes encontrados en una gran variedad de
metabolomas y matrices (Kopka, Schauer et al. 2005, Cotter, Maer et al. 2006, Moco,
Tseng et al. 2006, Wishart, Tzur et al. 2007)

Como se comentd en el capitulo de intfroduccidn, existen dos aproximaciones
principales en el campo de la metaboldémica: untargeted (también conocida como

metabolomic fingerprint o chemometric approach) y targeted (metabolite profiling o
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quantitative approach)(Wishart 2008). En esta tesis se ha hecho uso exclusivamente
de la aplicacién untargeted, pues el principal objetivo fue encontrar marcadores que
permitiian asegurar la autenticidad de determinadas muestras de alimentos de

interés.

En el capitulo de introduccion se ha hablado extensamente de la importancia
del correcto disenio del muestreo, la toma y conservacidon de la muestra, del
tratamiento de la misma y de la técnica andalitica utilizada. Sin embargo, el
tratamiento de datos es también un paso critico para el éxito de cualquier proyecto
metaboldmico. Asi pues, a continuacion se comentardn algunos de los puntos claves

a tener en cuenta.

4.1.1 Pre-procesamiento de datos

Los complejos y multidimensionales conjuntos de datos en metaboldémica
necesitan un minucioso fratamiento, ya que los pasos de pre-procesamiento de datos
empleados fienen un gran impacto tanto en la extension y calidad de la identificacién
de metabolitos, asi como en las capacidades de cuantificacion posteriores y la
interpretacion bioldgica. Los factores clave en el pre-procesamiento de datos son: i) la
calidad de los datos en bruto generados, ii) la eleccion del software de tratamiento
previo, iii) la optimizacién de los pardmetros del software, y iv) el método de

normalizacién de datos.

Se entiende como pre-procesamiento de datos al proceso de extraccion de
datos a partir de los resultados del andlisis. Centrdndonos en el acoplamiento
cromatografia-MS, dicho procesamiento de datos incluye las etapas de peak picking,
alineamiento del tiempo de retencion, integracién/cuantificacion y normalizacién de
los datos (si se infuye necesario). En cuanto al software para dicho pre-procesamiento
de datos, existen diferentes opciones disponibles, fanto comerciales como gratuitas.
Obviamente, los algoritmos empleados en las diferentes etapas (deteccidn de picos,
adlineamiento de tiempos de retencion,...) pueden divergir. La Tabla 4.A resume

algunas de las principales opciones.
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Tabla 4.A. Software comercial (A) vy libre (B) para el (pre)procesamiento de

datos metabolomic de MS (Want 2011).

A
Software Manufacturer Capabilities
MS and NMR data: filtering, feature
Bluefuse BlueGnome detection, alignment, multivariate data
analysis
Markerlynx waters LC-MS data: feature detection, alignment,
PCA
MarkerView Applied Biosystemns I';C(;i\\/\s data: feature detection, alignment,
MassHunter Agilent LC-MS data: detection/extraction,

Technologies

alignment

Metabolic Profiler

Bruker Daltonic

MS and NMR data: data bucketing
(retention time, m/z values), PCA

Metabolyzer

Metabolon

Automated chromatographic peak
alignment tools. Used as part of proprietary
data processing system in commercial
studies

metAlign

PlanResearch

LC-MS, GC-MS data: Filtering, baseline

International correction, feature detection, alignment
Shimadzu . . I
Phenomenome MS data: feature detection, alignment,
" /Phenomenome - :
Profiler . . stafistical analysis
Discoveries
B)
Software Data Type Capabilities
Automatically extracts pure component
. mass spectra from highly complex GC-MS
AMDIS GC-MS data files. Uses these purified spectra to
search a mass spectral library
Chrompare GC-FID Feature .|IST and raw chromotggrom
comparison, data normalization
COMSPARI LC-MS, GC-MS V!suo||zot|on capabilities for investigating
differences between two runs
Direct data comparison (no feature
MathDAMP LC-MS, ?A%'MS’ CE detection), binning, baseline subtraction,
smoothing, normalization
Chromatogram compression, peak
MetaboliteDetector GC-MS detection, chromatogram deconvolution,

alignment, compound integration /
quantification

MET-IDEA

LC-MS, GC-MS, CE-
MS

lon intensity data extraction — outputs list of
m/z retention time values
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Automated import, alignment and
comparison of feature lists or raw
chromatograms. Allows rapid visualization
and interrogation of data

MSFACTs LC-MS, GC-MS

Management and editing of mass spectral
libraries and associated information.
mSPECS GC-MS, LC-MS Capabilities for the automatic management
of libraries, plus automatic calculation of
formulas and masses

Filtering, feature detection, alignment,
normalization, visualization. MZmine 2 can
process unit mass resolution and exact mass

MZMine /MZMINE2 LCMS, GE-MS resolution data (e.g. FTMS), including
fragmentation data (continuum or
centroided)

XCMS/ . - -
LC-MS, GC-MS F[ITerlrjg, feoture detection, alignment,
XCMs2 visualization
Peak picking

Con el fin de comparar, de forma global, los metabolitos entre diferentes
muestras, la deteccidn de los picos cromatogrdficos (peak picking) y su correcto
emparejamiento (peak matching o grouping) es crucial. Por tanto, el primer paso para
el pre-procesamiento de datos procedentes de LC-MS o GC-MS se cenfra en distinguir
los picos cromatogrdficos (es decir, que provienen de metabolitos) de otros picos v,
sobretodo, del ruido de fondo. Este proceso, llamado peak picking o peak detection,
se puede llevar a cabo mediante un proceso de deconvolucidn o mediante la
busqueda de picos para cada XIC extraido en todo el rango de masas aplicado. Estos
XIC son creados con una determinada ventana de masa que depende de la
exactitud/resolucidén del espectrémetro de masas en cuestidbn. Para ambos casos,
deconvolucidon o XIC, existen infinidad de algoritmos disponibles que pueden ser
aplicados en funcién del tipo de datos obtenidos (principalmente el tipo de técnica y
la instrumentacién utilizada). Sin embargo, aunque los algoritmos de deconvolucion
facilitan enormemente la interpretacién de los datos generados al permitir relacionar
los espectros con compuestos puros, éstos son por lo general menos sensibles (menor
capacidad de deteccion de picos pequenos), especialmente cuando se frabaja con
matrices complejas. Teniendo en cuenta lo mencionado anteriormente, el segundo

método ha sido utilizado en el desarrollo de esta tesis pues, aunque representa una
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mayor complejidad de datos por su colinealidad, es mds poderoso en cuanto a

deteccidn se refiere.

Peak alignment

Tipicamente, los estudios de metabolite fingerprint suelen involucrar cientos de
muestras pertenecientes a distintas clases. En estos casos, es comuin observar derivas
en los tiempos de retencién de los metabolitos. Este problema es mds agudo en el
caso de LC vy suele ser debido a (i) pequenos cambios en la temperatura, presidén o en
la fase moévil (composicion o el flujo) (i) cambios en la fase estacionaria de la columna
(saturacion/degradacién) o (i) efectos matriz de las muestras y variaciones en el
extracto. Esta deriva instrumental debe ser corregida pues puede dar lugar a
problemas durante el agrupamiento de picos, i.e. al emparejar cada feature presente

en las diferentes muestras.

La correccidon del tiempo de retencidon puede llevarse a cabo antes del
proceso de peak picking (alineamiento de los perfiles cromatogrdficos) o a posteriori
mediante un emparejamiento de picos conocidos presentes en la mayoria de
muestras y a lo largo de todo el cromatograma (alineamiento de picos o peak
alignment). A su vez, el adlineamiento de picos puede redlizarse en base a estdndares
internos anadidos a las muestras (compuestos exdgenos) o mediante el uso de
compuestos enddgenos conocidos o presentes en la mayoria de muestras (Peters, van
Velzen et al. 2009).

Pedak integration

Los picos encontrados deben posteriormente ser integrados con el fin de
permitir la comparacién de sus abundancias relativas y poder asi elucidar diferencias
entre grupos de muestras. Obviamente, para la correcta integracién, es necesario que
previamente los picos hayan sido correctamente identificados y agrupados a lo largo

de las muestras.
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Normalizacién

La normalizacion de los datos permite una cuantificacidén mds exacta de los
diferentes features enconfrados a lo largo de las muestras. El objetivo es la eliminacion
de cambios indeseados en la intensidad de los iones/compuestos entre los diferentes
andlisis. Estos cambios corresponden generalmente a deriva instrumental, debida
principalmente a la sucesiva contaminacién de la interfase de ionizacion, y dependen
en gran medida del tipo de muestra, el tamano del lote y del tipo de instrumentacién
utilizada. Al igual que sucede con el alineamiento de tiempos de retencion, la
normalizaciéon suele hacer uso de estdndares internos (anadidos después de la
extraccion de la muestra) o de modelos estadisticos que permiten escalar los efectos
de deriva para las diferentes muestras en base al set de datos completo de las

muestras (Karpievitch, Dabney et al. 2012).

Como ya se menciond en la seccidén de discusidon de resultados del capitulo
anterior, una herramienta de gran utilidad es el uso de QCs. Para este tipo de estudios,
los QCs suelen ser una mezcla proporcional de todas las muestras utilizadas que es
inyectada repetidamente al inicio del batch y periédicamente cada un determinado
numero de muestras (tipicamente cada 5 o 10 inyecciones). Los QCs presentan un
triple propdsito; (i) optimizar las variables instrumentales a priori y acondicionar la
columna cromatogrdfica, (i) comprobar la calidad v fiabilidad de los datos obtenidos
mediante andlisis estadistico, (iii) permitir la evaluacion de la necesidad de normalizar

las muestras vy, si procede, el correcto desempeno de la misma.

4.1.2 Andlisis multivariante

El término “Andilisis Multivariante” engloba un tipo de técnicas estadisticas para
el andlisis simultdneo de multiples variables. Estas técnicas ademds proporcionan
herramientas para interpretar la tabla de datos (por ejemplo, idenfificar o resaltar
relaciones entre observaciones y variables, observaciones que se desvian del

comportamiento esperado o tendencias deseadas e indeseadas en los datos), asi
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como para modelar diferencias entre grupos de observaciones y clasificar
observaciones desconocidas.

Tipicamente estas técnicas se clasifican entre métodos supervisados y no-
supervisados. Estos Ultimos se caracterizan por tratar los datos sin ningun tipo de
informacién a priori acerca de la clasificaciéon de las muestras. Esta es, por tanto, una
buena manera de revelar agrupaciones o tendencias en los datos. Los métodos no-
supervisados mds comunmente utilizados en el campo de la metaboldmica son el
Analisis de Componentes Principales (Principal Component Analysis, PCA), hierarchical
clustering y k-means clustering. Por el contrario, los métodos supervisados utilizan la
informacion  relacionada con el set de datos (clases, pardmetros
bioldgicos/experimentales, etc.) para construir un modelo predictivo a partir del set de
enfrenamiento. Dicho modelo es posteriormente usado para predecir la clase de
nuevas observaciones no incluidas en el set inicial de entrenamiento. De entre las
tipicas técnicas de andlisis multivariante supervisadas se incluye Partial Least Squares
(PLS) regression, ortogonal-PLS (OPLS), discriminant Analysis (DA) y PLS Discriminant
Analysis (PLS-DA). La elecciéon de la técnica a utilizar depende del objetivo final y del
tipo de set de datos (Want 2009).

PCA

Es la técnica guimiométrica mds ampliomente utilizada para el andilisis de
datos metaboldmicos basados en MS. Resulta una herramienta muy Util para obtener
una visidn general de sets de datos enormes (como suele ser el caso), visualizar
similitudes y diferencias entre observaciones y adquirir conocimiento sobre los
metabolitos responsables de los patrones y agrupaciones encontrados. Una de las
ventajas de esta técnica es que puede lidiar con matrices de datos incompletas vy
ruidosas que contengan mds variables que muestras, asi como con variables

altamente correlacionadas, lo cual es muy comun en este tipo de datos.

PCA crea un modelo que se aproxima a los datos originales tanto como sea
posible con solo unos pocos componentes principales (PCs) no-correlacionados

(ortogonales). Dicho modelo se ajusta en base a aquellos PCs que explican en mayor
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grado posible la varianza del set de datos, reduciendo asi la dimensionalidad de éstos
mienfras se mantiene el maximo de informacion. De dicho modelo se derivan dos
matrices, scores y loadings, las cuales se utilizan para producir sendos grdficos. En la
figura 4.A. se puede observar un ejemplo del potencial del PCA para el fratamiento de
este tipo de datos metabdlicos. En dicha figura se observa la correcta agrupacion de
dos clases de muestras (G1 y G2) y los metabolitos significativamente influyentes en

dicha agrupacion.
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Figura 4.A. PCA correspondiente a 26 perfiles metabdlicos obtenidos mediante andilisis
UPLC-MS de muestras de suero de rata provenientes de un estudio toxicolégico. (A) PC1 vs PC2
scores plot resaltado por clases, G1 and G2; (B) PC1 vs PC2 loading plot. Metabolito M1 se
encuentra sobreexpresado en G2 mientras que los metabolitos M2 y M3 presentan una mayor
respuesta en G1 (Want 2011).

Métodos supervisados: PLS-DA y OPLS-DA

PCA es un excelente punto de partida para el andlisis multivariante de los
datos, aportando una excelente visibn general de las similitudes y diferencias entre
muestras. Cuando se puede observar una separacion clara entre los grupos
investigados, PCA certifica una correcta clasificacién entre los grupos dado que la
separacion se realiza sin ningun tipo de informacién de clase incluida en el algoritmo.
Sin embargo, los componentes principales modelan las variaciones maximas en la
matriz de datos y estas direcciones pueden no coincidir con la separacién mdxima
entre clases. Otras direcciones podrian ser mds pertinentes para la discriminacién entre
los grupos de muestras objetivo (Figura 4.B). Con este fin, aproximaciones supervisadas,

como PLS-DA y OPLS-DA pueden ser mds adecuadas. En este caso, el algoritmo tiene
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en cuenta la informacién de clases e intenta construir un modelo capaz de predecir
dicha agrupacién. En realidad, PLS-DA es un método de clasificacion basado en la
regresion PLS, la cual puede interpretarse como una extensiéon del PCA (Worley and
Powers 2013).

PLS modela la asociacion entre una matriz de datos X y una de respuestas Y. La
matriz de datos X corresponderia a la obtenida mediante el andlisis de las muestras,
i.e. en el caso que nos ocupa, la tabla con los datos extraidos del peak-picking de
todas las muestras. Por otra parte, |la matriz Y contiene informacién de las muestras,
pudiendo ser esta informacién una variable continua (como por ejemplo calificacion
de la muestra, tiempo ftrascurrido desde la infeccién, pH, etc.) o categdrica
(denominacién de origen, tipo de tratamiento, etc.). Por tanto, PLS-DA es a su vez una
extensién de PLS para variables categdricas o puntuales. Mds especificamente,
mientras que PCA es una proyecciéon de la varianza maxima en la matriz de datos X,
PLS (y por tanto, PLS-DA) genera un modelo de covarianza méxima entre Xy Y.

PLS-DA resulta una técnica muy apropiada para andlisis metaboldmico de
datos de MS dadas las caracteristicas de la matriz X las cuales suelen presentar un
considerablemente mayor niUmero de variables que de observaciones. Ademds, PLS-
DA no se ve afectada con variables fuertemente correlacionadas, como es comun en
este tipo de datos (isdtopos, fragmentos o compuestos relacionados). Sin embargo, los
modelos PLS-DA se ven negativamente afectados por variaciones sistemdticas en la
matriz X no relacionadas con la matriz Y, como por ejemplo una elevada varianza en
las diferentes clases. Cuando la direccién preferencial en la separacion de clases en
PLS-DA es una combinacién de PCs, los modelos pueden resultar dificimente
interpretables ya que la variacion entre clases y dentro de las clases es fusionada. Una
modificacion del método PLS, llamado OPLS (Orthogonal PLS), se presenta como una
excelente alternativa para facilitar la interpretacién.

OPLS (asi como OPLS-DA para variables categéricas) separa la variacién en la
matriz de datos X en dos partes: una correlacionada con Y y ofra ortogonal a Y. Esta
particiéon facilita la interpretacion del modelo ya que ambas variaciones (entre clases

y dentro de las clases) son separadas (Figura 4.B.).
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Figura 4.B. Scores Plot (PC1 vs. PC2) de datos obtenidos del andlisis de suero de rata
modelados mediante (a) PCA, (b) PLS-DA y (c) OPLS-DA. La separacién entre dos grupos de
animales se puede observar directamente con PCA. Esta separaciéon se amplifica al aplicar PLS-
DA puesto que el algoritmo tiene en cuenta ambas clases para construir el modelo. Mediante
OPLS-DA, el PC1 es usado como componente predictivo de las clases, facilitando la
interpretacion del modelo y la identificacién de marcadores (Want 2011).
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En este capitulo, se explora el andlisis metabolédmico para la identificacion de
marcadores fiables que puedan ser utilizados para asegurar la autenticidad de
muestras de alimentos. En el articulo cientifico 5 se realiza un andlisis untargeted de
muestras de naranjas de diferentes variedades, cosecha y procedencia con la
finalidad de obtener un marcador fiable para la distincion de la procedencia de
naranjas de variedades de maduracién tardia, con especial énfasis en la
diferenciacién de muestras procedentes de la Comunidad Valenciana en

comparacioén con frutos cultivados en el hemisferio sur.

En el segundo trabajo de este capitulo, articulo cientifico é, se busca ahondar
en el andlisis metaboldmico untargeted para la caracterizacidon de vinos de diferente
denominacién de origen. Para ello, se comparan muestras de vino de 3 importantes
dreas vinicolas de Espana mediante dos plataformas diferentes donde se combinan
Orbitrap vy (Q)TOF MS, asi como aproximaciones distintas. Este articulo muestra Ia
viabilidad de ambos aproximaciones, mostrando la capacidad de ambas para
encontrar marcadores capaces de realizar la clasificacion inequivoca del origen de la

muestra. Ademds se exaltan las similitudes y diferencias de ambas aproximaciones.
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acquired in both, positive and negative ionisation modes. Several markers have been found and corrob-
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1. Introduction

Food quality and traceability are issues of wide concern to cos-
tumers and markets (Arvanitoyannis & Vaitsi, 2007; Reid, O'Don-
nell, & Downey, 2006). This quality is often linked to their origin
as, for example, French wine or Spanish ham, which in some cases
increase considerably the price of the product (Luykx & van Ruth,
2008). Thus, to guarantee the traceability of these items becomes
essential, not only for costumers but also for manufacturers and
dealers (Reid, O'Donnell, & Downey, 2006). To this aim, analytical
met ies able to quivocally disti and detect the
fraud are welcome,

Although not an especially high value product, oranges are an
important market in the Valencian region, located in the east coast
of Spain. This “Denomination of Origin” (D.0.) is well-known for
Spanish costumers and the region economy's strongly depends
on it, as recently published (Malet, 2010). Furthermore, it is sus-
pected that a fraud really exists, mainly in late maturing orange
varieties in order to overcome the production limitations during
the summer, when no oranges are available at Valencia latitude.

* Corresponding author, Tel.: +34 964387363; fax: +34 964387368,
E-mail address: sanchoj@ujies (1V. Sancho).

hiep:[fdx.dol.org/10.1016/i.foodchem. 2014.02.009
0308-8146/0 2014 Elsevier Lrd. All rights reserved.

Thus, it is not uncommon that oranges are imported from southern
hemisphere countries during this period and sold with Valencian
D.0. Unfortunately, there is a lack on reliable analytical methodol-
ogies to avoid this fraud.

Normally, food authenticity metheds are focused on the deter-
mination of a few target compounds that characterise the sample,
as some metals by [nductively Coupled Plasma (ICP) (Anderson &
Smith, 2006; Perez, Smith, & Anderson, 2006), natural products
as amino acids (Gomez-Ariza, Villegas-Portero, & Bernal-Daza,
2005) and antioxidants (lijima, Suda, Suzuki, Aoki, & Shibata
2008; Makris, Kallithraka, & Mamalos, 2006) or even on searching
for common adulteration substances, as tartaric acids in orange
Jjuice (Saavedra, Garcia, & Barbas, 2000). One of the most promising
approaches to solve these problems is metabolomics, or more pre-
cisely the metabolic fingerprinting (Lu et al., 2008), defined as “the
unbiased, global screening approach to classify samples based on
metabolite patterns or “fingerprints” that change in response to dis-
edase, envir | or genetic perturbations with the ultimate goal
to identify discriminating metabolites™ (Dettmer, Aronov, & Ham-
mock, 2007). Although typically focussed on human (or animal)
tissues (liver, lung, kidney, etc.) or biological fluids (mainly urine
and plasma) to evaluate the effect of drugs (Nicholson, Connelly,
Lindon, & Holmes, 2002) as well as to understand and diagnose
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HIGHLIGHTS

* We performed an untargeted metabolic fingerprint for oranges origin differentiation.

¢ UHPLC-(Q)TOF MS data have been processed using XCMS and multivariate analysis.

* Results have been validated by increasing the sample number and additional season and
origin.

e Citrusin D has been tentatively identified has an optimal marker for the geographical
authentification

ABSTRACT

In this work, hybrid quadrupole time-of-flight mass spectrometer (QTOF MS) coupled to
ultra-high performance liquid chromatography (UHPLC) has been used for biomarkers
identification for correct authentication of Valencia (Spain) oranges. Differentiation from foreign
Argentinean, Brazilian and South African oranges has been carried out using XCMS application
and multivariate analysis fo UHPLC-(Q)TOF MS data acquired in both, positive and negative
ionisation modes. Several markers have been found and corroborated by analysing two seasons
samples. A seasonal independent marker was found and its structure elucidated using accurate
mass data and MSE fragmentation specfrum information. Empirical formula was searched in
Reaxys database applying sub-structure filtering from the fragments obtained. Three possible

structures were found and citrusin D, a compound present in sweet oranges, has been identified
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as the most plausible as it fits better with the product ion scan performed for this compound. As a
result of data obtained in this work, citrusin D is suggested as a potential marker to distinguish the

geographic origin of oranges.

1. INTRODUCTION

Food quality and traceability are issues of wide concern to costumers and markets
(Arvanitoyannis and Vaitsi, 2007 and Reid et al., 2006). This quality is often linked to their origin as,
for example, French wine or Spanish ham, which in some cases increase considerably the price
of the product (Luykx & van Ruth, 2008). Thus, to guarantee the traceability of these items
becomes essential, not only for costumers but also for manufacturers and dealers (Reid,
O'Donnell, & Downey, 2006). To this aim, analytical methodologies able to unequivocally
distinguish and detect the fraud are welcome.

Although not an especially high value product, oranges are an important market in the
Valencian region, located in the east coast of Spain. This “Denomination of Origin” (D.O.) is well-
known for Spanish costumers and the region economy’s strongly depends on if, as recently
published (Malet, 2010). Furthermore, it is suspected that a fraud really exists, mainly in late
mafturing orange varieties in order to overcome the production limitations during the summer,
when no oranges are available at Valencia latitude. Thus, it is not uncommon that oranges are
imported from southern hemisphere countries during this period and sold with Valencian D.O.
Unfortunately, there is a lack on reliable analytical methodologies to avoid this fraud.

Normally, food authenticity methods are focused on the determination of a few target
compounds that characterise the sample, as some metals by Inductively Coupled Plasma (ICP)
(Anderson and Smith, 2006 and Perez et al., 2006), natural products as amino acids (Gomez-Ariza,
Villegas-Portero, & Bernal-Daza, 2005) and antioxidants (lijima et al., 2008 and Makris et al., 2006)
or even on searching for common adulteration substances, as tartaric acids in orange juice
(Saavedra, Garcia, & Barbas, 2000). One of the most promising approaches to solve these
problems is metabolomics, or more precisely the metabolic fingerprinting (Lu et al., 2008), defined
as “the unbiased, global screening approach to classify samples based on metabolite patterns
or “fingerprints” that change in response to disease, environmental or genetic perturbations with
the ultimate goal to identify discriminating metabolites” (Dettmer, Aronov, & Hammock, 2007).
Although typically focussed on human (or animal) tissues (liver, lung, kidney, etc.) or biological
fluids (mainly urine and plasma) to evaluate the effect of drugs (Nicholson, Connelly, Lindon, &
Holmes, 2002) as well as to understand and diagnose diseases (Pendyala, Want, Webb, Siuzdak,

& Fox, 2007), metabolomic approaches have been recently applied to food characterisation for
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coffee (Choi et al, 2010 andRisticevic et al., 2008), wine (Arvanitoyannis et al.,
1999 and Cuadros-Inostroza et al., 2010), tomato ( Arvanitoyannis and Vaitsi, 2007 and Consonni
et al., 2009) or fruit juices ( Vaclavik, Schreiber, Lacina, Cajka, & Hajslova, 2011) among others.

There are a wide range of chromatographic modes and detector combinations
(Arvanitoyannis & Vaitsi, 2007) available to achieve this global screening, like UV-VIS or NIR
spectroscopy, etc. (Cozzolino, Smyth, & Gishen, 2003), although two main tools are used NMR
spectroscopy and gas/liquid chromatography coupled fo mass spectrometry (GC-MS and LC-
MS) (Cevallos-Cevallos, Reyes-De-Corcuera, Etxeberria, Danyluk, & Rodrick, 2009). NMR has been
the technique of choice during the last years due to its universality and versatility as well as the
stability and large structure information obtained. In the last years, MS hyphenated to
chromatography is appearing as a less expensive and more sensitive alternative approach
(Dunn & Ellis, 2005), very powerful when modern analyzers are employed.

Hybrid quadrupole time-of-flight (Q-TOF) or Orbitrap are the MS analysers recently used
because of their high resolution (HR), mass accuracy and full-spectrum acquisition capabilities.
As well-known, GC-MS is applied to (semi)volatile and no thermo-labile compounds and it
presents a more restricted application field (Dunn & Ellis, 2005) due to the unavailability of GC
systems coupled to state-of-the-art HRMS. However, the analysis of volatiles compounds by head
space solid phase micro-exiraction (HS-SPME) has been also successfully applied for the origin
classification (Montero-Prado, Bentayeb, & Nerin, 2013). On the other hand, the less complex
sample preparation typically required by LC-MS methods, together with the wider range of
separation mechanism (i.e. reversed phase, HILIC, efc.) in liquid chromatography, makes this
technique more suitable to develop metabolomic profiing methods and expand their
applicability from medium to highly polar compounds. In addition, recent advances in
chromatographic separations thanks to reducing the particle size of the stationary phase sorbent
(i.e. ultra high-performance liquid, UHPLC), facilitates data processing (Moco, Vervoort, Bino, &
De Vos, 2007), especially in the peak picking process where peak shape and resolution are
crucial.

In this work, orange samples from Valencia Spanish region and foreign samples
(Argentina, South Africa and Brazil) have been investigated using multivariate analysis from the
data obtained by UHPLC-QTOF MS with the objective to discover useful biomarkers for origin
differentiation. QTOF MS has been used under MSE mode, i.e. simultaneous acquisition atf low (LE)
and high collision energy (HE), which provides useful information on the (de)protonated
molecules (commonly at LE) and on the main fragments ions (commonly in HE) (Diaz, Ibdhez,
Sancho, & Herndndez, 2011). This approach provides helpful information for the speed-up

identification of the discovered markers.
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2. MATERIALS AND METHODS

2.1 Reagents and chemicals

Around 40 analytes were studied for performance optimisation and a total of 230
compounds were included in the empirical mass spectral library (see Table 1). Reference
compounds were purchased from Acros Organics (Geel, Belgium), Bayer Hispania (Barcelona,
Spain), Fort Dodge Veterinaria (Gerona, Spain), Vetoquinol Industrial (Madrid, Spain), Aventis
Pharma (Madrid, Spain), Sigma Aldrich (St Louis, MO, USA), Cerilliant (Round Rock, TX, USA), Dr.
Ehrenstorfer (Augsburg, Germany), Riedel-de Haén (Seelze, Germany), the National
Measurement Institute (Pymble, Australia) and Fluka (Buchs, Switzerland). All reference materials

had purities higher than 93% (w/w).

2.2. Instrumentation

A Waters Acquity UPLC system (Waters, Milford, MA, USA) was interfaced to a hybrid
quadrupole-orthogonal acceleration-TOF  mass spectrometer (Q-oaTOF Premier, Waters
Micromass, Manchester, UK), using an orthogonal Z-spray-ES| interface operating in positive and
negative ion mode. The UHPLC separation was performed using an Acquity UPLC BEH C18 1.7 um
particle size analytical column 100 x 2.1 mm (Waters) at a 300 yL/min flow rate. The mobile
phases used were A=H20 with 0.01% HCOOH and B=MeOH with 0.01% HCOOH. The
percentage of organic modifier (B) was changed as follows: 0 min, 10%; 1.5 min, 10%; 16 min,
90%; 18 min, 90%; 18.01 min, 10% in a fotal run time of 20 min for the positive ionisation mode and
0 min, 10%; 2.5 min, 10%; 16.5 min, 75%; 18 min, 90%; 20 min, 90%; 20.01 min, 10% in a total run time
of 22 min for the negative ionisation mode. Nitrogen was used as the drying gas and nebulizing
gas. The desolvatation gas flow was set at 600 L/h. TOF-MS resolution was approximately 10.000 at
full width half maximum (FWHM) in V-mode at m/z 556.2771. MS data were acquired over
an m/zrange of 50-1000. A capillary voltage of 3.5kV and 3.0 kV for positive and negative ion
modes, respectively, and cone voltage of 25V were used. Collision gas was argon 99.995%
(Praxair, Valencia, Spain). The inferface temperature was set to 350 °C and the source
temperature to 120 °C. The column temperature was set to 60 °C.

For MSE experiments, two acquisition functions with different collision energies were
created. The first one, the low energy function (LE), selecting a collision energy of 4 eV, and the
second one, the high energy (HE) function, with a collision energy ramp ranging from 15 to 40 eV

in order to obtain a greater range of fragment ions. The LE and HE functions settings were for both
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a scan time of 0.2 s and an inter-scan delay of 0.05s. The automated attenuated function was
also selected to correct for possible peak saturations (extended mode).

Callibrations were conducted from m/z 50 fo 1000 with a 1:1 mixture of 0.05 M NaOH:5%
HCOOH diluted (1:25) with acetonitrile:water (80:20) and spiked with fungicide imazalil at a final
concentration of 500 ug/L, at a flow rate of 10 pulL/min. For automated accurate mass
measurement, the lock-spray probe was used, using as lock mass a solution of Leucine-
enkephalin (2 ug/mL) in acetonitrile:water (50:50) at 0.1% HCOOH pumped at 30 uL/min through
the lock-spray needle. A cone voltage of 65V was selected to obtain adequate signal intensity
for this compound (1500 counts). The (de)protonated molecule of Leucine-enkephalin,
at m/z 556.2771 in positive mode and m/z 554.2615 in negative mode, was used for recalibrating
the mass axis and ensuring a robust accurate mass measurement along time. It should be noted
that all the exact masses shown in this work have a deviation of 0.55 mDa from the “frue” value,
as the calculation performed by the MassLynx software uses the mass of hydrogen instead of a
proton when calculating [M+H]+ exact mass. However, because this deviation is also applied
during mass axis calibration, there is not negative impact on the mass errors presented in this

article. MS data were acquired in centroid mode.

2.3. Samples

Orange samples of different varieties and origin were obtained from a manufacturer
company in the Valencia region. Concretely, 15 samples of Valencia Origin and 9 foreign
samples were initially analysed. In a second phase, the number of samples was widened using
next year oranges, collecting a total of 42 samples: 24 from Valencia and 18 from abroad. All the
foreign samples were Valencia variety (VA) while the samples from Valencia ones Valencia (VA),
Navelina (NV), Navel-late (NL) and Valencia-late (VL) varieties, all of them late maturing crops.
The samples consisted on at least 6 oranges from the same variety, origin and location. All the

samples were freated equally after the harvest process.

2.4. Sample treatment

Orange samples were equally handled during all the analytical process. They were
stored at =18 °C until analysis and let thaw during 12 h at room temperature before processing.
The whole samples, including peel and pulp, were chopped and homogenised in Homogeniser
Thermomix TM30 (Vorwerk, Madrid, Spain) at room temperature during 2 min. Then, 10 g of

sample was extracted with a 20 mL water:MeOH (50:50) in a mechanical shaker during 90 min.
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Afterwards, it was centrifuged at 5000 rom for 10 min and the supernatant was taken. In order to
reduce the organic percentage, a fivefold dilution with water was performed. The diluted sample
exfract (25 L) was injected intfo the UPLC-QTOF MS system in both positive and negative
jonisation modes, randomly in order to avoid instrumental drift effect on the results. Quality
Control (QC) samples were included every 5 injections for analysis control purposes. QC's
consisted on a representative average samples formed by a pool of 1 mL-aliquots of different

final sample extracts.

2.5. Data processing

UPLC-(Q)TOF MS data were converted from proprietary to netCDF format using
Databridge application (within MassLynx v 4.1; Waters Corporation) and pre-processed using
XCMS free software. Two peak picking methods were tested: matched filter (S/N threshold = 3,
FWHM =15, step =0.1) and centwave (peak width = 5-20's, S/N threshold = 10, ppm = 25). Peak
grouping was carried out using a density grouping method with an initial band width of 30s.
Then, peaks retention time was aligned using a non-linear loess based correction fitting allowing
a maximum of five missing samples to consider a peak group as “well behaved” and eligible to
be included as an element of the retention time cormrection spine.

Multivariate analysis was carried out using SIMCA-P (Umefrics, Sweden). Parfial Least
Square Discriminant Analysis (PLS-DA) was employed to distinguish samples according to their
origin. Then, orthogonal PLS-DA (OPLS-DA) analysis was used to highlight the markers fo

differentiate between Valencia and foreign classes.

3. RESULTS AND DISCUSSION

3.1. First season samples

In a first step, 9 foreign (Argentina and South Africa) and 15 Valencia (Spain) orange
samples were compared. Sampling process becomes problematic, mainly due fo their

seasonality as well as to the difficulties to have absolute sureness of their geographical origin.
3.1.1. Sample analysis
For analysis, both orange peel and pulp were chopped together and a simple extraction

method with water-MeOH mixture was carried out followed by a water dilution to reduce the

organic percentage and the instrumental drift (obtaining better robustness). As the goal of this
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methodology was to achieve a potential marker for the discrimination of the orange samples
according of their origin, not taken into account flavour or quality of the sample, no separation
of the pulp and peel was performed as both could be relevant for this purpose. Additionally, in
order fo reduce the inherent instrumental drift, samples were injected randomly in the UHPLC-
(Q)TOF MS system and sensitivity was checked by including a QC samples in every sample batch.
QC sample was also used for the chromatographic system stabilization by injecting 10 initial QC
replicates. TOF MS general conditions were set according to our previous knowledge of the
insfrument and injections were performed in both positive and negative ionisation modes.
Gradient elution was optimised based on better resolving the visible peaks in the Base Peak lon

(BPI) chromatogram from the QC sample.

3.1.2. Data process

Data processing is probably one of the bottlenecks of the LC-MS based metabolomics.
Chromatographic peaks have to be exiracted from the total ion chromatogram (TIC), which
requires specific software in order to get as much reliable peaks as possible. Furthermore,
deviations in retention time during analysis as well as instrumental drift need to be corrected as
the LC stability is lower compared to, for example, NMR instruments. To solve these limitations,
samples were injected in a single batfch, inserting Quality Control (QC) samples every five
samples.

As can be seen inFig. 1a, no appreciable differences were found in the BPI
chromatograms for oranges of different origins. Then, to exiract all ion information, XCMS
software was used. Two pecak picking methods were tested: centwave and matched filter,
obtaining always better results with the later based on the number of peaks (i.e. components).
10,503 and 8619 peaks were found with Matched Filter against 4029 and 1264 obtained with
centwave method, in positive and negative ionisation mode, respectively. Retention time
correction and peak integration was also performed within XCMS (with the parameters explained

in the experimental section).
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Fig. 1 (a) BPI chromatogram of Valencia, South Africa and Argentina example samples

and (b) boxplot of the Log2 of the intensities of the components found in the different

samples analysed in positive ESI mode. QC diluted samples (lower median) are

highlighted.
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Components infensity normalisation was considered to avoid possible differentiations due
to water content of the sample or insfrumental signal drift. However, median intensities of all the
detected features in the samples (Fig. 1b) did not show significant differences (except for diluted
QCs, as expected) what suggested that normalisation was not required. In fact, Principal
Component Analysis (PCA) applied to raw and normalised data led to similar results (data not
shown).

PLS-DA, a supervised method, was applied to construct and validate a statistical model
to find differences in non-volatile compounds composition between Valencian and foreign
samples. Five groups were considered: Valencia (VA), foreign (EXT) and QCs (undiluted, twofold
and fourfold diluted). As can be seen in Fig. 2a, for the positive ionisation data, separation was
unequivocal, not only for the main classes but also for Argentina and South Africa samples (which
were considered as a single class). Furthermore, the recognition ability after cross-validation
model, i.e. the model capability to correctly classify an unknown sample, was 100% for all the

classes.
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Fig. 2. PLS-DA score plot of the first two components of the non-normalised pre-

processed (a) first and (b) two seasons data.

In order to easily highlight the significant biomarkers, OPLS-DA was applied to EXT and VA

classes. Most relevant features (i.e. m/z-RT pairs) were selected from the S-plot (Fig. 3). The first

20 m/z-RT pairs ordered by p-value significance are shown in Table 1a. As it can be noticed for
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the positive ionisation mode, the main 20 features that contribute to the separation of sample
classes belong to only 5 different compounds. In fact, 12 out of 20 features were adducts and/or
fragments of the same compound with RT 4.83 min (290 s). This was confirmed by our data, as the
chromatographic RT and peak shape was exactly the same after performing narrow window
eXtracted lon Chromatograms (nw-XICs) of these 12 ions (example in Fig. 4a). Signal differences

for this compound as a function of oranges origin were verified by depicting the nw-XICs for most

abundant ions. An example is shown in Fig. 4b using m/z 343.
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Fig. 3. OPLS-DA S-plot of classes Valencia and foreign samples of the non-normalised pre-
processed data for (a) first season and (b) two seasons. More important features for
Valencian samples (which correspond to RT 4.83 min compound) are highlighted.
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Table 1. First 20 MFs ordered by lowest p-value (best markers candidates) for the positive
ESI mode in (q) first season and (b) two season data. Fold is defined as the fold-change
of the average area of VAL and EXT samples.

VIP  m/z_RT pair Fold p-Value Average m/z(Da) Average RT (min)

(a)
1 M603T503¢ 27  67E-16 603.2043 8.38
2 M499T3790 2.1  1.8E-15 499.1216 6.31
3 M604T5042 3.1  48E-14 604.2096 8.39
4 M2137350 23  6.3E-14 213.1143 5.83
5 M703T290¢< 42  2.1E-13 703.3033 4.83
6 M709T290¢< 45  2.4E-13 709.2595 483
7 M3437290¢< 54  52E-13 343.1562 483
8 M1317290¢< 26  7.0E-13 131.0496 483
9 M325T290¢< 52  7.2E-13 325.1438 483
10 M707T290¢ 34  8.1E-13 707.2523 483
11 M5337290¢ 39  9.5E-13 533.1717 4.83
12 M5341290¢< 38  1.2E-12 533.6737 4.83
13 M708T290¢< 32  1.6E-12 708.2571 483
14 M1637290¢ 25  1.7E-12 163.0761 483
15 M619T503¢ 2.4  24E-12 619.1797 8.38
16  M483T3790 20  3.6E-12 483.1478 6.31
17 M164T290¢< 2.6  50E-12 164.0808 483
18 M313T719 38  57E-12 313.1078 11.99
19 M598T503¢ 32  7.8E-12 598.2515 8.38
20  M702T290< 48  1.2E-11 702.2979 483
(b)
1 M1321316¢ 20  6.0E-15 132.0522 5.26
2 M103T315¢ 18 1.3E-14 103.0529 5.25
3 M131T316¢ 19  1.8E-14 131.0491 5.26
4 M8321531 18 1.2E-13 832.2372 8.85
5 M846T513 34  2.1E-13 846.3078 8.55
6 M801T5290 2.1  3.6E-13 801.2222 8.81
7 M820T509 25  4.1E-13 820.4190 8.48
8 M656T603¢ 1.4  43E-13 656.1951 10.05
9 M655T6029 1.4 47E-13 655.1887 10.04
10 M163T316 1.9 3.4E-12 164.0809 5.26
11 M164T315¢ 1.9  28E-12 663.1986 5.25
12 M861T672 1.6  48E-13 861.2653 11.20
13 M511T521 22  57E-13 511.1685 8.68
14 M524T570 1.6 6.3E-13 524.1756 9.50
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VIP  m/z_RT pair Fold p-Value Averagem/z(Da) Average RT (min)

15 M8027529% 2.0 7.7E-13 802.2053 8.81

16 M233T673< 1.7 9.8E-13 233.1226 11.20

17 M234T673< 1.7 1.2E-12 234.1267 11.20

18 M5277292 2.2 2.0E-12 527.1725 8.78

19 M630T705 2.3 2.6E-12 630.2735 11.75

20 M816T582 1.9 3.0E-12 816.2280 9.70

ab.c Features with the same RT, so belonging to the same compound (adducts, dimmers

and fragments).
ab.cd Features with the same RT, so belonging to the same compound (adducts and

fragments).
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Fig. 4. 0.02 Da nw-XIC of (a) 5 of the coeluting ions in a QC sample obtained from the 20
first markers candidates list and (b) selected marker (m/z 343, RT 4.83 min) in different

samples.

228



Capitulo 4 Diaz et al./Food Chem. 157 (2014) 84-93

3.2. Widening with a second season samples

In a second phase, the same procedure was applied for a higher number of samples;
samples for two seasons were joined obtaining a total number of 24 VAL and 15 EXT. In the later
case, an addifional south hemisphere origin, Brazil, was also included. The purpose was fo
confirm the validity of the biomarkers found, even for different year samples and additional
origins. As can be seen in Fig. 2b, the PLS-DA model led to a clear separation of VAL and EXT
samples and QCs show high reproducibility. In this case, diluted QC were noft injected as it was
already demonstrated, during the first season samples, that no saturation in the UHPLC-(Q)TOF MS
system occurred.

The compound Mé03T503, seemed to be a good marker when considering only the first
season data, but it was not appropriate when using the two seasons data (so it does not appear
in Table 1b). Oppositely, the compound at RT 4.83 min was again found to be an optimal marker
for the origin differentiation, now including Argentina, South Africa and Brazil samples. Fig. 4b
shows the S-plot for the two seasons data and clearly illustrates that the marker led to the best
statistical difference in the separation of the two groups. The significance of this compound is also
exhibited in Table 1b with a low p-value. Thus, greater confidence on the marker ability to

differentiate between orange origins was achieved.

3.3. Structural elucidation of the candidate marker

After corroborating that the compound at RT 4.83 min was found the best marker with no
seasonal effect (i.e. in the two seasons samples study), elucidation was carried out using
accurate mass information obtained from both TOF MS functions. The first step was to find the
[M+H]+ pseudo-molecular ion as more than 10 abundant m/z ions could be already observed in
the LE spectrum at this RT. Looking at the LE spectrum (Fig. 5a) two clusters could be easily
observed: m/z 360, 365, 381 and 702, 707, 723. Both clusters match, within 2 mDa tolerance, with
the ammonium, sodium and potassium adducts of a compound with a molecular formula
C16H2208 ([M+NH4]*, [M+Na]*, [M+K]*) and its respective dimmer adducts ([2M+NH4]*,
[2M+Na]+, [2M+K]+). However, the observed m/z 343.1563 did not fit with the exact mass for the
suspected protonated molecule (([M+H]* = 343.1393). Then, it seems that the compound did not
produce a stable protonated molecule. However, the ion at m/z 163.0762 could be explained by
a neutral loss of hexose (C6H1206) from the suspected protonated molecule (C16H2308) and it

was further fragmented to m/z 131.0502 ion (C9H7QO) via neutral loss of methanol. Furthermore, HE
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spectrum (see Fig. 5¢c) and MS/MS experiments (data not shown) corroborated that all the ions
present in the spectrum came from the same compound. Additionally, it was concluded after
MS/MS experiments that the in-source fragment at m/z 163 produced the m/z 131 ion at low
collision energies, which in turns generated the m/z103 ion with a neutral loss of CO. Finally, the

ion at m/z 343.1393 could be explained as a water adduct of the dimmer of the m/z 163.0762
fragment.
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Fig. 5. (a) Spectrum of the feature/s of the candidate marker compound at RT 4.83 min,
showing elemental composition and neutral losses/adducts of the most important ions
and (b) candidate structures obtained for the molecular formula C16H2208 in Reaxys
database after substructure limitation as well as (c) HE spectra of the marker and (d)

proposed fragmentation pathway for the compound selected (citrusin D).

The molecular formula found (C16H2208) was searched in Reaxys database (Elsevier, NL)
using a hexose (C6H1206) substructure limitation and three results were obtained (see Fig. 5b).
The most probable compound was citrusin D (or isoconiferine) as the observed neutral loss of
180 Da (C6H12046) indicates an aliphatic attachment of the glycosyl group to the aglycone while
the other two candidates, coniferine and baihuagianhuoside, should shown the loss of 162 Da,
common in aromatic linkages (Prasain, 2011). Furthermore, all fragment ions present in the HE
spectrum could be easily explained for citrusin D (Fig. 5d). This compound has been reported to
be present in “sweet oranges” peel, as the varieties analysed here (Matsubara, Sawabe, Ueno,
lizuka, & Okamoto, 2008). Unfortunately, to the best of our knowledge, there is no reference

standard available for this compound and final confirmation could not be performed. However,
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our data strongly support a tentative identification of citrusin D as the biomarker for differentiation
oranges origin.

The fact that the main biomarker is present in the peel could be influenced by the
environmental or the freatment applied to the oranges during harvesting. However, samples from
two seasons and same post-harvest treatment were taken into account, minimising the
environmental or manufacturing influence.

Other markers like Mé03T503 inTable 1a were also investigated as they were also
representative of the sample differenfiation although not so efficient marker as citrusin D
according to the two seasons data. Only a tentative elemental composition was achieved and
no well-fitting structure with the fragmentation data was found in the databases used (i.e.,
Reaxys, Chemspider and METLIN).

3.4. Negative ESI data

The same methodology was applied for the negative ionisation data (i.e. PLS-DA and
OPLS-DA to easily obtain best markers). In this case, although separation was achieved in the PLS-
DA model, markers relevance was slightly lower (data not shown), and then, data from negative

ESI were finally discarded.

4. CONCLUSIONS

A metabolomic fingerprinting approach has been developed for the origin analysis of
orange samples using an UHPLC-(Q)TOF MS system. Samples from Valencia and from the South
hemisphere with similar varieties have been analysed to create a PLS-DA model that allowed the
classification of 100% of samples. The model permitted to find useful marker/s to differentiate
Valencia and foreign classes. The method was validated by increasing the number of samples
(two seasons) and including Brazil origin in the foreign class. The most important marker was
tentatively identified as citrusin D, which was elucidated by TOF MS data using MSE approach.
Moreover, citrusin D was found as an optimal marker for two different years samples, while other
potential markers showed a seasonal effect, corroborating its applicability independently on the
collection time.

We suggest that this compound can be used to rapidly differentiate the Valencia
oranges against southern ones by employing well-known techniques for target analysis, such as
LC-MS/MS, more common in analytical laboratories, offering in this way a suitable approach to

avoid fraud in this type of samples.
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4.2.1. Discusion de resultados

Este articulo refleja la eficacia del metabolomics fingerprint en el campo del
control de calidad de alimentos. Concretamente, esta aproximacién ofrece una
herramienta para la correcta identificacién de muestras de naranjas segun su origen.
Sin embargo, ésta es sélo una posible aplicacidén de una poderosa futura

aproximacién en el campo de la seguridad alimentaria.

A lo largo de esta tesis doctoral se ha aplicado XCMS para el pre-
procesamiento de datos (Smith, Want et al. 2006). Este paquete de R (programa
estadistico), ademds de ser totalmente gratuito, ha demostrado ser muy poderoso
para el andlisis de datos de MS, y mds especialmente para LC-MS (Want and Metz
2010). Este paquete permite realizar los procesos de peak picking, agrupacién vy
adlineamiento de picos e integracion de los mismos de una manera rdpida,
relativamente sencilla y, sobretodo, muy fiable (Smith, Want et al. 2006). Ademdas,
permite obtener un primer andlisis univariante de los datos. Existen dos principales
métodos de peak-picking dentro de XCMS, MatchedFilter y Centwave. Ambos se
basan en la extraccion secuencial de nw-XICs pero divergen en la deteccion de picos
en éstos. Asi pues, mientras MatchedFilter busca y ajusta el XIC a una curva Gaussiana,
Centwave optimiza dicha deteccion basdndose en el hecho de que los errores de
masa en los diferentes espectros dentro de un pico cromatogrdfico son menores (o

deben serlo) que aquellos aleatorios producidos por ruido quimico o electrénico.

El uso del algoritmo Centwave es, en general, mds favorable y robusto. Sin
embargo, el correcto funcionamiento de éste depende precisamente de que el
instrumento utilizado sea capaz de cumplir la condicién, previamente mencionada, de
reportar errores de masa muy bajos entre espectros de un mismo pico cromatogrdfico.
En este trabajo se estudié la aplicabilidad de ambos algoritmos a los datos obtenidos,
adquiridos mediante QTOF Premier (Waters). Los resultados reflejaron una mejor
capacidad de deteccion del algoritmo MatchedFilter en base al nUmero de picos
encontrados y la veracidad de estos mediante inspeccién visual. El motivo de este
hecho es precisamente el error de masa entre los diferentes espectros ya que este

espectrémetro de masas estd equipado con un detector tipo TDC, el cual es (o era)
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muy sensible a la intensidad de la senal, mostrando errores de masa elevados para
aquellos iones saturados o de muy baja intensidad. Precisamente |la baja intensidad de
la sefal en los extremos de picos cromatogrdficos no excesivamente abundantes pero
sin duda detectables implica que sean descartados por el algoritmo Centwave. En la
figura 4.C. se especifican los pardmetros utilizados en ambas metodologias ademds de
los sucesivos procedimientos de agrupacién, correccidén del tiempo de retencién e

integracién aplicados.

centwave method Peak picking

xs_n_l<-xcmsSet(method="centWave" ,peakwidth=c(5,20),snthresh=10,ppm=15)
xs_gl_n_l1<-group(xs_n_1, bw=5)
xs_retl_n_l<-retcor(xs_g1_n_1,f="s",p="m',missing=2)
Xs_g2_n_l1<-group(xs_ret1_n_1,bow=4)
xs_ret2_n_l<-retcor(xs_g2_n_1,f="s",p="m',missing=2)
xs_g3_n_1<-group(xs_ret2_n_1,bw=2)
xs_ret3_n_l<-retcor(xs_g3_n_1,f="s",p="m',missing=2)

xs_g4_n_1<-group(xs_ret3_n_1,bw=1)

xs_FP_n_1<-fillPeaks(xs_g4_n_1)

Matched Filter method Peak picking

xs_n_1_m<-xcmsSet(method="matchedFilter",snthresh=15,fwhm =15,step =0.02)
xs_gl_n_1_m<-group(xs_n_1_m, bw=30)
xs_retl_n_1_m<-retcor(xs_g1_n_1_m.,f="s",p="m"',missing=2)
Xs_g2_n_1_m<-group(xs_ret1_n_1_m,bw=5)
xs_ret2_n_1_m<-retcor(xs_g2_n_1_m.f="s",p="m"',missing=2)
xs_g3_n_1_m<-group|(xs_ret2_n_1_m,bw=2)

xs_ret3_n_1_m<-retcor(xs_g3_n_1_m.,f="s",p="m",missing=2)

xs_g4_n_1_m<-group(xs_ret3_n_1_m,bw=1)
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xs_FP_n_1_m<-fillPeaks(xs_g4_n_1_m)

Figura 4.C. Scripts aplicados en el pre-procesamiento de datos LC-(Q)TOF MS mediante
el paguete XCMS de R.

Retomando el tema de la normalizacién de los datos, existen diversos modos
de redlizar dicha normalizacién. El primero de ellos, muy comUnmente aplicado, se
basa en la utilizacidn de uno o varios estdndares internos. Al igual que ocurre durante
el proceso de alineamiento de los tiempos retencién, esta metodologia presenta
algunas desventajas que, especialmente en este tipo de aplicaciones, desaconsejan
sU Uso. La primera desventaja es la asuncion del equivalente comportamiento de
todos los metabolitos, lo cual no es necesariamente cierto. El segundo inconveniente
es la posible interferencia de dichos estdndares internos con los metabolitos
enddgenos de la muestra por coelucién, efecto matriz, etc. Este efecto puede no ser
importante con el uso de un Unico (0 muy pocos) compuesto de referencia pero de
gran importancia si se pretende abarcar diferentes familias de metabolitos en todo el
rango cromatogrdfico, y mds especialmente en el acoplamiento LC-MS por su

tendencia a sufrir efecto matriz.

Un método de normalizacién alternativo es el uso de algin/os compuestos
enddgenos. Este mecanismo es viable para muestras de orina, por ejemplo, ya que la
propia muestra depende de la cantidad de orina excretada. Asi pues, la efectividad
de la correccién en base a la concentracion de Creatina ha sido probada para la
normalizacién de las muestras en base al diferente volumen de excrecién y a las
posibles derivas instrumentales. Sin embargo, este método no se antoja aplicable a

muestras de alimentos.

Por Ultimo, la metodologia evaluada, aungue finalmente no aplicada, en este
articulo es la normalizacion en base a la mediana de todos los metabolitos
detectados. Concretamente, mediante un algoritmo iterativo (Loess Normalization) se
consigue igualar la mediana de la senal de todos los metabolitos en las diferentes
muestras (Veselkov, Vingara et al. 2011). Obviamente, esta aproximacion asume que el
promedio de concentracion de todos los metabolitos detectados en las diferentes

clases es constante vy, por tanto, que las diferencias entre ellas son précticamente
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despreciables. Aungue pueda parecer arriesgado, como se demuestra en el articulo,
los cromatogramas de las diferentes muestras son indistinguibles y solo unas decenas
de compuestos, de entre los miles de metabolitos detectados, presentan una
diferencia significativa en las distintas clases. Por el contrario, no se distorsiona la
muestra con compuestos exdgenos y no se asume el idéntico comportamiento de los

metabolitos ya que son los mismos enddgenos los que se utilizan para la correccidn.

A) Normalized
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Figura 4.D. Scores Plot (PC1 vs. PC2) del PCA de datos obtenidos del andilisis de las
muestras de naranja por LC-MS mediante ESI en modo positivo. En el Scores Plot (A) se muestran
los datos normalizados mediante el algoritmo Loess Normalization mientras que en el (B) se
modelan los datos crudos.
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En este trabagjo se compard el efecto de la normalizacion de los datos
obtfeniendo resultados similares en ambos casos, probablemente debido al
relativamente bajo nimero de muestras analizadas por secuencia. En la figura 4.D. se
muestran los PCA correspondientes a los datos crudos y normalizados, donde se puede

observar que los resultados resultan muy similares.

Adicionalmente al proceso de normalizacién, el escalado de los datos (Data
Scaling) suele ser necesario en el andlisis multivariante de este tipo (datos MS). El
proceso de escalado evita que picos de gran intensidad encubran picos de menor
escala pero de igual importancia. Como se explicd en la intfroduccién de este
capitulo, el andlisis multivariante (especialmente el PCA) reduce la dimensionalidad de
los datos intentando explicar el mdximo de varianza del conjunto. Por ende, aquellas
variables que se encuentren a mayor escala tendrdn una mayor varianza e influirdn en
mayor medida en la creacién del modelo estadistico. Este efecto es sumamente
comun en datos de MS, el cual posee un relativamente alto rango dindmico vy, por
tanto, valores en rangos de mds de 4 drdenes de magnitud pueden ser observados.
Existen diferentes tfransformaciones que permiten minimizar este efecto. En este trabajo
se probaron dos diferentes métodos: Varianza unitaria (Unit Variance) y Pareto. La
aproximacioén Varianza Unitaria pretende igualar la varianza de todas las variables a 1,
dando asi el mismo peso a todas ellas en la creacidon del modelo aungue con la
desventaja de hacerlo también para el ruido. EIl método Pareto proporciona una
situacion intermedia entre la transformacién de Varianza Unitaria y los datos crudos al
reducir la varianza a la desviacion estdndar de cada variable. En el caso de este
trabajo no se aprecié ninguna diferencia significativa entfre los dos métodos de
escalado pero si se observd una mejora en la clasificacion de las muestras y los QCs

respecto a los datos sin escalado.

Cabe destacar la importancia de la validacién de la metodologia, el modelo
estadistico y los biomarcadores encontrados. En cuanto a la metodologia, como ya se

ha comentado previamente, la utilizacién de QCs, obtenidos como una mezcla de
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todas las muestras analizadas, consfituyen una herramienta muy eficaz para
comprobar la eficiencia de la metodologia y su reproducibilidad, asi como para

corregir y normalizar posibles efectos negativos.

En cuanto a la validacion del modelo estadistico, y aungue no se detalla en el
articulo, la metodologia mds comUnmente aceptada es la cross-validation. En la
validacion cruzada de K iteraciones (o K-fold cross-validation), los datos se dividen en K
subconjuntos de muestras. Uno de los subconjuntos se utiliza como datos de prueba y
el resto (K-1) como datos de entrenamiento. El proceso de validacion cruzada es
repetido durante k iteraciones, con cada uno de los posibles subconjuntos de datos de
prueba. Finalmente se realiza la media aritmética de los resultados de cada iteracion
para obtener un Unico resultado. Este método es muy preciso dado que se evalla, a
partir de K combinaciones de datos de entrenamiento y de prueba, la capacidad
predictiva del modelo sin renunciar a un determinado set de datos, permitiendo
ademds evaluar la robustez del modelo. En la prdctica, la eleccién del nUmero de
iteraciones depende de la medida del conjunto de datos. Lo md&s comun es utilizar la
validacioén cruzada de 10 a 20 iteraciones (10-fold cross-validation) lo cual implica que
cada modelo generado en las diferentes iteraciones utiliza un 5-10% de las muestras
como set de prueba. Existen otras metodologias aplicadas, como por ejemplo la
utilizacion de un set de muestras para la creacidon del modelo y otro especifico para la
validacion de éste, pero en este caso la limitacidén de muestras disponibles no permitié

esta aproximacion.

Por Ultimo, el error mds comun en este tipo de metodologias es la falta de
validacion de los marcadores encontrados, es decir, comprobar la eficacia del
modelo mediante un set de muestras completamente diferente. En este caso, dicho
procedimiento era extremadamente complicado debido al limitado nUmero de
muestras disponibles utilizadas para la creacién del modelo estadistico y la baja
representatividad de éstas al tratarse de la misma temporada. Asi pues, se decidid
utilizar un segundo set de muestras (correspondientes a la siguiente temporada de
cultivo) para otorgar una mayor robustez y capacidad de prediccién al modelo.
Como resultado se obtuvo que algunos de los principales marcadores encontrados no

resultaban serlo al combinar los datos de ambas temporadas. Por el contrario, el
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marcador posteriormente identificado como Citrusin D fue corroborado con el set de
datos global. Este resultado refleja la importancia de ir mds alld en la investigacion de

los marcadores, la metodologia y el modelo estadistico.

Se debe ademds comentar que la este marcador se propone como candidato
para la discriminacion de naranjas segun su procedencia. Se requeriria un mayor
numero de muestras para poder afimar que dicho metabolito es efectivamente un
marcador inequivoco de la clasificacion. Ademads, se debe aclarar que el objetivo no
era enconfrar un analito capaz de discernir el origen de la muestra, sino de dar una
respuesta afirmativa o negativa a la procedencia de la Comunidad Valenciana. Por
tanto, y debido a la enorme dificultad de conseguir muestras, el compuesto
seleccionado, Citrusin D, puede Unicamente ser denominado como candidato pero

requeriria de un estudio mds exhaustivo.
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4.3. Articulo cientifico 6
“Told through the wine: an LC-MS interplatform comparison reveals the
influence of the global approach on the final annotated metabolites in non-
targeted metabolomics”
R. Diaz, H. Gallart-Ayala, J. V. Sancho, O. Nunez, C.P.B. Martins, F. Herndndez, S.

Herndndez-Cassou, J. Saurina and A. Checa.

Journal of Chromatography A, submitted.
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Told through the wine: an LC-MS interplafform comparison reveals the
influence of the global approach on the final annotated metabolites in

non-targeted metabolomics

Ramon Diaze, Hector Gallart-AyalaP, Juan V. Sanchos, Oscar Nuiiez®, Claudia P.B. Martinsc, Félix

Herndndeze, Santiago Herndndez-Cassoub, Javier Saurinab and Antonio Checab
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ABSTRACT

This work focuses on the influence of the selected platform on the final annotated compounds in
LC-HRMS non-targeted metabolomics. Differences between platforms included columns, mobile
phases, gradients, chromatographs, mass spectrometers (Orbitrap and Q-TOF), data processing
and marker selection protocol. A total of 42 wines samples from three different protected
denomination of origin (PDO) were selected. Both platforms allowed the classification of samples
according to their PDO at the feature level. At the annotated metabolite level, each platform
proposed 9 (Orbifrap) and 8 (Q-TOF) annotated metabolites, identified by matching standards or
MS/MS of the compound. None of the suggested metabolites was coincident between
platforms. When screened on the raw data, 6 and 5 of these compounds were detected on the
other platform with a similar frend. Some of the detected metabolites showed complimentary
information when integrated on biological pathways. Through the use of some examples at the
annotated metabolite level, possible explanations of this inifial divergence of the results are
presented. Despite the high focus of the present study, this work shows the complications that

may arise on the comparison of non-targeted metabolomics platforms.
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1. INTRODUCTION

Food characterization approaches are useful to increase our knowledge of products
that regularly reach our tables. In recent years and thanks to the advances in technology and
insfrumentation, new powerful tools for the characterization and differentiation of foodstuff and
beverages have emerged. Among them metabolomics, defined as the study of small molecules
(<1500 Da) occurring in a given biological system has proven its ufility in many research areas,
including biology and physiology(Anas Kamleh, Spagou, J. Want 2011), plant science
(Wolfender, Rudaz, Choi, Kim 2013) and food characterization and discrimination (Cevallos-
Cevallos, Reyes-De-Corcuera, Etxeberria, Danyluk, Rodrick 2009; Checa, Saurina 2013).
Particularly, several works have used metabolomics approaches in wine origin authenfication
(Serrano-Lourido, Saurina, Herndndez-Cassou, Checa 2012; Springer, Riedl, Esslinger, Roth, Glomb,
Fauhl-Hassek 2014; Versari, Laurie, Ricci, Laghi, Parpinello 2014).

Metabolomic methods can be classified into fargeted and non-targeted modes.
Targeted methods are mainly focused on a selected pre-defined group(s) of metabolites and
can usually provide quantitative measurements of the selected compounds, while non-targeted
metabolomics is an approach aiming at the pseudo-quantitative detection of many groups of
compounds. Though absolute quantification is not possible, non-targeted methods are useful in
the characterization (fingerprinting) of a system and classification of samples based on the
differential abundance of the compound responses among the classes. These approaches have
been applied to the identification and as authentication tools of complex alcoholic beverages,
such as wine. Specifically, targeted approaches in wine characterization and discrimination have
mostly been based on the analysis of wine enriched compounds such as organic
acids(Gallagher, Heo, Lopez, Ray, Xiao, Umali, Zhang et al. 2012) and volatile(Fabani, Ravera,
Wunderlin 2013) and phenolic compounds(Jaitz, Siegl, Eder, Rak, Abranko, Koellensperger, Hann
2010; Salvatore, Cocchi, Marchetti, Marini, de Juan 2013). In non-targeted approaches, on the
other hand, the different families of metabolites can be simultaneously characterized and
analyzed to provide a specific sample fingerprint with discriminating features that may(Arbulu,
Sampedro, Gémez-Caballero, Goicolea, Barrio 2015; Diaz, Ibanez, Sancho, Hernandez 2011; Diaz,
Pozo, Sancho, Herndndez 2014; Ragone, Crupi, Piccinonna, Bergamini, Mazzone, Fanizzi, Schena
et al. 2015) or may not(Springer, Riedl, Esslinger, Roth, Glomb, Fauhl-Hassek 2014) be later
identified.
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Though non-targeted metabolomics approaches are potentially much more informative
than the targeted ones, in practice requires the annotation of the obtained features either by
using databases or by matching with pure standards. As the metabolomic fingerprint is usually
enough to discriminate the origin of the wines, further steps of identification are not usually
carried out. This complicates the comparison with other laboratories and the translation of the
method into other with a higher throughout or that are more cost-effective.

Some studies have been carried out in liquid chromatography-high resolution mass
spectrometry (LC/HRMS) based metabolomics to study the influence of the instruments(Gika,
Theodoridis, Earll, Snyder, Sumner, Wilson 2010; Glauser, Veyrat, Rochat, Wolfender, Turlings 2013)
on the results, concluding that despite the expected differences, a high degree of overlap exist
when the only difference present in the study is the mass spectrometer. However, differences
between metabolomic platforms from different laboratories include several other factors, such as
sample freatment, column, mobile phases and data processing. The influence of the analytical
platform on the metabolic profiling level of urine samples has been recently evaluated (Martin,
Maillot, Mazerolles, Verdu, Lyan, Migné, Defoort et al. 2015). High convergence between the
spectral information produced by the different platforms was obtained, but an approach to
evaluate how this translates into fully identified or annotated features was suggested (Martin,
Maillot, Mazerolles, Verdu, Lyan, Migné, Defoort et al. 2015).

Thus in the present work we compared the performance of two different non-targeted
LC-HRMS platforms from two different Spanish laboratories on the discrimination of Spanish red
wines from three different protected denominations of origin (PDO). The ability of both platforms
in the discovery of discriminating markers at the annotated metabolite level for the different PDO
was inspected. Finally, potential discriminating metabolites individually suggested for each

platform were compared and obtained results were put in a biological context.

2. MATERIALS AND METHODS

2.1 Reagents and chemicals

All reagents used were of analytical grade unless otherwise specified. Formic acid (99%)
was obtained from Merck (Darmstadt, Germany) and Sharlau (Barcelona, Spain). LC-MS grade
acetonitrile and water were purchased from Riedel-de-Haén (Seelze, Germany). HPLC grade
methanol was purchased from Sharlau. Polyphenol standards were purchased from Sigmao-
Aldrich (St. Louis, MO). Mobile phases were filtered using 0.45 pm nylon membrane filters
(Whatman, Clifton, NJ, US).
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2.2 Samples and sample pretreatment

Forty-two commercial wines from three different PDO (14 Penedes, 14 Ribera del Duero
and 14 Rioja) were purchased from retail stores. Samples were opened and divided into two
different 5 mL aliquots, frozen at -20°C and distributed between both platforms (Figure 1). Frozen
samples were analyzed within a two weeks period after aliquotation. On the day of analysis,
wines were thawed at room temperature and diluted 1:1 with double deionized water. Prior to
injection, wine samples were filtered through 0.22 um teflon membranes (Scharlab, Barcelona,
Spain) for Platform#1 and centrifuged at 10000 g for Platform#2. Experimental workflow is

summarized in Figure 1.

@ ‘ Discrimination Discrimination annotated
feature level — metabolite level

/ ® Data acquisition o Classification \

® Feature extraction © Model ® Classification

o Selected platform feature ® Discriminating ® Model Data fusion ‘ Interpretation
curation / normalization feature identification

\ ‘ Discrimination — Discrimination annotated /
® Sample feature level metabolite level

aliquotation
o Sample freezing
(-200) il

Fig. 1 Summary of the experimental workflow

2.3 UHPLC-HRMS methods

Platform#1. Orbitrap based metabolomics

An ultra-high performance liquid chromatography (UHPLC) system (Accela; Thermo
Fisher Scientific, San José, CA, US) was used. The chromatographic separation was performed in
a Hypersil Gold aQ (100 mm x 2.1 mm i.d., 1.9 um particle size) column, from Thermo Fisher
Scientific, using a gradient elution of 0.1% formic acid in water (solvent A) and acetonitrile
(solvent B). The gradient elution started at 5% of solvent B (0 — 1 min isocratic step), followed by a
linear gradient up to 25% B in 2.5 min and held during 1.5 min. Then, solvent B was increased up fo

50% in 3 min. Finally another linear gradient up to 90% of solvent B was applied in 0.5 min and this
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percentage was maintained during 1.5 min. The flow-rate was set at 600 yL min-1 and the column

temperature and sample tray were held at 25°C and 4°C, respectively.

The Accela UHPLC system was coupled to a single-stage Orbitrap instrument (Exactive
HCD; Thermo Fisher Scientific, Bremen, Germany) equipped with a heated electrospray (H-ESI Il)
ionization source. Nitrogen (purity > 99.999%) was used as sheath gas and auxiliary gas at flow-
rates of 55 and 20 a.u. (arbifrary units), respectively. The ion transfer tube temperature was set at
270°C, the vaporizer temperature at 200°C and the electrospray voltage was set at 3.5kV in
negative mode. A scanning rate of 2 spectrum s-1 with a mass range of m/z 50 — 1000 with a
mass resolving power of 50,000 Full Width Half Maximum (FWHM) (m/z 200) was used. In addition,
for identification purpose selected wine samples were analyzed using “all ion fragmentation”
(AIF) MS/MS acquisition mode applying collision energy of 28 eV in the high-energy collision

dissociation cell (HCD).

Full instrument calibration was performed using a MSCALS ProteoMassT LTQ/FT-Hybrid ESI
Pos/Neg (Sigma-Aldrich). External mass axis calibration without the use of the specific lock masses

was employed.

For the accurate mass measurements, mass at the average of the chromatographic
peak was obtained. The Xcalibur software version 2.2 (Thermo Fisher Scientific, San Jose, CA, US)

was used to control the LC/MS system.

Platform#2. Q-TOF based metabolomics.

A Waters Acquity UPLC system (Waters, Milford, MA, USA) was interfaced to a hybrid
quadrupole-orthogonal acceleration-TOF mass spectrometer (Xevo G2 Q-TOF, Waters
Micromass, Manchester, UK), using an orthogonal Z-spray-ES| interface operating in negative ion
mode. The UHPLC separation was performed using an Acquity UPLC BEH C18 column (100 x
2.1mm, 1.7 um particle size) from Waters at a 300 uL/min flow rate. Mobile phase A and B
consisted of water and methanol, both containing 0.01% formic acid. The percentage of organic
modifier was changed as follows: 0 min, 5%; 12 min, 60%; 13.5 min, 90%; 14 min, 90%; 14.01 min, 5%
in a total run time of 16 min. Nitrogen was used as the drying gas and nebulizing gas. The
desolvation gas flow was set at 600 L/h. TOF-MS resolution was approximately 20000 at full width
half maximum (FWHM) in V-mode at m/z 556.2771. MS data were acquired over an m/z range of
50-1200. A capillary voltage of 0.7 kV and a cone voltage of 25 V were used operating in
negative ion mode Collision gas was argon 99.995% (Praxair, Valencia, Spain). The interface
temperature was set to 350 °C and the source temperature to 120 °C. The column temperature

was set to 40°C.
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For MSE experiments, two acquisition functions with different collision energies were
created. The first one, the low energy function (LE), selecting a collision energy of 4 eV, and the
second one, the high energy (HE) function, with a collision energy ramp ranging from 15 to 40 eV
in order to obtain a wider range of fragment ions. The LE and HE functions settings were for both
a scan time of 0.2 s and an inter-scan delay of 0.05 s. The automated attenuated function was

also selected to correct for possible pecak saturations (extended mode).

Calibrations were conducted at a flow rate of 10 yL/min from m/z 50 to 1000 with a 1:1
mixture of 0.05 M NaOH: 5% formic acid diluted (1:25) with acetonitrile:water (80:20, v/v) and
spiked with fungicide imazalil at a final concentration of 500 pg/L. For automated accurate mass
measurement, the lock-spray probe was used, using as lock mass a solution of Leucine-
enkephalin (2 ug/mL) in acetonitrile:water (50:50, v/v) at 0.1% formic acid pumped at 30 yL/min
through the lock-spray needle. A cone voltage of 65 V was selected to obtain adequate signal
intensity for this compound (~ 500 counts). The deprotonated molecule of Leucine-enkephalin, at
m/z 554.2615 in negative mode, was used for recalibrating the mass axis and ensuring a robust
accurate mass measurement along time. Identifications were carried out using MSE acquisition

mode (Diaz, lbanez, Sancho, Hernandez 2011). MassLynx software was used for instrument conftrol.

2.4 Data processing and statistical analysis

Platform#1. LC-HRMS/MS data was obtained in raw files format. For global analysis, raw
files were first converted to mzXML format using MSConvert. Automatic peak detection and
integration was performed using XCMS package for R. Centwave peak picking algorithm was
used based on previous instrumental data analysis experience (peak width= 6-15s, S/N threshold
=5, ppm = 15). Peak grouping was carried out using a density grouping method with an initial
band width of 15 s._The resulting data matrix was then exported as comma separated values
(CSV) files. Standard t-tests were conducted for univariate statistics using R (Version 3.1.0). SIMCA-
P+® (Version 13, Umetrics AB, Sweden) software was used to perform multivariate statistical
analysis. Principal Component Analysis (PCA) and Partial Least Square Discriminant Analysis (PLS-
DA) were applied to build descriptive and predictive models. The validity and robustness of the
models were evaluated by RZ(Y) and Q2(Y) parameters. Quality of cross-validation Q2(Y) value
was assessed by using 2000 permutation tests as previously described(Westerhuis, Hoefsloot, Smit,
Vis, Smilde, van Velzen, van Duijnhoven et al. 2008). Features in multivariate analysis were ranked
according to their Variable Importance in Projection (VIP) values. Cross-validation models were

used to calculate jackknife uncertainty of VIP.

252



Capitulo 4 Diaz et al./JoCA (Submitted)

Platform#2. UPLC-(Q)TOF MS data were converted from proprietary to netCDF format
using Databridge application (within MassLynx v 4.1; Waters Corporation) and preprocessed
using XCMS package for R. Centwave peak picking algorithm was used based on previous
instrumental data analysis experience (peak width= 5-20 s, S/N threshold = 10, ppm = 25). Peak
grouping was carried out using a density grouping method with an initial band width of 30 s.
Then, peak retention time was aligned using a non-linear loess based correction fitting allowing a
maximum of five missing samples to consider a peak group as “well behaved” and eligible to be
included as an element of the retention time correction spine. Data was normalized to overcome
instrumental drift due to cumulative interface contamination. lterative Loess normalization was
performed, making the median intensities of all features in every sample equal as previously
described (Veselkov, Vingara, Masson, Robinette, Wanf, Li, Barton et al. 2011).

Multivariate analysis was carried out using SIMCA-P (Version 12, Umetrics, Sweden).
Partial Least Square Discriminant Analysis (PLS-DA) was employed to distinguish samples
according to their origin. Model was evaluated based on classification results affer cross-
validation. Then, orthogonal PLS-DA (OPLS-DA) analysis was used fo highlight the markers to

differentiate between classes.
2.5. Variable annotation

For simplification purposes only compounds of plant origin were kept for both platforms.
When possible, compounds were confimed by matching retenfion time and spectra of
analytical standards. Otherwise characteristic fragments in MS/MS were screened for each

compound.

Platform#1. Features showing significant VIP values combined with low jackknife errors

(VIP-jackniffe > 1) were submitted to annotation process.

Platform#2. For candidate markers selection OPLS-DA S-Plot was used confronting every

group with the rest. Those features with p(corr) > 0.7.

For both platforms, the combination of exact mass of the precursor ions obtained in full
scan mode in combination with the HRMS(/MS) fragmentation was used for identification

purposes. METLIN  (http://metlin.scripps.edu) and the human metabolome database

(http://www.hmdb.ca), this last one just focused on metabolites from food source, were used as

databases for annotation.

3. RESULTS AND DISCUSSION
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This section includes a summary of the performance of both platforms separately on the
discrimination of wine samples according to its PDO as well as on the identification of the

compounds driving the separation between groups.

3.1 Feature level discrimination

Initially, the discrimination abilities of both platforms using all extracted features were
inspected. As it can be seen in the plot of scores (Figure 2a-b), separation between PDO was
achieved for both experimental setups. Normalization used in Platform#2 resulted in a higher
control of the experimental variation as shown by the clustering of the QCs. In both platforms,
separation of the three classes was observed across PC1 for Penedes wines with a higher degree
of overlap between Ribera del Duero and Rioja. Platform#2 provided better discrimination

between classes.

Classification of samples into PDO was accomplished by means of PLS-DA and OPLS-DA
for Platforms 1 and 2 respectively. In both cases, cross-validated models using all exiracted
features allowed the correct classification of the wines according to PDO (Table 1). Presence of
overfitting due to the high feature to sample ratio was tested by comparing the obtained Q2 to
the values of 2000 permutated models(Westerhuis, Hoefsloot, Smit, Vis, Smilde, van Velzen, van
Duijnhoven et al. 2008). The value of Q2 obtained was lower than the value of the selected
model in all cases (Table 1) suggesting no overfitting (p < 1/2000). This is also supported by the

plot of the distribution of the permutated models in all cases (Supplementary Figure 1).

Table 1. Summary of PLS-DA models obtained for Platform 1 (Q-Exactive) and 2 (Q-TOF) working in
the different chromatographic/MS models

Penedes Ribera Rioja

Platform | LV | Q2 ¢ p° 7CCc Lv | Q¢ p® %CCc Lv Q2@ p® %CCc

1 1+1 | 0.89 | <5x10+ 100 1+1 | 0.83 | <5x10+ 100 1+1 0.72 | <5x10+ 100

2 1+0 | 0.86 | <5x10+ 100 1+1 | 0.86 | <5x10+ 100 1+1 0.77 | <5x10+ 100

a) Q2 obtained by the sevenfold cross-validation procedure obtained in SIMCA

b) Probability to obtained a Q2 value equal or above to the one obtained for a specific
model model when 2000 permutations are performed

c) Percentage of correctly classified samples

3.2. Annotated metabolite level discrimination
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The top discriminating features between PDO classes were annotated using the selected
protocol for each platform (See Section 2.5). Annotation was performed both after operator
visual spectral inspection and using automated procedures based on accurate mass,
referencing to public or in-house databases and, when possible, using commercially available
compounds. Annotated compounds that were not from plant origin or presented an improbable
retention time (e.g. highly retained polar compounds) were excluded. A total of 9 and 8 features
were identified for Platform 1 and 2 respectively (Table 2). None of the annotated features was

common between platforms.

PCA models built using only annotated features on each platform resulted in a clear
class separation for Platform 2 (Figure 2d). In the case of Platform#1, separation between Ribera
del Duero and Rioja was not complete using the unsupervised model (Figure 2c). OPLS-DA
models built and validated as described in Section 3.2 using annotated metabolites for each

platform provided similar results to the ones obtained when all features were used (Table 2).
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Fig. 2 Plots of scores obtained for the PCA analysis for Platforms 1 and 2 at the all features
level (a-b), platform specific annotated metabolite level (c-d) and interplatform
validated metabolites (e-f). In all cases, samples are coloured by PDO.
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3.3. Interplatform annotated metabolites discrimination

Last part of the workflow consisted of the comparison of the annotated discriminating
features between Platforms 1 and 2. Estimated retention times were obtained by injecting a
mixture of polyphenols in both platforms (Figure 3a). Annotated compounds for each of the
platforms presenting mass errors below 5 ppm at the expected retention time +- 15% were
screened in the raw files of the other platform and areas were extracted (Figure 3a). Compounds
annotated in one platform that were validated in the other are presented on Table 2. A total of 7
and 6 features from Platform 1 and 2 were idenftified on Platform 2 and 1 respectively. The
resulting PCA model performed for annotated values of the annotated features common for
both platforms showed a high degree of similarity between them (Figure 2e-f). OPLS-DA (Table 1)
models performed for each platform only using features identified in both platforms also allowed

the correct classification of all samples according to PDO.

Platform#1 found increased levels of the flavanols catechin and epicatechin in Penedes
wines (Figure 4 a-b) and of their derived compounds gallocatechin and epigallocatechin in
Ribera del Duero wines (Figure 4 c-d). Both findings could be reproduced in Platform#2. A
digalactoside of myricetin was found increased in Ribera del Duero wines (Figure 4e) by
Platform#2. Integration of the compound in Platform#1 resulted in an equal significant change,

but fold change relative to the other two PDO was 12 times lower (Figure 4e).

3.4 Discussion

The present study aimed at the comparison of the performance of two different
metabolomics platforms on the identification of discriminating compounds in wine
authentication. Samples belonging to three different PDO that had already been discriminated
according to their (poly)phenolic fingerprint were selected in order to address two questions. The
main objective was to compare the impact of the metabolomic workflow on the discriminating
compounds reported. Then we aimed to inspect how an LC-MS based metabolomics approach
could improve and complement the generated knowledge of a less specific LC-UV signal at the
metabolite level. Comparisons of the results show that despite the ability of platforms to
discriminate between samples both at the spectral and at the annotated metabolite level, a
stfrong divergence between the annotated metabolites involved in the discrimination can occur.
Interestingly, most of these discriminating compounds could be detected on the complimentary

platform when they were screened in a fargeted manner.
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Table 2. Metabolites separately identified in platform 1 and 2 indicating where it is validated (i.e.
identified) in the other platform. FC = Fold-change.

Platform 1
RT m/z Am FC Validated?
(s) (Theoric) (ppm) Compound P.D.O (p-val) (FC / p-val)
289.0720 . . 2.06 YES
199 | (289.0717¢) | 4 Epicathechin Po | (<0.0001) | (1.94/<0.0001)
173.0449 L 3.02 YES (6.45/9.40E-
82 (173.0455) -3.5 Shikimic acid P (<0.0001) 03)
159.0292 2-Methyl-4- 1.70
Y 902909 | 44 oxopentanedioic acid P | (<0.0001) NO
169.0135 N 1.54
48 (169.0142) -4.1 Gallic acid P (<0.0001) NO
305.0668 . 1.72 YES
85 | (305.0667) | 93 Gallocatechin RD 1 (<0.0001) | (2.03/<0.0001)
305.0668 . . 1.75 YES
161 | 305.0667) | ©3 Epigallocatechin RD 1 (<0.0001) | (2.13/<0.0001)
179 | 329.0880 04 3-Glucosyl-2',4',6'- °D 1.71 YES
(329.0878) ’ trihydroxyacetophenone (<0.0001) (1.30/<0.0001)
389.1238 o 3.87 YES
240 | (3g91049) | 1O frans-piceid acid P (<0.0001) | (3.10/<0.0001)
389.1245 0 o 4.18
273 (389.1242) cis-piceid acid P (0.0008) NO
Platform 2
540 287.0927 04 6'-Hydroxyangolensin or 1- b 4.78 YES
(287.0925) : (3-Methoxy-4-hydroxy)- (<0.0001) | (62.38/<0.0001)
481.0966 ] (-)-Epigallocatechin 3' (or 7.99
276 | (ag10988) | 45 7)-glucuronide RD | (<0.0001) NO
165.0186 3.4-Methylenedioxybenzoic 3.04
219 (165.0193) -4.3 acid or Terephthalic acid RIO (<0.0001) NO
418 | 403.1386 39 4-Methylresveratrol 3- b 32.56 YES
(403.1398) : glucoside (<0.0001) | (22.95/<0.0001)
431.1335 Trichocarposide 10.30 YES
51 | (311348 | 30 P ] (<0.0001) | (19.40/<0.0001)
535.1816 ) 8-Hydroxypinoresinol 17.28 YES
581 | (535.1821) 1.0 glucoside P (<0.0001) | (3:60/0.0005)
339 641.1349 a7 Myricetin 3,3-digalactoside RD 30.12 YES
(641.1359) : (<0.0001) | (2.24/<0.0001)
655.1147 Gossypetin 8-glucuronide 3- 26.91
325 | (es5152) | 07 glucoside RD | (<0.0001) NO

257



Capitulo 4

Diaz et al./JoCA (Submitted)

Q
—

Retention time Platform#2 (minutes)

Normalized area

12 4

=
o

+ %

y =-0.0608x3 + 0.8116x? - 1.5458x + 2.8188

2 D R? = 0.9666
0 T T T T T T |
0 1 2 3 4 5 6 7 8
Retention time Platform#1 (minutes)
. 0 d)
20+ trans-piceid acid 100+ trans-methylresveratrol 8- trans-Resveratrol
804
154 o N s 64° .
g o
@ @
. . 5 601 . 3 . .
101 . 2 . L .
ol . . ©
. £ 40— - E |- -
O. . g ° g .0 + .0
5-:: 290 20 ':c . 27 %0 A, *+i %o A, +:
& ° oo AA Fe o, A R
4k . # ot
o® }; ° '.,‘o o* ° AA . AA +
o-—.—g—.—.—.—.— oL il O T
QQ,°Q;\°Q>°QQ,°Q;\° @® Qef\q;@@ Qe?q;\“ @® Qe?q;\“ Q‘.\%é‘q‘.\“q‘.\
P1 P2 P1 P2 Pl P2

Fig. 3 (a) Retention time correlation between both platforms. Function used for retention
fime estimation of the markers found in the alternative platform. The list of reference
standards and RT used for this function is shown in Table S1. (b-d) Extracted areas of the
different resveratrol derived markers as a function of their PDO. To perform the
comparison, all areas were normalized to the mean of the lower abundant class for
each platform.

For Penedes wines, one resveratrol derived molecule was identified by each platform

and validated by the other (Table 2, Figure 3b-c). Though it was not originally identified as a
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discriminating compound by neither of the platforms, trans-resveratrol was also found elevated in
Penedes wines by both platforms (Figure 3d).

Samples were analysed using two different HRMS instrument configurations widely
employed in metabolomics analyses, Orbitrap (Platform#1) and Q-TOF (Platform#2). Reversed
phase chromatography was selected based on the nature of compounds that were expected
drive the separation, mainly polyphenols, though specific columns were used by each platform.

For the same reason, negative mode was selected as the ionization mode.

First comparison was performed on the extracted metabolites. Both platforms used a QC
pooled from all samples to control for reproducibility within batches. On Platform#1, no algorithm
was employed for data correction and only compounds presenting a %CV<30 on the QCs were
submitted for later analysis. On Platform#2, compounds were corrected. Data were normalized
by the locally weighted scatter plot smoothing (LOESS) normalization method which adjusts the
local median of log fold changes of peck intensities between samples in the data set to be
approximately zero across the whole peak intensity (Veselkov, Vingara, Masson, Robinette, Want,
Li, Barton et al. 2011). This expectedly resulted in a lower number of extracted features for
Platform#1, though results before curation were more similar. In addition, m/z obtained from
Platform#1 were proportionally lower than the ones obtained from Platform#2. This observation is
in accordance with previous experiments where an Orbitrap and Q-TOF platforms were used

(Dervilly-Pinel, Weigel, Lommen, Chereau, Rambaud, Essers, Antignac et al. 2011).

In order to select the discriminating compounds, the ability of both platforms to
discriminate between PDO on the feature level was inspected. In both platforms, Penedes
samples could be separated from the other two PDO across PC1 using unsupervised PCA. This is
in accordance with our previous observation based only in the LC-UV profiles of the samples
(Serrano-Lourido, Saurina, Herndndez-Cassou, Checa 2012). Expectedly, normalization strategy
used on Platfform#2 resulted in a better clustering of the QC (Figure 2b). This higher degree of
clustering was also observed for samples belonging fo a PDO. Ribera del Duero and Rioja
samples could not be completely separated by any of the platforms by means of PCA. This is
probably a result of the higher similarities in climatological conditions resulting from a closer
geographical location of the PDO and also from the homogeneity on the grape variety.
However, Penedes samples obtained from Tempranillo grape variety did not cluster with the
other two PDO which shows that growing conditions do affect more the fingerprint than grape
type in terms of PCA variance. As expected from the obtained PCA separation, the supervised
OPLS-DA methodology allowed classifying all samples in the cross-validated model for both

platforms (Table 1). Despite the large variable to sample ratio, especially on Platform#2, no signs
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of overfitting were suggested when obtained models were compared to others built with

permutated classed (Supplementary Figure 1).

Next, each platform submifted its top selected discriminating features to annotation.
Because of the high number of potential discriminating compounds obtained on both cases,
only metabolites from plant origin were kept. In addifion, when more than three possible
metabolites were returned by the database, the feature was also discarded. Though by using this
approach most potentially discriminating features were excluded (See Table 2), this allowed to
focus on the proper identification of the compounds by means of MS/MS. It also facilitated the
later inter-platform comparison and interpretation of the results in biological pathways that is the
desirable endpoint of most metabolomic studies. None of the annotated features for each

platform was replicated on the other.

Though classification using annotated features was not the aim of the present work,
models built including only annotated features also allowed the discrimination between classes
(Table 1, Figure 2c-d). This shows that though the restrictions imposed in the annotation drastically
reduced the number of variables to perform the model, annotated metabolites were sfill
important for the performance of the separation in both platforms. None of the platforms could
identify characteristic compounds of Rioja wines based on the selected criteria. Separation for
this class on the metabolite level was thus based on the lack of the characteristic annotated

compounds for each of the other two PDO.

The final goal of the workflow consisted of the integration of the results from both
platforms. In order to facilitate this, a series of polyphenol standards covering the whole
chromatographic range were injected and used to align compounds between the platforms
based on their retention times (Figure 3a). Compounds that were not originally identified on each
platform were originally searched in the extracted tables and later on the raw chromatogram
files. Though none of the compounds independently identified for each platform was coincident,
6 of 9 compounds from Platform#1 could be identified on Platform#2 presenting the same trend
when inspected on a targeted manner. In the case of Platform#2, 5 of 8 compounds could be
identified on Platform#1. These results show the influence of the platform, including the whole
pipeline of analysis on the final result of the metabolomics workflow. The aforementioned
capability of each platform to detect lower or higher masses was also reflected on the
distribution of the masses for identified compounds. Comparison of the plots of scores obtained
from both platforms (Figure 2 e-f) highlight the high coherence between the obtained results at

the annotated metabolite level. This consistency is also maintained for the individual metabolites
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(Figures 3 b-c and 4). Possible reasons for the lack of reproducibility for some of the identified

metabolites as well as the interpretation of the results are discussed below.

Each plafform was able to pick one resverafrol derived compound as discriminating
feature for Penedes wines (Figure 3 b-c, Table 2). In Platform#1 both cis and frans-Piceid acids
(both glucosides of resveratrol) were identified. This is in accordance with our previous
publication (Serrano-Lourido, Saurina, Herndndez-Cassou, Checa 2012)), where frans- and cis-
Piceid acids were also identified. Interestingly, in Platform#2, only transPpiceid acid could be
validated. On the other hand, Platform#2 identified a methylated form of the glucoside that
presented a much higher fold change. The compound was annotated using the accurate mass
of the deprotonated molecule and the presence of a methylresveratrol fragment
(Supplementary Figure 2a). As two different compounds presented the same accurate mass and
fragment, trans- form was selected as the annotated compound based on the retention fime
pattern of both resveratrol and Piceid acid, as they elute before the cis one (Figure 3a). An
inspection of the compound on the raw data of Platform#1 showed that the elevated levels of
methyl resveratrol glucoside could also be found using this platform. Further inspection of the
data table showed that the compound was discarded before submitting to the multivariate
analysis because it presented a high %CV on the QCs and thus it was not originally identified. This
example shows one of the risks of excluding features by a fixed %CV value on the QCs.
Compounds presenting high fold changes can sfill be identified despite presenting high %CV. As
it was available on the original polyphenol mixture, trans-resveratrol was also screened on the
samples (Figure 3d). Though none of the platforms identified it as a discriminating compound,
pattern shown in Penedes wines strengthens the results found for its derivate compounds. Low
absorbance of resveratrol was the most likely reason why the compound was not identified using
the LC-UV profile. In the case of LC-HRMS platforms, a possible explanation is the correlation with

the other resveratrol derived compounds that showed stronger differences.

Independent flavanol related compounds were also identified by both platforms (Figure 4).
Catechin related flavanols where identified in Platform#1 and later validated on Platform#2.
While Catechin and Epicathechin were elevated in Penedes wines, their hydroxylated forms in
the 3 positions (Gallo- and Epigallocatechin) were increased in Ribera del Duero wines. On the
other hand, on Platform#2, elevated levels of a Myricetin digalactoside derived compound,
were detected in Ribera del Duero wines. In our previous study, Myricefin and one of ifs
glucosides were found increased in Ribera del Duero wines. As in the case of the resveratrol
derived compounds, the use of the non-targeted platform reinforces the idea of an upregulation

of this part of the pathway (Figure 4) on this PDO. Again, though Myricetin was not originally
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identified by none of the platforms, manual integration of the compound showed its increased
levels in Ribera del Duero wines. Interestingly in this case, fold changes found by Platform#2 were
10 times higher relative to Platform#1. One of the possibilities is the presence of interfering
coeluting compounds causing ion suppression and affecting robust quantification of this
compound in Platform#1 (Supplementary Figure 2b). This shows an important issue that may arise
when comparing non-targeted, but also targeted metabolomics platforms where different
chromatographic methods are used. In the present case, this strengthens the confidence of the
found markers as they were obtained with two different chromatographic methods. On the other
hand, when results are not validated, it may be difficult to make a decision on which result is the
correct one if a labelled internal standard for the compound is not included on the analysis.
Sample pre-treatment is also expected to infroduce ion suppression related differences, though
in the present case the different freatments carried out (filtration vs cenfrifugation, See Section
2.2) were not expected to infroduce much differences.

Another derivate from (epi)gallocatechin, a glucuronide was originally proposed as one
of the candidate metabolites by Platform#2 (Table 2) that could not be validated by Platform#1.

Thus, no further identification was attempted.

In the case of Gallic acid, which was also identified as a marker for Penedes wines
(Serrano-Lourido, Saurina, Herndndez-Cassou, Checa 2012), Platform#1 was able to confirm
elevated values on this PDO while on Platform#2 these increases could not be validated as the
compound, included on the polyphenol mixture, was not found at the expected retention time.
The closeness of the compound to the void volume, together with its relative low mass is a

possible cause of this lack of detection.

4. CONCLUSIONS

Final identification of the metabolites remains one of the bottlenecks of non-targeted
metabolomics platforms. Through the use of a restricted system were only a family of compounds
as a fraction of the metabolome was used fo facilitate the comparison, this work shows the
difficulties of obtaining robust results in terms of annotated metabolites at the end of the
workflow. These complications are expected to increase when carrying out a higher coverage of
the metabolome. On the other hand, we show that the use of different platforms allows both

complement and validate the results as compared to single platform based approaches.
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Fig. 4 Extracted areas of the catechin related compounds found increased in Penedes
(ao-b) and Ribera del Duero (c-e) wines. To perform the comparison, all areas were
normalized to the mean of the lower abundant class for each platform.

5. REFERENCES

Anas Kamleh, M., K. Spagou, E. J. Want (2011). Metabolic Profiling in Disease Diagnosis,
Toxicology and Personalized Healthcare. Current Pharmaceutical Biotechnology 12, 976-
995 doi:10.2174/138920111795909069

Arbulu, M., M. C. Sampedro, A. Gémez-Caballero, M. A. Goicolea, R. J. Barrio (2015). Untargeted
metabolomic analysis using liquid chromatography quadrupole time-of-fight mass
spectrometry for non-volatile profiing of wines. Analytica Chimica Acta 858, 32-41
doi:http://dx.doi.org/10.1016/j.aca.2014.12.028

Cevallos-Cevallos, J. M., J.|. Reyes-De-Corcueraq, E. Etxeberria, M. D. Danyluk, G. E. Rodrick (2009).

Metabolomic analysis in food science: a review. Trends in Food Science & Technology
20, 557-566 doi:http://dx.doi.org/10.1016/].tifs.2009.07.002

Checa, A., J. Saurina (2013). Chapter 6 - Metabolomics and PDO. In: Miguel de la, G., G. Ana
(eds) Comprehensive Analytical Chemistry. vol Volume 60.(pp123-143). Elsevier.

263



Capitulo 4 Diaz et al./JoCA (Submitted)

Dervilly-Pinel, G., et al. (2011). Assessment of two complementary liquid chromatography
coupled to high resolution mass spectrometry metabolomics strategies for the screening
of anabolic steroid treatment in calves. Analytica Chimica Acta 700, 144-154
doi:http://dx.doi.org/10.1016/j.aca.2011.02.008

Diaz, R., M. Ibanez, J. V. Sancho, F. Hernandez (2011). Building an empirical mass spectra library

for screening of organic pollutants by ultra-high-pressure liquid chromatography/hybrid
quadrupole time-of-flight mass spectrometry. Rapid Commun Mass Spectrom 25, 355-69
doi:10.1002/rcm.4860

Diaz, R., O. J. Pozo, J. V. Sancho, F. Herndndez (2014). Metabolomic approaches for orange origin
discrimination by ulira-high performance liquid chromatography coupled to quadrupole
time-of-flight mass spectrometry. Food Chemistry 157, 84-93
doi:http://dx.doi.org/10.1016/j.foodchem.2014.02.009

Fabani, M. P., M. J. A. Ravera, D. A. Wunderlin (2013). Markers of typical red wine variefies from

the Valley of Tulum (San Juan-Argentina) based on VOCs profile and chemometrics.
Food Chemistry 141, 1055-1062 doi:http://dx.doi.org/10.1016/j.foodchem.2013.04.046

Gallagher, L. T., et al. (2012). Patftern-based discrimination of organic acids and red wine varietals

by arrays of synthetic receptors. Supramolecular Chemistry 24, 143-148
doi:10.1080/10610278.2011.638379

Gika, H. G., G. A. Theodoridis, M. Earll, R. W. Snyder, S. J. Sumner, I. D. Wilson (2010). Does the Mass
Spectrometer Define the Markere A Comparison of Global Metabolite Profiling Data
Generated Simultaneously via UPLC-MS on Two Different Mass Spectrometers. Analytical
Chemistry 82, 8226-8234 doi:10.1021/ac1016612

Glauser, G., N. Veyrat, B. Rochat, J.-L. Wolfender, T. C. J. Turlings (2013). Ultra-high pressure liquid
chromatography-mass spectrometry for plant metabolomics: A systematic comparison
of high-resolution quadrupole-time-of-fight and single stage Orbitrap mass
spectrometers. Journal of Chromatography A 1292, 151-159
doi:http://dx.doi.org/10.1016/j.chroma.2012.12.009

Jaitz, L., et al. (2010). LC-MS/MS analysis of phenols for classification of red wine according to

geographic origin, grape variety and vintage. Food Chemistry 122, 366-372
doi:http://dx.doi.org/10.1016/j.foodchem.2010.02.053

Martin, J.-C., et al. (2015). Can we trust untargeted metabolomics? Results of the metabo-ring

initiative, a large-scale, multi-instrument inter-laboratory study. Metabolomics 11, 807-821
doi:10.1007/511306-014-0740-0

264



Capitulo 4 Diaz et al./JoCA (Submitted)

Ragone, R., et al. (2015). Classification and chemometric study of Southern Italy monovarietal
wines based on NMR and HPLC-DAD-MS. Food Science and Biotechnology 24, 817-826
doi:10.1007/510068-015-0106-z

Salvatore, E., M. Cocchi, A. Marchetti, F. Marini, A. de Juan (2013). Determination of phenolic
compounds and authentication of PDO Lambrusco wines by HPLC-DAD and
chemometric techniques. Analytica Chimica Acta 761, 34-45
doi:http://dx.doi.org/10.1016/j.aca.2012.11.015

Sanz-Cortes, M., R. J. Carbagjo, F. Crispi, F. Figueras, A. Pineda-Lucena, E. Gratacos (2013).

Metabolomic profile of umbilical cord blood plasma from early and late intrauterine
growth restricted (IUGR) neonates with and without signs of brain vasodilation. PLoS One
8, 80121 doi:10.1371/journal.pone.0080121

Serrano-Lourido, D., J. Saurina, S. Herndndez-Cassou, A. Checa (2012). Classification and
characterisation of Spanish red wines according to their appellation of origin based on
chromatographic profiles and chemometric data analysis. Food Chemistry 135, 1425-
1431 doi:http://dx.doi.org/10.1016/j.foodchem.2012.06.010

Springer, A. E., J. Riedl, S. Esslinger, T. Roth, M. A. Glomb, C. Fauhl-Hassek (2014). Validated

Modeling for German White Wine Varietal Authentication Based on Headspace Solid-

Phase Microexiraction Online Coupled with Gas Chromatography Mass Spectrometry
Fingerprinting. Journal of Agriculfural and Food Chemistry 62, 6844-6851
doi:10.1021/jf502042¢c

Versari, A., V. F. Laurie, A. Ricci, L. Laghi, G. P. Parpinello (2014). Progress in authentication,
typification and traceability of grapes and wines by chemometric approaches. Food
Research International 60, 2-18 doi:http://dx.doi.org/10.1016/j.foodres.2014.02.007

Veselkov, K. A, et al. (2011). Optimized Preprocessing of Ultra-Performance Liquid
Chromatography/Mass Spectrometry Urinary Metabolic Profiles for Improved Information
Recovery. Analytical Chemistry 83, 5864-5872 doi:10.1021/ac201065j

Westerhuis, J., et al. (2008). Assessment of PLSDA cross validation. Metabolomics 4, 81-89
doi:10.1007/s11306-007-0099-6

Wolfender, J. L., S. Rudaz, Y. H. Choi, H. K. Kim (2013). Plant Metabolomics: From Holistic Data to
Relevant Biomarkers. Current Medicinal Chemistry 20, 1056-1090

265



Capitulo 4

Diaz et al./JoCA (Submitted)

SUPPLEMENTARY INFORMATION

Table $1. List of reference standards and their retention times in both platforms used fo build the

RT correlation function shown in Fig 3.

Compound Platform 1 Platform 2 M.F.

Gallic acid 0.81 1.81 C7H605

3.,4-dihidroxibenzoic acid 1.51 271 C7H604

Caftaric acid 1.88 2.4 C13H1209
2,5-dihidroxibenzoic acid 2.43 3.01 C7H604

Chlorogenic acid 2.87 3.54 C16H1809
Catechin 2.87 3.36 C15H1406
Caffeic acid 3.06 4.06 C9H804

Procyanidin B2 3.19 3.53 C30H26012
Epicatechin 3.32 4.16 C15H1406
Syringic acid 3.15 4.27 C9H1005

Ferulic acid 3.96 5.45 CI10H1004
frans-piceid acid 3.99 5.13 C20H2208
Sinapic acid 3.99 5.47 C11H1205
Quercetin-glucoside 4.04 6.67 C21H20012
Quercitrin 4.38 7.69 C21H20011
Myricetin 4.61 7.43 C15H1008
trans-resveratrol 5.08 6.91 C14H1203
Morin 5.11 8.25 C15H1007
Quercetin 5.89 9.27 C15H1007
Apigenin 6.99 11.14 C15H1005
Kaempferol 7.11 10.88 CI15H1006
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(Table 1) are presented as vertical red lnes on each graph.
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Fig. $2 Exiracted MS spectrum (with background subtraction) for a) Penedes and b)
Ribera del Duero wines from the chromatographic peaks observed at 6.02 and 3.72

minutes, respectively.
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4.3.1. Discusion de resultados

A diferencia del articulo anterior, y como se puede observar en la figura 4.E.
para el caso que nos ocupa, si se observé una elevada variabilidad en la mediana de
las intensidades de los metabolitos encontrados, principalmente debida a una deriva
instrumental al realizarse secuencias de inyeccidn largas. Por este motivo, si se efectud
una normalizacién Loess de las muestras previa al andlisis estadistico de las mismas.
Como se puede observar en la parte derecha de la figura 4.E., la normalizacion
utilizada resulta muy eficaz, reduciendo la variaciéon instrumental. Como se comentd
anteriormente, esta aproximacién podria conllevar la perdida de la varianza intrinseca
de los metabolitos. No obstante, y a tenor de los resultados basdndonos en el fold
change de los marcadores encontrados, dicha normalizacién no alterd los datos de

los marcadores.

Raw data Normalised data

Log2 intensities
Log2 intensities

Figura 4.E. Box-plot de las variables (después de aplicar una trasformacién logaritmica
en base 2) de todas las muestras de vino inyectadas antes y después del proceso de
normalizacién mediante el método Loess.
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Por otra parte, aunque no se mencione en el articulo, la identificacion tentativa
de los marcadores encontrados se basd en la masa exacta y la informacién espectral
obtenida mediante MSE (i.e. sin necesidad de re-inyeccidn). Para aguellos compuestos
de los que se disponia de patrdn de referencia, tanto los espectros de baja y alta
energia como el tiempo de retencion fueron usados para confirmar la identidad de los

marcadores.

En el caso de la metaboldmica en alimentos puede ocurrir la identificacién de
marcadores exdgenos producto de las prdcticas agrarias o de procesamiento de los
alimentos. Este hecho puede resultar problemdtico y muy comun y fue el caso en este
articulo. Aunque no se menciona por no ser el objetivo de la investigacion, en la
segunda plataforma se identificd elel pesticida Metalaxyl. Uno de los marcadores
encontrados en los datos obtenidos por ESI positivo fue el pico M280T671 cuya masa
exacta era 280.1545. Este metabolito presentaba una mayor abundancia en la
denominacién Rioja (figura 4.F.) con un fold change de 13. Tras evaluar las posibles
composiciones elementales para dicha masa, la formula molecular asignada fue
C15H21NO4 (para la molécula neutra), con un error de masa de tan solo 0.2 mDa.
Entre otras posibilidades, dicha férmula molecular correspondia al fungicida Metalaxyl
y los fragmentos encontrados se ajustaban tanto en masa como en abundancia a
dicho pesticida. Posteriormente, y gracias a datos de patrones previamente
inyectados, se pudo confirmar la identidad del fungicida en cuestion (figura 4.G.).
Aunque el tiempo de retencién no pudo compararse directamente, si se compard el
porcentaje necesario de fase mévil orgdnica (en ambos casos MeOH) para la elucion
del andlito, obteniendo una desviacidén Unicamente del 2%. Aunque se observan
algunas diferencias en cuanto a la abundancia relativa de los fragmentos, esto es
debido a la formacién del aducto sodiado en la muestra, el cual reduce el grado de

fragmentacion de la molécula.

Al igual que en el articulo anterior, el nUmero limitado de muestras analizadas
sugiere fratar a los compuestos seleccionados como candidatos. Sin embargo, este
estudio pretendia profundizar en las diferencias de las dos plataformas aplicadas mas

que en la clasificacion en si. Sin embargo, aunque el total de muestras es pequeno, la
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clasificacion y al seleccién aleatoria de las muestras sugiere que un amplio estudio

podria corroborar los resultados de éste.

174 -
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11.4
104

0.4
PEN PEN PEN FEN PEN PEN PEN RIB RIB RIB RIB RIB RIB RIB RIO RIO RIO RIO RIO RIC RIO

D.0

Figura 4.F. Logaritmo en base 2 del drea del pico correspondiente al pesticida Metalaxyl
en las diferentes muestras de vino analizadas segun su D.O. PEN = Penedés, RIO = Rioja, Rib =
Ribera del Duero.
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Figura 4.G. Espectros de baja y alta energia (LE y HE, respectivamente) del marcador
elucidado como Metalaxyl (A) y el correspondiente patrdén de referencia (B). Los iones no
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eluyente al Metalaxyl.
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Capitulo 5 Conclusiones generales

La investigacion realizada en esta tesis ha permitido el desarrollo y evaluacion
de una metodologia analitica para el screening de un elevado numero de
contaminantes organicos en muestras de diferente naturaleza. Dicha metodologia
permite el andlisis cudlitativo de contaminantes de un modo rdpido y sencillo
mediante la creacién de bases de datos de compuestos, obteniendo asi una visidén
mas amplia sobre los posibles contaminantes presentes en la muestra. Por ofro lado, la
sensibilidad y amplia informacién suministrada por equipos de HRMS han permitido, en
un estudio preliminar, mostrar diferencias en el perfil metabdlico de pacientes con
enfermedad pulmonar, mediante el andlisis de muestras no invasivas pero de bajos
niveles de concentracion. Finalmente, se han encontrado potenciales marcadores
capaces de clasificar alimentos en funcién de su origen gracias al andlisis multivariante

de los datos obtenidos mediante el acoplamiento LC-HRMS.

Ademds de esta conclusion general, se pueden establecer conclusiones

especificas relacionadas con cada uno de los trabajos realizados:

1. Junto a la creacién de librerias tedéricas de compuestos de interés
(bdsicamente consistentes en la formula empirica y la masa exacta), los nuevos
avances en la instrumentacién analitica en equipos de HRMS permiten crear
amplias librerias empiricas de espectros, haciendo posible la deteccion e
identificacidn de los compuestos en muy diversos tipos de muestras. Las
diferentes funcionalidades instrumentales aseguran errores de masa por debajo
de los 2 mDa, facilitando la identificacidon de los contaminantes de interés en

un amplio rango de concentracion.

2. La aproximacion MSE, y mds concretamente aplicada mediante una rampa de

energia de colisién, permite la obtencién de espectros de masas muy similares
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3.

4.

5.

a los obtenidos mediante MS/MS, mostrando una gran robustez y suficiente
grado de fragmentacién para la mayoria de compuestos incluidos en la libreria
de espectros experimental. Ademds, mediante la adquisicion en modo MSE se
facilita la confirmacién de la identidad de los analitos y la elucidacién de

posibles desconocidos sin necesidad de re-inyeccién de la muestra.

La separacién cromatografica (usando condiciones genéricas y una columna
de mayor longitud) y la calibracion del eje de masas son factores claves en el
andlisis tipo screening pues permiten obtener mejor exactitud de masa en
maftrices complejas sin afectar a la sensibilidad o universalidad de la

metodologia.

La aproximacioén post-target, en la cual se investiga la presencia de un listado
de compuestos una vez se han adquirido los datos en HRMS, comparada con
el modo de trabagjo non-target (no existe ningun tipo de seleccidon de
compuestos), ofrece resultados mas fiables en términos de deteccidon, ademads
de ser mds rdpida y fdciimente automatizable. Para poder facilitar la
confirmacién de la identidad de forma simultdnea a la deteccioén, la base de
datos tedrica usada en este trabajo ha sido mejorada incluyendo no solo el
tiempo de retencién, sino la formula empirica de los principales fragmentos
observados para aquellos compuestos de los que se disponia de patrdén de

referencia.

La aplicacion de la metodologia post-target ha permitido la identificacién
directa de un elevado nUmero de compuestos de diferentes familias en
muestras de origen ambiental, bioldgico y alimentario en aquellos casos en los
gue se disponia de patrdon. Ademds, la gran cantidad de informacion obtenida
ha facilitado la identificaciéon tentativa de algunos contaminantes sin el uso de
patrones de referencia. La confirmacién de su identidad es posible en una
etapa posterior mediante la inyeccion de los respectivos patrones, los cuales
pueden ser adquiridos cuando ya existen evidencias sélidas sobre la presencia

de los compuestos en las muestras.
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La aplicacién de métodos de screening de contaminantes orgdnicos en aguas
requiere de una pre-concentracidon de los analitos debido a la baja
concentracion habitualmente encontrada en las muestras. Con este objetivo,
la técnica de SPE ha mostrado ser de fdcil aplicacion, con bajo consumo de
disolventes y muy eficiente. La eleccion de un cartucho de extraccién de base
polimérica no-selectivo, como el Oasis HLB, ha sido una opcidn sencilla y fiable
para el screening, y ha permitido extraer de forma efectiva los 120 compuestos
usados en el test previo a la validacién cudlitativa, exceptuando el antibidtico

Gabapectina.

Resulta indispensable realizar la validacion cualitativa de la metodologia de
screening para el establecimiento de los limites de deteccion y de
identificaciéon. En nuestro caso, de los cerca de 150 compuestos modelo
incluidos en la validacion, el 88% fueron detectados y el 74% correctamente
identificados al nivel de concentracién mds alto ensayado en aguas (1 ug/L).
Al nivel mds bajo (0.1 ug/L), el porcentaje de deteccidn fue del 68%, el cual se
redujo considerablemente, hasta un 38%, cuando se aplicaron las estrictas

condiciones de identificacién.

En estudios de amplio screening, como los realizados en esta Tesis, se ha puesto
de manifiesto la necesidad de revisar los criterios usados en cuanto a la
tolerancia mdxima de las relaciones idnicas de intensidades (Q/q ratio) en
comparaciéon con los valores de referencia obtenidos con patrones. El no
cumplimiento de las tolerancias (generalmente, entre 20 y 50% en funcién del
valor de Q/qg ratio) para las relaciones idnicas puede llevar a falsos negativos,
por lo que seria conveniente revisar dichas tolerancias, o incluso establecer
otfros criterios basados en errores de masas, (junto al tiempo de retencion)

como condicion para la identificacién en el caso de aplicaciones no-dirigidas.

La metodologia screening desarrollada no ha resultado eficiente para la
deteccién de hormonas, debido a las condiciones de extraccidon y/o
cromatogrdficas aplicadas, asi como a la falta de sensibilidad del QTOF,
insuficiente para la deteccidn de estos compuestos en aguas. Por el contrario,

para un importante niUmero de analitos se pudieron detectar hasta 5
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iones/fragmentos, medidos en masa exacta, incluso a niveles por debajo de los

ensayados, lo cual aumenta la fiabilidad de las identificaciones.

10. El acoplamiento LC-HRMS se ha mostrado como una inferesante alternativa a
NMR para el andlisis metabolémico de muestras en las que las concentraciones
de los potenciales biomarcadores son bajas, como ha ocurrido en los trabajos

realizados con los condensados de exhalados pulmonares.

11. El trabajo preliminar realizado ha demostrado el potencial de la técnica LC-
HRMS para diferenciar la composicidn metabdlica de condensados de
exhalados pulmonares de pacientes control y con Enfermedad Pulmonar
Obstructiva Crénica (EPOC), lo cual supone una gran ventaja al tratarse de
una técnica no invasiva. Ademds, se propone el uso de condensadores sin
partes reusables para evitar en la medida de lo posible la interferencia de

contaminantes exdgenos.

12. Las muestras de naranjas y vino de diferentes origenes geogrdficos han podido
ser separadas significativamente mediante andlisis multivariante de los datos
obtenidos por LC-HRMS vy posteriormente procesados con XCMS. Dicha
clasificaciéon se corrobora gracias a la validacion cruzada de los modelos

estadisticos.

13. La normalizacién y control de calidad de los datos obtenidos mediante
plataformas metaboldémicas resultan de gran importancia dado el elevado
numero de muestras analizadas. Ademds del procesamiento posterior de
datos, es necesario evaluar y simplificar lo méximo posible el tratamiento de la

muestra con el fin de minimizar las posibles pérdidas de compuestos de interés.

14. La Citrusina D se muestra como un buen potencial marcador para la
diferenciacién de muestras de naranja de procedencia Valencia en
comparacion con aqguellas del hemisferio sur (concretamente Argentina, Sud-
Africa y Brasil). Se refleja ademds la importancia de validar los modelos y
marcadores encontrados dado que cuando se fuvieron en cuenta muestras de
cosechas consecutivas, algunos de los principales marcadores encontrados al

analizar la primera cosecha fueron finalmente descartados.
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15. Tras la aplicacion de dos plataformas distintas para el andlisis metabolémico de

16.

muestras de vino se concluye la importancia de la instrumentacion vy
procesamiento de datos empleados para la obtencidn de marcadores. La
utilizacién de diferentes condiciones cromatogrdficas, analizadores de masa
(Orbitrap y QTOF) y pardmetros de procesamiento de datos (entre otras
variables) implica una distinta seleccién de marcadores. Sin embargo, ambas
plataformas permiten la clasificacién inequivoca de los vinos seguin su origen y
producen resultados similares y/o complementarios en cuanto a los

marcadores encontrados y las rutas metabdlicas involucradas.

El andlisis metaboldmico puede verse influenciado por compuestos exdgenos a
la muestra, como ha ocurrido en esta Tesis en el caso del fungicida metalaxyl
en las muestras de vino. Sin embargo, al mismo tiempo, el hecho de encontrar
un plaguicida como marcador significativo y diferenciador entfre vinos de
distintas zonas geogrdficas aporta informacion anadida respecto a las

prdcticas agrarias en las diferentes zonas de cultivo.
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Chapter 5 General Conclusions

The research performed in this Thesis has allowed the development and
evaluation of an analytical methodology for the screening of a high number of organic
contaminants in different ature samples. This methodlogy permitted the qualitative
analysis of pollutants in a fast and simple way thanks to the creation of a compound
database, obtaining a wide vision of the contaminantion in the samples. On the other
hand, the sensitivity and wide information supplied by HRMS allowed, | a preliminar
study, to find differences in the metabolic profile of patients with pulmonary disease by
the analysis of extremely low concentrated non-invase samples such as the exhaled
breath condensates. Finally, potential markers for oranges and wines classification
based on their geographical origin have been found by multivariate analysis from LC-
HRMS data. In addition to this general conclusion, more specific conclusions can be

established related to each work performed:

1. Together with the theoretical library of target compounds (consisting basically
on a database with the compound name, empirical formula and exact mass),
the recent advances in the analytical instrumentation allow the creation of
highly robust empirical mass spectra libraries making feasible compound
detection and identfification in different sample types. The instrument
functionalities ensure mass errors well below 2 mDa, facilitating the identification

of the contaminants of interest in a wide range of concenftrations.

2. The MSE approach, and more concretely applied with a collision energy ramp,
favours the acquisition of spectra similar to those obtained by MS/MS, showing a
high robustness and sufficient fragmentation degree for most of the compounds
included in the experimental spectra liorary. Furthermore, using MSE acquisition

mode, the confirmation of the identity of the analytes and the elucidation of
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possible suspected or unknown compounds is facilitated without the need of

reinjecting the sample.

3. The chromatographic separation (using generic conditions and increasing the
column length) and the mass axis calibration are key factors in the wide-scope
screening as they permit a mass accuracy improvement for complex matrices

while not affecting the sensitivity or the scope range of the methodology.

4. The post-target approach, where the presence of a list of compounds is
investigated after HRMS data acquisition, compared to the non-target one (no
compound selection is performed a priori), offers more effective and reliable
results in terms of detection and it results faster and easier to automate. In order
to facilitate the detection and identification of the compounds, the data base
has been improved including not only the retention time of the compounds but
also the empirical formula of the main fragments for those analytes for which

reference standard was available.

5. The application of the post-target methodology to biological, food and
environmental samples has allowed the identification of an important amount
of contaminants from different families. Furthermore, the information obtained
has facilitated the tentative identification of some contaminants that have
been subsequentely confirmed by the injection of the corresponding reference
standard, which was acquired once solid evidences on their presence was
established.

6. The application of the screening methodology for organic micro-contaminants
in water requires a pre-concentration step due to the low concentration levels
of the compounds usually found in the samples. With this aim, SPE has proven to
be a simple, efficient and low solvent-consumption approach. The choice of
generic polymeric SPE cartridges has shown to be reliable for screening
purposes and has permitted the extraction of the entire 120 model compounds

used for method evaluation, except the antibiotic Gabapentin.

7. A qualitative validation of the screening method is required in order to establish

de limits of detection and identification. In our case, from the 150 model
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compounds included in the validation, 88% were detected and 74% correctly
identified at the highest concentration level tested in waters (1 ug/L). At the
lowest level (0.1 ug/L), the percentage of detected compounds decreased
down fto 68%, and it was substantially reduced, down to 38%, when the strict

identification conditions were applied.

8. After application of the wide-scope screening methods developed in this Thesis,
it was deduced the necessity to review the criteria used for ion ratios tolerances
(Q/q ratio) when compared with the reference values obtained by the injection
of standards. The non-compliance of these folerances (between 20 and 50%
depending on the Q/q ratio) might lead to false negatives. Alternative criteria
based on mass accuracy (together with retention time) or higher tolerances
would be required for identification for non-target unknown compounds, or in

post-target screening.

9. The screening methodology developed in this Thesis was not appropriate for the
detection of the tested hormones surely due to the exfraction and/or
chromatographic conditions applied, as well as the lack of sensitivity of the
QTOF MS, insufficient for the detection of these compounds in water. On the
contrary, for an important number of analytes up to 5 ions/fragments could be
used for detection and/or identification, even below the lowest concentration

level tested. This fact improves significantly the reliability of the identifications.

10. LC-HRMS has been found to be an interesting alternative to NMR for the
metabolomics analysis for samples with low biomarkers concentration levels,
such as the exhaled breath condensates, due to the relevant information

provided and the better sensitivity

11. The preliminary study performed in exhaled breath shows the ability of LC-HRMS
to differentiate the metabolic composition of confrol samples and those from
patients suffering from Chronic Obstructive Pulmonary Disease (COPD). This is an
interesting approach as it implies the use of non-invasive sampling. Furthermore,
the use of non-reusable condenser parts avoids the possible interference of

exogenous contaminants coming from the cleaning steps.
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12. Orange and wine samples from different geographical origins have been
significantly classified by multivariate analysis using the data obtained from LC-
HRMS analysis and subsequently processed by XCMS. This classification has been

corroborated by cross-validation of the statistical models.

13. The normalization and quality control of the data obtained from metabolomics
platforms may result crucial due to the high amount of samples analysed.
However, additionally to data processing, it is necessary to evaluate and

simplify the sample treatment in order fo minimize possible metabolites loss.

14. Citrusin D seems fo be a valid marker for the differentiation of orange samples
from Valencia and those from South Hemisphere origin (concretely Argentine,
South-Africa and Brazil). This work illustrates the importance of model validation
as some of the compounds stafistically significant for the model classification
were proved to be not relevant after including data from a consecutive season

(second year).

15. From the application of two different platforms for the metabolomics analysis of
wine samples, the importance of the instrumentation and data treatment is
concluded. The use of different chromatographic conditions, mass analyzers
(Orbitrap and QTOF) and data processing parameters implies a different
selection of the markers. Nevertheless, both platforms permit to classify
unequivocally the wine samples tested according to their origin and both
produce similar and/or complementary results regarding the biomarkers found

and the involved metabolic pathways.

16. Metabolomics analysis can be influenced by exogenous compounds present in
the samples, as occurred in this Thesis with the fungicide metalaxyl in wine
samples. However, the fact of finding significant differences in these pesticide
concentrations for different origins can highlight diverse agriculture practices in

the different growing areas.
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