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OBJETIVOS

El principal objetivo de esta Tesis, titulada “Aplicacion de la
espectrometria de masas y la resonancia magnética nuclear a la
caracterizacion metabolémica de bebidas alcohdlicas y al andlisis de
toxicos en aguas”, esta centrado en el desarrollo y validacién de métodos
analiticos, analisis metabolomico e identificacion de marcadores
quimicos de calidad en bebidas alcohdlicas y aguas. A tal fin se han
usado técnicas cromatograficas (cromatografia de gases, GC;
cromatografia de liquidos, LC) acopladas a espectrometria de masas

(MS) y de resonancia magnética nuclear (NMR).

Para lograr este objetivo general la presente Tesis se ha dividido en dos
grandes bloques. El primer bloque se focaliza en la aplicacién de técnicas
de GC-MS, LC-MS y NMR para el estudio metabolémico de ron, a fin
de establecer métodos de control de calidad en el &mbito del marco

alimentario de bebidas alcohdlicas. Los estudios realizados han sido:

e Desarrollo de una estrategia de clasificacion y discriminacion de
ron mediante analisis fingerprinting de compuestos
volatiles/semivolétiles a través de GC-MS de triple cuadrupolo
(QQgQ). Aportacién cientifica 1

e Desarrollo de una estrategia de clasificacion y discriminacion de
ron mediante analisis fingerprinting de compuestos no volatiles
a través de LC-MS de tipo Orbitrap (Orbitrap-MS). Aportacion
cientifica 2

e Aplicacion de NMR para la clasificacidon de ron mediante analisis
de los perfiles metabolicos de componentes mayoritarios.
Adicionalmente se aplican estrategias de fusion de datos



combinando la informacién obtenida mediante las tres técnicas
aplicadas: GC-MS, LC-MS y NMR. Aportacion cientifica 3

Por otro lado, el segundo bloque incluye estudios relacionados con la
aplicacion analitica de la técnica de NMR para la determinacion de

toxicos en aguas:

e Aplicacion de la NMR de boro-11 para la determinacion de acido

borico en biocidas comerciales. Aportacion cientifica 4

e Determinacién de acido etidronico en aguas industriales de
lavado de vegetales mediante la NMR de fosforo-31. Aportacion

cientifica 5



RESUMEN

La presente Tesis Doctoral, titulada “Aplicacion de espectrometria de la
masas y la resonancia magneética nuclear a la caracterizacion
metaboldémica de bebidas alcohdlicas y al andlisis de toxicos en aguas”,
estudia el uso de herramientas de la metabolomica en la clasificacion e
identificacion de marcadores quimicos de calidad en bebidas alcohdlicas
mediante técnicas espectrométricas (GC-MS, LC-MS) y de NMR. A tal
fin, se han llevado a cabo distintas etapas del proceso analitico como la
preparacion de muestra, adquisicion fingerprinting, pre-procesado de
datos, modelado multivariante, validacién de modelos y fusién de datos
multi-técnica. Los modelos desarrollados se han aplicado a muestras
reales de ron dorado para su clasificacion en funcion de los procesos de
preparacion a los que se ven sometidos, asi como a la determinacién de
marcadores quimicos de calidad de éstos.

Ademas, se ha aplicado la técnica de NMR cuantitativa para la
determinacion de diferentes analitos. En concreto se han usado métodos
de adquisicidon basados en nucleos magnéticamente activos de boro y
fosforo para la cuantificacion de acido boérico y acido etidronico
respectivamente, tanto mediante cuantificacion interna (estandar interno,
IS, del nacleo observado) como externa (rectas de calibrado mediante
uso de patrones analiticos). Los métodos se han validado segun las guias
vigentes para parametros como selectividad, rango de trabajo, precision
interdia e intradia, limite de cuantificacion (LOQ), recuperacion e
incertidumbre (U).

Asi pues, los estudios realizados en la presente Tesis se pueden dividir

en dos secciones: la primera orientada a la aplicacion de herramientas de



la metaboldmica y la segunda a la aplicacion cuantitativa de la NMR. La

primera seccion cuenta con los siguientes trabajos:

o Desarrollo de una estrategia para la clasificacion de ron usando
tratamientos metaboldmicos a través de huellas dactilares
adquiridas por microextraccion en fase solida (SPME) de espacio
en cabeza (HS) acoplada a cromatografia de gases—
espectrometria de masas (HS-SPME-GC-MS). ElI método
desarrollado se ha aplicado a rones dorados comerciales para su
clasificacion en funcion de las etapas de elaboracién de éstos y
determinacion de marcadores quimicos en su fase volétil y/o
semivolatil.

o Estudio metabolémico de ron dorado mediante la adquisicion de
huellas dactilares de sus componentes no volatiles a través de
inyeccion directa con dilucion (dilute and shoot) y cromatografia
de liquidos acoplada a espectrometria de masas de alta resolucién
(LC-HRMS). ElI método desarrollado ha permitido la
clasificacion y determinacion de marcadores quimicos de rones
dorados comerciales.

o Estudio metaboldmico de rones dorados mediante la adquisicion
de huellas dactilares a través resonancia magnética nuclear de
proton (*H-NMR) y fusion de datos multi-técnica (GC-MS, LC-
MS y NMR). El modelo desarrollado mediante *H-NMR se ha
aplicado al estudio de los compuestos mayoritarios presentes en
rones dorados comerciales. Ademas, se han comparado las
capacidades discriminatorias de las diferentes técnicas y su

fusion en los andlisis multivariantes aplicados.



Los trabajos que se incluyen en la segunda seccion se muestran a

continuacion:

o Desarrollo y aplicacion de un método mediante NMR de boro-11
(*!B-NMR) para la determinacion de acido bérico en biocidas
solidos. Los resultados se han comparado con técnicas
previamente ya establecidas (espectrometria de masas por plasma
de acoplamiento inductivo, ICP-MS). ElI método desarrollado se
ha validado conforme a las guias vigentes y ha sido aplicado a
diferentes muestras reales de biocidas comerciales para aguas
agricolas y de piscinas.

o Desarrollo y aplicacion de un método mediante NMR de fdsforo-
31 (**P-NMR) para la determinacion de &cido etidronico en agua
de lavado de vegetales. Se han comparado distintos métodos de
cuantificacion con calibracion interna y externa. EI método
desarrollado, y posteriormente validado, se ha aplicado al estudio
de muestras de aguas provenientes del lavado de frutas y

hortalizas.






ABSTRACT

This Doctoral Thesis entitled “Application of mass spectrometry and
nuclear magnetic resonance to the metabolomic characterization of
alcoholic beverages and to the analysis of contaminants in water” studies
the application of metabolomic tools in the classification and
identification of quality chemical biomarkers in alcoholic beverages
using spectrometric techniques (GC-MS, LC-MS) and NMR, responding
to the current demand for control and monitoring in this field. To this
end, different stages have been carried out such as sample preparation,
fingerprinting acquisition, data pre-processing, multivariate analysis,
model validation and multi-technical data fusion. The developed
methodologies have been applied to real samples of golden rum for its
classification based on the preparation processes, as well as the

determination of chemical quality markers.

In addition, the quantitative NMR technique has been applied for the
determination of different analytes. In particular, acquisition methods
based on magnetically active boron and phosphorus nuclei have been
used for the quantitation of the analytes by internal quantitation (internal
standard, IS, of the observed nucleus) and external quantitation
(calibration using analytical standards). The methods have been
validated according to current guidelines for parameters such as
selectivity, working range, interday and intraday accuracy, limit of

quantitation (LOQ), recovery and uncertainty (U).

Thus, the studies carried out in this thesis can be divided into two
sections: the first focused on the application of metabolomic tools and
the second to the quantitative application of NMR. The first section has

the following works:



Development of a strategy for the classification of rum using
metabolomic treatments through fingerprints acquired by head
space (HS) and solid phase microextraction (SPME) coupled to
gas chromatography — mass spectrometry (HS-SPME-GC- MS).
The methodology developed has been applied to commercial
golden rums for classification according to the stages of their
preparation and determination of chemical biomarkers in their
volatile and/or semi-volatile phase.

Metabolomic study of golden rum by fingerprint acquisition of
its non-volatile components through direct injection (dilute and
shoot) and liquid chromatography coupled to high resolution
mass spectrometry (LC-HRMS). The methodology developed
has allowed the classification and determination of chemical
biomarkers of commercial golden rums.

Metabolomic study of golden rums by acquiring fingerprints
through proton nuclear magnetic resonance (*H-NMR) and
multi-technical data fusion (GC-MS, LC-MS and NMR). The
methodology developed has been applied to the study of the
majority compounds present in commercial golden rums. In
addition, the discriminatory capacities of the different techniques
and their fusion in the multivariate analyses applied have been

compared.

The works included in the second section are shown below:

Development and application of a boron-11 NMR detection
method (**B-NMR) for the determination of boric acid in solid
biocides. The results have been compared with previously
established techniques (ICP-MS). The developed method has



been validated in accordance with current guidelines and has
been applied to different real samples of commercial tablets for
agricultural waters and swimming pools.

Development and application of a phosphorus-31 NMR detection
method (*!P-NMR) for the determination of etidronic acid in
vegetable washing water. Different quantification methods have
been compared with internal and external calibration. The
method developed, and subsequently validated, has been applied
to the study of real samples of water from the washing of

vegetables and fruits.
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1 CAPITULO PRIMERO. MARCO TEORICO

1.1 Contextualizacion

La disponibilidad de recursos analiticos bien establecidos hoy en dia
permite el desarrollo de nuevas formas de afrontar retos comunes del
ambito de la seguridad agroalimentaria. En concreto, uno de los
principales problemas de los ultimos afios es el control de calidad tanto
de alimentos como de productos, con impactos econémicos, sociales, de
salud y ambientales. Las ciencias 6micas, que permiten el estudio de un
gran numero de moléculas de un organismo, estan avanzando en las
ultimas décadas como una de las mejores opciones para dar respuesta a

dichos problemas.

Existen tres disciplinas que pueden englobarse dentro de las ciencias
Omicas, cada una con referencia a diferentes técnicas en el campo de la
biotecnologia [1]. La primera de ellas es la genémica, encargada del
estudio del acido desoxirribonucleico (DNA) presente en los
organismos. La protedmica se basa en el estudio del proteoma, es decir
el conjunto de todas las proteinas presentes en las células, asi como las
posibles modificaciones que puedan sufrir en su ciclo vital. Por altimo,
la metaboldmica trata del estudio de todos los metabolitos celulares, es
decir, de todas aquellas moléculas implicadas en las rutas de
transformacion de diversos productos celulares. EI conjunto de todos los
metabolitos conforma el denominado metaboloma. Recientemente, el
desarrollo y especializacion en el campo de las disciplinas 6micas ha

dado lugar a la aparicion de nuevas subdisciplinas como la epigenémica,




lipidomica o la transcriptomica [2,3]. Los términos mas comunes usados

en los estudios metabolomicos y sus definiciones se encuentran

recogidos en Tabla 1.

Tabla 1. Términos y definiciones comunes en los estudios metabolémicos

Término

Definicion

Referencia

Biomarcador

Huella dactilar
metabolémica

Metaboloma

Metabolémica

Metabol6mica
dirigida (target)

Metabolémica no
dirigida (untarget)

Omica

Perfil
metabolémico

Compuesto quimico analizado en un
material ~ biolégico relativo a una
exposicion, susceptibilidad o efecto
bioldgico

Perfil obtenido de un analisis que
proporciona informacion de los analitos
presentes en la matriz de estudio
(“metabolic fingerprint”)

Conjunto de moléculas de bajo peso
molecular (<1500 Daltons) que se
encuentran en el interior, o son secretadas
por una célula o tejido de una matriz
bioldgica

Anadlisis completo del metaboloma de un
sistema biolégico en unas condiciones
concretas. No tiene por qué ser cuantitativo
o identificativo de los analitos

Andlisis del metaboloma centrado en una
lista especifica de analitos, generalmente
con un interés coman

Andlisis global del metaboloma con el
objetivo de estudiar tantos analitos como
sea posible

Estudio de conjuntos relacionados de
moléculas organicas de manera integra (p.
ej. genémica, transcriptémica, protedmica,
etc.)

Anédlisis y estudio de un nimero limitado y
predeterminado de analitos relacionados
entre si (por presentar similitudes fisico-
quimicas o por participar en una ruta
metabdlica concreta)

[4]

[5.6]

[5.6]

[5.6]

[7]

[7]

(8]

9]



En los ultimos afos, la metabolémica se ha reconocido como una de las
disciplinas més prometedoras en el campo de las ciencias émicas, en
diferentes &reas como el control de calidad y la identificacion de
marcadores en matrices alimentarias [10-12]. Algunas de las estrategias
mas ampliamente usadas para dar solucion a los problemas de seguridad
alimentaria son los andlisis de perfiles metabolomicos y la determinacion
de huellas dactilares [13]. Una de las principales diferencias entre el
analisis convencional y el analisis metabolémico es el nimero de analitos

cuyo estudio se aborda.

Las investigaciones enfocadas al estudio y comprensién del metaboloma
en areas como enfermedades humanas, analisis de plantas o alimentos
son claros ejemplos de impacto y crecimiento de las ciencias 6micas. En
concreto, el estudio de alimentos se encuentra en auge debido a la cada
dia mayor demanda de los consumidores de productos de alta calidad.
Este hecho se ve reflejado en la abundancia de estudios metabolomicos
gue se han realizado en la Gltima década en numerosos alimentos y
bebidas como café [13,14], té [15], aceite [16,17], queso [18], azlcar de
cafia [19], miel [20], aceite de palma [21], etc. También existen un
diferentes estudios sobre bebidas alcohdlicas como cerveza [22,23] o

vino [24-26], entre otras.

La calidad final de este tipo de productos puede depender de diversas
variables: origen, composicién, propiedades fisicas, evaluacion sensorial
satisfactoria, procesamiento y almacenamiento del producto, etc. Cabe
indicar que, en cuanto a la calidad de los alimentos, ésta puede evaluarse
no solo desde la perspectiva de la presencia/concentracion de

componentes beneficiosos para la salud y que incrementan la calidad del




producto, sino también desde la perspectiva de la identificacion de
compuestos cuya presencia disminuyan su calidad (sustitucién por
ingredientes mas econdémicos, diluciones, descripcion incompleta del

producto en su etiquetado, etc.).

Los ultimos avances en las técnicas analiticas han sido cruciales para el
desarrollo de métodos que puedan abarcar todos los requisitos actuales
en materia de la calidad alimentaria. Hoy en dia se dispone de diferentes
técnicas con capacidad de obtener gran cantidad de informacion de las
matrices alimentarias. Entre ellas destacan la cromatografia de gases
acoplada a espectrometria de masas (GC-MS), cromatografia de liquidos
acoplada a espectrometria de masas (LC-MS) o la resonancia magnética
nuclear (NMR) [27-29]. Una ventaja afiadida de éste tipo de técnicas es

su versatilidad para ser usadas con fines cuantitativos.

La eleccidén de la técnica mas adecuada dependera fundamentalmente de
las caracteristicas fisico-quimicas de los componentes a determinar en la
muestra, como pueden ser su polaridad, volatilidad o nivel de
concentracion. En el caso de compuestos que presentan una polaridad
baja y volatilidad alta-media, la GC es la técnica mas ampliamente usada,
contando con la opcion de derivatizacion previa para aquellos
compuestos con mayor polaridad. Por otro lado, la LC es aplicada para
compuestos con baja volatilidad, baja estabilidad térmica y una alta
polaridad. Por su parte, la técnica de NMR puede considerarse universal
en cuanto a los compuestos a determinar si son de caracter organico; asi
como por ejemplo los analisis basados en *H-NMR permiten el estudio
de todos los compuestos que presentan protones en su estructura, siendo
una de sus mayores desventajas su escasa sensibilidad respecto a otras

técnicas.
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A la hora de la identificacién y cuantificacion de analitos en alimentos y
muestras bioldgicas, las técnicas cromatograficas pueden ir acopladas a
diferentes detectores clasicos como el de fotodiodos en fila o bien de MS,
siendo este ultimo el mas usado actualmente en su modalidad de

espectrometria de masas en tandem (MS/MS).

Los analizadores basados en MS se pueden dividir en dos grandes
grupos: espectrometria de masas de baja resolucion (low resolution mass
spectrometry, LRMS) y espectrometria de masas alta resolucion (high
resolution mass spectrometry, HRMS). Los analizadores tipo LRMS se
caracterizan por presentar resultados 6ptimos en términos de robustez y
sensibilidad, mientras que los instrumentos tipo HRMS cuentan con
mayor capacidad para analizar un alto nimero de compuestos. Entre los
tipos de analizadores mas destacados hoy en dia se encuentran los de
triple cuadrupolo (QqQ), Orbitrap, el sistema hibrido cuadrupolo/tiempo
de vuelo (quadrupole/time of flight, Q-TOF) y el sistema hibrido
cuadrupolo/Orbitrap (quadrupole/Orbitrap, Q-Orbitrap) [30].

Para generar los iones en fase gaseosa, hay diferentes tipos de fuentes de
ionizacion, como la de ionizacién electrénica (EI) y la ionizacion
quimica (ClI), utilizadas con frecuencia en GC-MS, mientras que la
ionizacion por electronebulizacion (ESI), en modo positivo 0 negativo,
y la ionizacion quimica a presion atmosférica (APCI) se emplean
comdnmente en LC-MS [31].

Por otro lado, técnicas extensamente aplicadas para estudios no
cuantitativos como la NMR (conocida con dicha finalidad como NMR
cuantitativa, gJNMR), han demostrado en los ultimos afios una excelente

capacidad en la determinacion de la concentracion de analitos
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mayoritarios en gran variedad de matrices complejas como productos

naturales [32], suplementos dietéticos [33] o farmacos [34].

Del mismo modo, el desarrollo de herramientas informaticas que
faciliten el procesado y la gestion de todos los datos obtenidos mediante
este tipo de técnicas son una pieza clave para la interpretacion fiable y
atil de los mismos. El uso de analisis estadisticos multivariantes en los
estudios metaboldmicos es la sistematica mas extendida para el manejo
de la informacion adquirida, permitiendo la diferenciacion entre distintos
grupos y discriminacion de los potenciales marcadores de las matrices
objetivo [35].

Teniendo en cuenta todas las consideraciones descritas, el enfoque
metabolomico debe realizarse con un cuidadoso disefio de cada una de
las etapas que lo conforman, desde la seleccion y toma de muestras,
almacenamiento y conservacién, procedimiento de extraccién/
purificacion, anélisis, procesado de los datos, analisis multivariante,
validacion de los modelos estadisticos y la interpretacion de los

resultados que puedan extraerse del estudio.

Un estricto control de la seguridad agroalimentaria a través de los nuevos
recursos analiticos puede proporcionar ventajas y beneficios directos
para la salud humana; menor desperdicio de alimentos y aumento en la
calidad y durabilidad de los productos. Ademas, el correcto control y
seguimiento de los procesos de produccion pueden verse optimizados
dando lugar a beneficios indirectos como la disminucion de uso de

energia, asi como la reduccion de la huella de carbono resultante.

La presente Tesis Doctoral se ha centrado en la aplicacion de
herramientas de la metabolomica para la clasificacion y/o identificacion

de marcadores quimicos de calidad en bebidas alcohdlicas mediante
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técnicas de cromatografia-MS y NMR, a fin de aportar al control de
calidad de ron dorado. Ademas, se ha llevado a cabo la aplicacion de la
técnica de NMR cuantitativa (q-NMR) para la determinacion de distintas
sustancias activas (acido etidronico y acido borico). En las siguientes
secciones se expondran en detalle los fundamentos y la investigacion
desarrollada en la presente Tesis para cada uno de los apartados que la

componen.

1.2 Metabolémica

1.2.1 Introduccion al analisis metabolomico

El desarrollo de estudios metabolémicos permite el estudio de sistemas
bioldgicos mediante la observacion de las moléculas interconectadas a
través de rutas metabdlicas. EI amplio potencial de este tipo de anélisis,
de la mano de las capacidades que aportan los avances tecnolégicos, da
lugar a estudios cada vez mas exhaustivos y sofisticados de todo tipo de

matrices bioldgicas y agroalimentarias.

La informacion que permite obtener el analisis metabolomico ayuda a
entender las matrices en base al estudio de los analitos de bajo peso
molecular presentes en ellas. Distintos factores intrinsecos (edad,
maduracion, etc.) o extrinsecos (sustancias afiadidas, contaminantes,
etc.) aportan informacion clave para conocer el estado del sistema en
estudio y cémo se ve afectado por el entorno. Las herramientas de la
metaboldmica pueden ser aplicadas a casi todo tipo de matrices y

enfocarse a multitud de casos de estudio.
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A tal fin, se abarcan diferentes estrategias cuya naturaleza depende del
objetivo del estudio y el conocimiento previo del problema objetivo. A
la hora de realizar un estudio metabolomico, es necesario un disefio
previo, en el que hay que considerar diferentes etapas. Las etapas
comunes de cualquier estudio metabolémico pueden resumirse en las

siguientes:

e Establecimiento de la hipdtesis de trabajo

e Recoleccion de muestras representativas

e Eleccion de la técnica o técnicas analiticas mas adecuadas al
estudio propuesto

e Pretratamiento de las muestras (p. ej. extraccion, purificacion o
limpieza, preconcentracion, derivatizacion, etc.)

e Andlisis de las muestras, adquiriendo la maxima informacion Gtil
posible

e Pretratamiento de los datos para su adecuacién previa a los
analisis quimiométricos

e Procesado de datos: Analisis multivariantes, tanto supervisados
Ccomo Nno supervisados

e Validacion de los modelos propuestos

¢ Identificacion de marcadores con capacidad discriminante

e Interpretacion de los resultados

En el siguiente esquema (Figura 1) se muestran los principales apartados

de un estudio metaboldmico tras la adquisicion de los datos.

Un buen planteamiento del flujo de trabajo puede ser clave para el éxito
del analisis metaboloémico. Por ello, es de vital importancia la definicion
adecuada de los objetivos que se quieren alcanzar para asi responder

aquellas preguntas que se plantean.
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La seleccion de las muestras ha de ser minuciosa, de forma que éstas
sean representativas y aporten la informacion necesaria que se requiera
obtener del estudio. Su correcta conservacion y manipulacion, evitando
asi cualquier tipo de degradacion o pérdida de informacion, es esencial

en este tipo de trabajos.

" PRE-PROCESADO

POST-PROCESADO

VALIDACION

>PO0—-—20r0w>»-m=<

Figura 1. Flujo de trabajo general en un estudio metabolémico

La informacién previa del problema propuesto, asi como de la
informacién que se pretenda obtener, permitira una correcta seleccién
del tipo de andlisis metaboldmico que se precise. En aquellos casos
donde el nimero y analitos de interés sean conocidos se aplicara el
andlisis dirigido (targeted). Un ejemplo de andlisis dirigido puede ser la
obtencion de un perfil metabolomico, donde el enfoque se centra en el
estudio de un conjunto de metabolitos especificos, bien por similitudes
fisico-quimicas o por participar en una ruta metaboélica concreta. Sin
embargo, cuando se desconocen los metabolitos de interés que pueden
tener influencia en el estudio, el analisis no dirigido (untargeted) es el
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mas adecuado. El objetivo en tal caso es disponer de la mayor
informacion posible de la muestra sin precisar de la identificacion de

analitos concretos (huella metabolémica) [5,6].

En los estudios no dirigidos son clave tanto la extraccion como el anélisis
a fin de obtener el mayor nimero de metabolitos posible para tener una
informacidn global de la problematica. A tal fin es necesaria la aplicacion
de técnicas de tratamiento de muestra y de analisis adecuadas. La
seleccién de la técnica de analisis dependera de las caracteristicas del
problema en estudio, siendo las técnicas mas ampliamente utilizadas hoy
en dia con dicha finalidad la NMR y la MS acoplada a GC o LC [36].

El pretratamiento y tratamiento de los datos obtenidos de los analisis,
sobre todo en los no dirigidos, han de ser cuidadosamente optimizados.
La informacion, tanto de caracter cuantitativo como cualitativo es a
priori desconocida, por lo que los datos obtenidos pueden llegar a ser de
alta complejidad y volumen. Es por tanto necesario para un correcto
tratamiento de éstos el uso de herramientas especializadas en analisis de
datos que adapten la informacién obtenida a los analisis quimiométricos
a realizar. La comparacion y estudio de todos los resultados obtenidos
permite la clasificacién de muestras en categorias predefinidas, asi como
la identificacion de posibles analitos caracteristicos de una condicion

especifica.

Finalmente, una estricta validacion del modelo permitira una éptima
interpretacion de los resultados. Para ello, sera necesaria la division de
datos en conjuntos de entrenamiento y de validacién (p. ej. validacién

cruzada).

De forma adicional, una recopilacion de datos procedentes de distintas

técnicas de andlisis en un Unico modelo puede conducir a una mejora en
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las predicciones, asi como a una mejora de la interpretacion de los
resultados. Este proceso de unién de informacion es la denominada

fusion de datos.

En los siguientes apartados de la presente Tesis se describiran en
profundidad las distintas etapas de las que consta un estudio
metabolémico. En la Tabla 2 se retinen a modo de resumen los términos

mas frecuentemente empleados en este tipo de estudios.

Tabla 2. Términos y definiciones comunes en la quimiometria aplicada a la
metabolémica

Término Definicion Referencias
Analisis dirigido | Analisis centrados en un grupo
(targeted) especifico de analitos previstos, los
cuales generalmente requieren de la [37]
identificacion y cuantificacion de los
mismos
Analisis Anédlisis estadistico para la
discriminante determinacion de diferencias o [36]

semejanzas entre un grupo de variables
predefinidas

Analisis Andlisis estadistico de mas de una

multivariante variable (p. ej. analitos) de forma [36,39]
simultanea

Analisis no | Andlisis enfocado en la deteccion de

dirigido tantos grupos de analitos como sea

(untargeted) posible para obtener patrones o huellas [37]
dactilares sin necesariamente
identificar o cuantificar uno o mas
compuestos especificos

Analisis Extraccion de informacién de un

predictivo modelo con datos predefinidos para la
prediccion del comportamiento futuro o [40]

estimacion de resultados desconocidos
para cierta variable o variables
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Término

Definicion

Referencias

Andlisis
quimiometrico

Carga (Loading)

Componente
principal

Modelo
estadistico

Modelo no
supervisado

Modelo
supervisado

Puntuacion
(Score)

Validacion
estadistica

18

Andlisis  que  utiliza  métodos
matematicos o estadisticos para disefiar
0 seleccionar procedimientos vy
experimentos de medicion dptimos,
proporcionando la maxima informacion
guimica relevante mediante el andlisis
de datos quimicos

Influencia de las variables en un
modelo multivariante

Combinacion de variables originales
que forman ejes de maxima dispersion
de las muestras en el espacio del
modelo

Analisis matematico para el estudio de
la  correlacion  entre  variables,
generalmente datos X frente a datos Y
(p. €j, PCA, PLS, LDA).

Determinan los conjuntos de patrones
segun sus propiedades y sin un
conocimiento previo de la categoria de
las variables (p. j., PCA)

Usan herramientas estadisticas con
informacién  adicional  sobre  los
conjuntos de datos para determinar
similitudes y diferencias entre grupos
predefinidos (p. j., LDA)

Para una observacion dada, es la
distancia desde el origen a lo largo de
su componente hasta el punto donde se
proyecta en el modelo

Conjunto de evaluaciones que tienen
como objetivo asegurar la calidad de las
conclusiones extraidas del andlisis de
datos (p. ej. validacion cruzada)

[41]

[42]

[42]

[43,44]

[45]

[45]

[42]

[44]



1.2.2 Adquisicion de datos

Como antes se ha mencionado, en funcion del planteamiento inicial
propuesto para el estudio metabolomico, la informacion que se quiera
obtener, asi como el conocimiento previo que se tenga de la matriz

objetivo, pueden abordarse diferentes aproximaciones.

Un anélisis dirigido (targeted) esta orientado a la determinacion
(cuantitativa o cualitativa) de una serie de compuestos relacionados por
alguna propiedad o caracteristica en lugar de estudiar el metaboloma
completo. La ventaja de este tipo de analisis reside en simplificar el
manejo de datos obtenidos al centrarse en ciertos marcadores concretos.
Por otro lado, el andlisis no dirigido (untargeted) se centra en la
deteccion del mayor nimero posible de analitos, con el fin de asociar
patrones o relaciones especificas de ellos respecto a una condicion,
caracteristica o tratamiento. La seleccion tanto de los métodos de
extraccion como de la técnica de andlisis dependeré del tipo de enfoque
seleccionado para el estudio [13].

La etapa de extraccion de compuestos volatiles/semivolatiles de las
matrices puede miniaturizarse y automatizarse con el uso de técnicas
como la microextraccion en fase sélida (SPME) (con posible
derivatizacion previa), entre otras, minimizando los errores Yy
contaminaciones debidos a la manipulacién de la muestra. Mientras que
para los componentes no volatiles se encuentra muy extendido el empleo
de métodos de tratamientos genéricos como “dilute and shoot” (diluir e
inyectar), que permiten una extraccion rapida, repetitiva y reproducible

de las muestras sin perder informacién discriminante [30].
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Entre las técnicas de andlisis mas empleadas para estudios
metabolomicos se encuentra la cromatografia, debido al alto grado de
eficacia en la separacion de analitos objeto de estudio, facilitando asi el
estudio individualizado de cada uno de ellos y la capacidad de obtener
amplia informacién en cuanto a numero de analitos en todo tipo de
matrices. Dependiendo de las caracteristicas fisico-quimicas (polaridad,
volatilidad, etc.) de los compuestos que se pretenden determinar, sera la
GC o LC la técnica 6ptima para la separacion de los mismos, siendo
muchos compuestos susceptibles a ambos tipos de analisis. No obstante
hay que mencionar que otras técnicas también son ampliamente
empleadas a tales fines, destacando entre ellas por la cromatografia
ionica (IC) [46], ICP-MS [47] o la espectroscopia de absorcion atomica
(EAA) [47].

Como ya se ha expresado, las técnicas tanto de GC y LC pueden
acoplarse a analizadores de MS de baja resolucién, como QqQ o trampa
de iones, o de alta resolucion como sector magnético o analizadores de
tiempo de vuelo (TOF). En el caso de los analisis no dirigidos, la
adquisicién por MS en modo barrido completo (full scan) es la méas
utilizada, obteniéndose asi las medidas de masa exacta de la mayor
cantidad de analitos presentes. Para analisis dirigido, los estudios
requieren de una identificacion estricta. A tal fin, el modo de
monitorizacion de reaccion multiple (MRM), donde los iones
precursores dan lugar a fragmentos especificos (iones producto), es el

maés usado.

La NMR de alta resolucion también se ha aplicado en estudios
metabolémicos. A pesar de su alto coste, esta técnica, presenta

importantes ventajas ante la posibilidad de analizar cantidades
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relativamente pequefias de muestra o extractos de muestra de una manera
no destructiva, facil y directa, permitiendo la determinacion simultanea

de varios analitos en un mismo analisis.

Aunque la aplicacion de la NMR se extiende a un apreciable nimero de
nacleos magnéticamente activos (hidrogeno-1, carbono-13, nitrégeno-
15, floor-19, fésforo-31, etc.), el procedimiento mas extendido en la
metabolomica es el monodimensional de hidrégeno (*H-NMR). Este
hecho se debe tanto a su presencia en practicamente la totalidad de los
analitos presentes en las muestras, junto a su elevada abundancia natural
y sensibilidad [23].

En matrices que contienen altas concentraciones de componentes
mayoritarios, como es el caso del agua y el etanol en bebidas alcohdlicas,
puede perderse informacion de aquellos minoritarios en adquisiciones
mediante NMR. La distorsion generada en los espectros obtenidos
debido a la alta intensidad de las sefiales puede evitarse con pulsos
selectivos a distintas frecuencias para la supresion de éstas. De éste modo
se logra el andlisis y estudio de sefiales solapadas y con alto poder
discriminante en los estudios metabolomicos de bebidas con elevado

contenido alcoholico, como son las bebidas espirituosas [48].

1.2.3 Pretratamiento de sefales instrumentales

Los efectos de errores tanto en el proceso de preparacion de la muestra
como en la medida de la sefial analitica pueden verse reducidos con un

adecuado pretratamiento de datos. Dicho pretratamiento consta de
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distintas etapas, siendo la mayoria de ellas comunes para la informacién
de MS o de NMR.

El alineamiento de cromatogramas y espectros es una de las etapas mas
importantes. Permite comparar las sefiales obtenidas pese a los posibles
desplazamientos experimentales, tanto en tiempo de retencién (RT)
como en el desplazamiento quimico (8). Dichas diferencias pueden ser
debidas a interacciones de los componentes de las matrices de estudio o
a causas experimentales como ligeras desviaciones en la adquisicion de

las mismas.

En la NMR, la correccion de la linea de base es otra técnica de
pretratamiento espectral que es critica para eliminar las sefiales que
pueden surgir de distorsiones electrénicas, filtrado digital inadecuado o
muestreo digital incompleto. Cuando se realiza correctamente, la
correccion de la linea base produce un espectro de aspecto mas fidedigno
donde las regiones sin sefial son lineas horizontales completamente

planas con intensidad cero [49].

En el caso de cromatogramas obtenidos mediante GC y LC, la
deconvolucion de la sefial obtenida permite resolver el solapamiento de
los picos, generando una tabla donde cada variable correspondera a una
sefial resuelta. Este paso puede reducir considerablemente la
complejidad de los datos obtenidos. Hoy en dia existen diversos software
para la deconvolucion orientada a la MS basados en el estudio de los
perfiles espectrales de las sefiales para la resolucién de los picos (Tabla
3).

En el caso de la NMR, el estudio de las sefiales esta basado en la
segmentacion de los espectros obtenidos, logrando asi una comparacion

regional entre muestras. A diferencia de la informacion obtenida
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mediante LC-MS o GC-MS, donde la sefial correspondiente a uno o
varios analitos aparece a un RT, en los espectros de NMR las sefiales a
diferentes & pueden ser debidas al mismo analito, con sus
correspondientes desdoblamientos magnéticos. Es por ello que la
segmentacion de los espectros para comparaciones regionales equitativas
es la técnica mas extendida en los estudios metaboldmicos mediante
NMR, reduciendo la dimensionalidad de los datos a costa de la pérdida
de resolucion espectral util para posibles futuras identificaciones. La
segmentacion implica la division de los espectros de NMR en pequefias
regiones (generalmente de 0.01-0.1 ppm), que son lo suficientemente
anchas como para incluir una o mas sefiales de NMR. La segmentacion
de la NMR da lugar a un conjunto de datos de intensidades resultantes
de la fragmentacion equidistante de los espectros. Regiones de
compuestos comunes y mayoritarios, como el caso del agua en la
mayoria de matrices, pueden excluirse selectivamente de Ila

segmentacion [58].

Tabla 3. Listado de software disponible para deconvolucién en MS

Término Accesibilidad Referencias
AnalyzerPro Disponible comercialmente [50]
Automated Mass = Gratuito

Spectromet_ry [51]
Deconvolution and

Identification (AMDI)

ChromaTOF Disponible comercialmente [52]
Deconvolution  Reporting | Disponible comercialmente [53]
Software (DRS)

MetaboliteDetector Gratuito [54]
MS-DIAL Gratuito [55]
MzMine Gratuito [56]
TraceFinder Disponible comercialmente [57]
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La disponibilidad de software orientado al alineamiento de espectros de
NMR es mas reducida que en el caso de la MS, siendo programas como
NMRProcFlow, MestreNova o Chenomx NMR Suite los maés

comunmente utilizados [49,59].

El escalado es otra parte importante del pretratamiento de datos, tanto de
los obtenidos mediante MS como NMR. Cuando se trabaja con datos
para estudios no dirigidos, un analisis directo de los datos sin tratamiento
daria lugar a analisis con enmascaramiento de variaciones en la matriz al
usarse valores de variables basadas en el &rea obtenida. Por ello, la
aplicacion de estrategias de escalado de datos es prioritaria antes de
cualquier estudio metabolomico, centrandose asi en la variacion de la
composicion de la muestra y en las similitudes/diferencias entre el
conjunto de datos. Los tipos de escalado méas cominmente empleados en
metabolomica se muestran a continuacion desde la Ecuacion 1 a la
Ecuacion 6 [49]:

e Centrado medio: Este método sustrae la media (x,;) a cada una

de las medidas de una variable (xij), de manera que solo tenemos

la variabilidad presente entre las muestras:

Xij = Xij = Xy

Ecuacién 1. Método de escalado mediante centrado medio

e Autoescalado (escalado unitario): El objetivo del autoescalado
es dar el mismo peso a todas las variables (centrado medio
dividido por la desviacion estandar de cada variable, si). De este
modo los analitos con baja y alta abundancia contribuirdn de

igual forma en los modelos multivariantes. Por otro lado, el
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autoescalado destacara aquellas sefiales poco relevantes para el
estudio, incrementando ademas los errores de medicion de
aquellas variables de poco interés que puedan aparecer. Por ello,
Su uso requiere de un conocimiento previo de la matriz de

estudio, suprimiendo aquellas variables que puedan interferir.
xi]' — x_,]

Ecuacion 2. Método de transformacion de escalado unitario (autoescalado)

e Escalado Pareto: Similar al autoescalado, pero en este caso cada
elemento en la caracteristica centrada a la media se divide por la
raiz cuadrada de la desviacion estandar. El escalado Pareto es un
compromiso entre el centrado medio y el autoescalado, donde las
variables con alta abundancia son menos dominantes en
comparacion con los correspondientes centrados a la media. Es
el modo de escalado mas ampliamente usado para datos
obtenidos mediante detectores tipo MS y NMR, restando la
importancia del ruido mientras preserva la varianza del conjunto

de datos.

x,-]-— x_l]

Ecuacién 3. Método de transformacion de escalado Pareto
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e Escalado por rango: Cada variable ya centrada a la media se
divide por el rango. Esta operacion mejora la importancia en el
modelo de aquellas variables con menor variabilidad a la vez que
reduce notoriamente la varianza. No funciona bien cuando la

diferencia entre el maximo y minimo del rango es muy grande.

xi]'— x_,]

B (xmax - xmin)

xi]-

Ecuacion 4. Método de transformacion de escalado por rango

Por otro lado, la aplicacion de métodos de transformacion matemaética
para la correccion de la heterodasticidad es muy extendida en
metabolomica. La transformacién logaritmica y la transformacion de

poder son las mas comunes [60]:

e Transformacion logaritmica: Cada variable original se
reemplaza por el valor de su logaritmo decimal. De esta forma
los valores iniciales son reducidos a nimeros proximos a cero,
reduciendo el rango de las variables sin enmascarar el efecto de
aquellas mas pequefias y evitando que los valores mayores tengan

influencia sobre los menores.

x;; = log(xy;)

Ecuacion 5. Método de transformacién logaritmica

e Transformacion de potencia: Cada variable original se

reemplaza por el valor de su raiz n; siendo n (Ecuacion 6)
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seleccionado de forma arbitraria. Es una buena alternativa

cuando la transformacion logaritmica no se puede conseguir por

la presencia de ceros en las variables, los cuales dan resultados

préximos a menos infinito en tales casos.

Ecuacion 6. Método de transformacion de potencia

Una vez que se han procesado todos los datos se obtiene una matriz

compuesta por un nimero de observaciones (muestras, Y) y un nimero

de variables (sefiales o analitos, X), preparada para un consecuente

analisis multivariante. La Tabla 4 relne las definiciones de los términos

mas comunmente usados en el pretratamiento de sefiales en estudios

metabolémicos.

Tabla 4. Términos y definiciones comunes en el pretratamiento de datos de estudios

metabolédmicos

Término

Definicion

Referencias

Alineamiento

Correccion de
base

Deconvolucién

linea

Sincronizacion del RT o o de
varios cromatogramas o espectros
de NMR, respectivamente, en un
conjunto de muestras dado
Método para la rectificacion de
inclinaciones y desviaciones de
los espectros de NMR
Resolucién de picos superpuestos
en un cromatograma,
generalmente LC o GC,
utilizando una segunda dimension
(como la MS)

[44]

[59]

[44]
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Término

Definicion

Referencias

Eliminacion de
valores atipicos

Escalado

Normalizacién

Rellenado de ceros

Segmentacion

Seleccidn de variables

Suavizado
(Smoothing)

Transformacion
matematica

28

Eliminacion de wvalores que
exhiben una alta desviacion
respecto la mayoria de sus
réplicas

Reduccion del impacto de sefiales
en modelos con gran varianza,
destacando aquellas que
presentan mayor variabilidad,
pero menor concentracion
Correccion de la variabilidad
existente entre las distintas
muestras del estudio debido a
variaciones experimentales
Adiciéon de valores a aqguellos
datos nulos en la tabla obtenida
tras la seleccion de sefiales
Método de definicion de tamarfio
de segmentos espectrales para su
integracion individual.
Generalmente  aplicado  para
sefiales de NMR

Estudio de sefales significativas
de GC-MS o0 LC-MS para la
obtencién de tablas con valores
m/z correspondientes a
intensidades de sefiales
Optimizacion de la resolucion del
cromatograma 0 espectro
obtenido para una mejor robustez
del andlisis e interpretacion del
mismo

Alteracion matematica para la
correccion de datos sesgados que
puedan ser originados por
situaciones bioldgicas
particulares (heterocedasticidad)

[44]

[58]

[58]

[41]

[41]

[44]

[36]

[35]



1.2.4 Métodos multivariantes

Se pueden diferenciar dos tipos de métodos de andlisis estadisticos
multivariantes, supervisados y no supervisados, en funciéon de si se
conoce e indica la pertenencia de los datos Y a distintas categorias o no.
Generalmente se emplean en primer lugar los métodos estadisticos no
supervisados para una exploracion inicial del conjunto de datos. A tal
fin, existen diversos software destinados a la aplicacion de éste tipo de
analisis en estudios metabolémicos, En la Tabla 5 se muestran algunas

de las herramientas actualmente mas extendidas en éste tipo de estudios.

Tabla 5. Herramientas para el analisis estadistico de datos en estudios
metabolémicos

Término Accesibilidad Referencias
Compound Discoverer Disponible comercialmente [61]
MATLAB Disponible comercialmente [62]
MetaboAnalyst Gratuito [63]
MetabolAnalyze Gratuito (Complemento de R) [64]
MZmine Gratuito [56]
SIMCA Umetrics Disponible comercialmente [65]
Unscrambler Disponible comercialmente [66]
Workflow4metabolomics = Gratuito [67]
XCMS Online Gratuito [68]

Los métodos no supervisados muestran las distintas relaciones existentes
entre las diferentes X variables e Y observaciones, siendo asi observables
las similitudes y diferencias de forma global. La optimizacion de los
parametros de pretratamiento de datos previamente descrita puede
llevarse a cabo con este tipo de andlisis. La interpretacion de los
resultados permitira ademas la deteccion de muestras atipicas, outliers.

Dichas observaciones muy diferentes a las deméas seran eliminadas,
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obteniendo asi un conjunto de muestras validas para el estudio, con X

variables con una desviacion apropiada.

Generalmente, el analisis estadistico no supervisado mas utilizado en los
estudios metabolémicos es el analisis de componentes principales
(PCA). Este tipo de andlisis ofrece una interpretacion del conjunto de
datos, sin informacion previa a ninguna categoria, explicando la
variabilidad de la informacidn con un nimero relativamente pequefio de

componentes principales (PCs) [69].

La seleccion del nimero 6ptimo de PCs es crucial para la interpretacion
de los resultados del PCA: una sobreestimacion o infraestimacion del
modelo puede dar importancia a variables como el ruido, asi como puede
ademas omitir informacion relevante en los resultados, respectivamente.
Uno de los métodos mas empleados para conseguir una buena estimacion
de PCs es la validacién cruzada (CV). Este método calcula el error de
prediccion que se consigue al elegir diferente nimero de variables para
cierto numero de PCs. Es decir, después de ordenar las nuevas variables
0 PCs en funcién a su influencia en el modelo, éstas mismas se van
agregando secuencialmente hasta incluir todas, registrando el error
obtenido en cada modelo y estableciendo asi el nimero 6ptimo. Dicho
error es evaluado por el valor de ajuste del modelo (R?) y por su
capacidad de prediccion (Q?). El resultado 6ptimo serd aquél que, tras la
adicion de cierto namero de PCs, aporte un aumento infimo al error
obtenido [35].

Otro tipo de analisis no supervisado comdnmente usado en los estudios
metabolémicos para la reduccion de la dimensionalidad de los modelos
en interpretaciones bidimensionales es el analisis de agrupamiento

jerarquico (HCA), en el que se enfatizan los grupos y patrones naturales
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en un diagrama ascendente. La agrupacion final se logra mediante el uso
de una métrica apropiada en la distancia de las muestras, organizando los
resultados en dicha jerarquia grafica. El HCA permite, ademas, evaluar
la relacion entre distintos grupos de observaciones y variables mediante

interpretacion de sus distancias [70].

Normalmente, a continuacion de los analisis no supervisados, se procede
a la aplicacion de andlisis supervisados, donde las variables iniciales de
los modelos son descritas en funcion a sus categorias de pertenencia, para
una interpretacion focalizada en sus agrupaciones. Gracias a estos
analisis es posible obtener modelos de clasificacion a partir de las
variables pertenecientes a las observaciones analizadas. A tal fin, se
utiliza un conjunto mayor de muestras para el perfeccionamiento del
modelo (conjunto de entrenamiento), mientras que el resto se usa para

confirmacion en la prediccion de las mismas (conjunto de prediccion).

Entre los diversos tipos de analisis supervisados ampliamente utilizados
en estudios metabolémicos se pueden citar, el analisis discriminante
lineal (LDA), el anélisis discriminante por minimos cuadrados parciales
(PLS-DA) o el analisis discriminante por minimos cuadrados parciales
ortogonal (OPLS-DA). La Tabla 6 describe distintos tipos de anélisis y

términos cominmente utilizados en modelos multivariantes.
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Tabla 6. Denominacion de analisis y términos en modelos multivariantes

Término

Definicion

Referencias

AUC

CV-
ANOVA

Datos Y

Datos X

DModX

HCA

Hotellings
T2

LDA

OPLS-

DA

PCA

32

Valor entre 0 y 1 correspondiente al area bajo
la curva ROC. Cuando el valor es proximo a 1,
se considera que la capacidad clasificatoria del
modelo es 6ptima

Anélisis de varianza con validacion cruzada
que proporciona un valor p para el célculo del
nivel de separacion de grupos en los anélisis
OPLS

Variables con valores cuantitativos o0
cualitativos relacionados con las observaciones
del modelo (p. €j. sefial analitica)

NUmero de observaciones de un modelo
estadistico (p. ej. muestras bioldgicas)
Distancia de una observacion dada al modelo
para la deteccion de posibles valores atipicos,
relacionado con la suma de cuadrados residual
0 error cuadratico de prediccion

Anaélisis no supervisado para la busqueda de
agrupaciones  por similitud tanto de
observaciones como variables en el modelo
Generalizacion de la distribucion de las
variables en un intervalo de confianza del 95%
que puede ser usada para identificar valores
atipicos en un modelo estadistico

Andlisis supervisado para maximizar la
varianza entre clases disminuyendo la varianza
dentro de las mismas a través de funciones
lineales

Extension del analisis PLS-DA donde la
varianza entre los grupos propuestos no se
encuentra relacionada entre si, dando mayor
importancia a los componentes predictivos
Anélisis no supervisado para la reduccion de
dimensiones del modelo en componentes
principales mediante transformaciones lineales,
manteniendo la mayor varianza posible

[35]

[71]

[39]

[39]

[71]

[41]

[71]

[35]

[71]

[39]



Término  Definicion Referencias

PLS-DA | Anadlisis discriminante supervisado de las
variables de un modelo para la prediccion de
observaciones relativas a varias clases
mediante reduccion de dimensiones

Q? Medida de la capacidad del modelo para
predecir un nuevo conjunto de datos, explicada [71]
mediante validacion cruzada de los datos

R? Medida de los datos originales correctamente
explicados por el modelo propuesto (ajuste del
modelo), siendo el valor igual a 1 cuando se da
un valor de acierto del 100% de los casos

ROC Andlisis para la evaluacion de la habilidad
predictiva de un modelo por representacion
grafica de sensibilidad frente a especificidad,
generalmente en clasificaciones binarias

VIP Anélisis de la carga discriminatoria de las
variables en un modelo clasificatorio, dando
valores superiores a 1 cuando la contribucion es
mayor que la media

[72]

[71]

[35,41]

[71]

Tanto el andlisis LDA como PLS-DA son hoy en dia los andlisis
supervisados mas ampliamente utilizados en estudios metabolémicos
tanto de caracter sanitario como agroalimentario [73]. El primero se basa
en la maximizacion de la relacion de varianza entre clases y la relacion
dentro de las mismas, usando asi combinaciones lineales de las variables
originales con el fin de lograr modelos de clasificacion. Al requerir el
LDA de un nimero semejante de muestras y de variables, es comun la
seleccion de modelos donde primero se produce una etapa de extraccion

de variables, como es el caso de los PLS-DA [74].

Aunque el PLS-DA implica una serie de operaciones matematicas y una

gran cantidad de parametros, fundamentalmente su aplicacién conlleva
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dos procesos principales; (a) reduccién de la dimensionalidad mediante
construccion de componentes; y (b), la construccion del modelo
discriminante. Mediante métodos de regresion iterativa se construyen
modelos que relacionan un grupo de variables independientes y una
variable dependiente, permitiendo asi maximizar la covarianza entre los
grupos. La representacion grafica de estos modelos, de manera similar al
PCA, es util para interpretar el grado de discriminacion entre los grupos,

con una mejora sustancial en términos de clasificacion [72].

Una modificacién del PLS-DA es el OPLS-DA, similar a su predecesor,
donde las variaciones de la matriz de datos son divididas en dos partes a
través de una correccion de sefial ortogonal: una parte muestra la
capacidad de respuesta lineal, mientras que la otra muestra una respuesta
ortogonal a la lineal. Aquellas variables que muestren una variacion
considerable con la respuesta resultante seran usadas para la creacién del
modelo, consiguiendo asi una maximizacion entre los grupos

correspondientes a las categorias iniciales [35].

1.2.5 Validacién de modelos multivariantes

Tras el disefio y construccion de los modelos estadisticos, es
imprescindible llevar a cabo un proceso de validacién para demostrar la
aptitud de los mismos. La validacion del modelo es un proceso para la
evaluacion de los resultados obtenidos, garantizando que las relaciones
hipotéticas entre las observaciones/muestras y las variables/respuestas
proporcionan una capacidad optima de prediccion del modelo. Modelos
de prediccion con PLS-DA tienen una alta tendencia al sobreajuste, por

lo que es necesaria una validacion cuidadosa.
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Pese al apreciable incremento de estudios metabolémicos en los ultimos
afios, asi como al desarrollo cada dia de herramientas mas completas para
la aplicacion de analisis multivariantes, la existencia de guias
predefinidas para abordar la validacion de modelos metabolomicos es
muy reducida. Alguna de ellas, como la guia para la validacién de
andlisis multivariantes de la Federacion Europea de Asociaciones
Nacionales de Laboratorios de Medicion, Ensayo y Andlisis (Eurolab),
tiene como finalidad la evaluacion de estudios metabolémicos basados
en laNMR [75]. En la mayoria de los casos, la validacion se ve reducida
a aquella incluida por los desarrolladores del software, comdnmente

basadas en CV.

La forma mas irrefutable para la evaluacién de la capacidad predictiva
del modelo pasa por la evaluacion de nuevas observaciones de un
conjunto de datos independiente: el ya previamente descrito conjunto de
prediccién. Dichas observaciones, generalmente un 20%-25% de las
disponibles, no son usadas en la construccion del modelo. El coste de
dicha division es la posible pérdida de informacién sustancial para el
estudio metabolémico, por lo que s6lo debe de realizarse cuando hay
suficientes observaciones disponibles para no afectar a los resultados
finales. La evaluacion del conjunto de prediccion proporcionara un valor
inequivoco de muestras correctamente clasificadas (CC%). Aparte de la
evaluacion mediante conjuntos de entrenamiento y prediccion, otra de

las estrategias mas comunmente utilizadas es la CV.

Los resultados del procedimiento de CV se basan en la optimizacion en
torno a parametros de calidad, como R? y Q% R? mide la bondad del

ajuste del modelo al conjunto de datos usados, mientras que Q? mide la
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capacidad predictiva del mismo. Un valor de R? igual a 1 indica un ajuste
completo de los datos por el modelo, mientras que Q? igual a 1 indica
una capacidad predictiva del 100% de acierto (generalmente Q?>0.5 se
admite como un buen valor de predictibilidad). El valor R? aumenta a
medida que aumenta el nimero de PCs, aproximandose a 1 si cuenta con
un nimero equiparable a la matriz X. Por otro lado, el valor de Q? puede
sufrir una disminucion con el aumento de PCs debido al ajuste en base a
variables del conjunto de datos que ya no son representativas de la
poblacién estudiada. Es decir, en cierto grado de complejidad, la
capacidad de prediccion del modelo disminuye. Una gran discrepancia
entre R? y Q? indica un sobreajuste del modelo mediante el uso de

demasiados componentes [76].

Pueden diferenciarse varios tipos de CV (Leave One Out, Monte-Carlo,
2CV, etc.), siendo la méas extensamente utilizada la validacion cruzada
dejando k-muestras fuera (k-fold CV). En ella, el conjunto de datos es
dividido en k nimero de subconjuntos y, para un nimero fijo de PCs,
todos los individuos de cada subconjunto son clasificados usando un
submodelo construido con los otros k-1 subconjuntos (subconjunto de
calibracion). Las diferencias entre los valores pronosticados y los valores
son entonces utilizadas para calcular el pardmetro Q? para este nimero
de PC. El procedimiento comienza en PC = 1y se repite incrementando
el valor siempre que el aumento de Q? sea mayor que un valor 6ptimo
fijado [76].

Otra estrategia de validacion de un modelo clasificatorio muy extendida
es el anélisis de caracteristica de funcionamiento del receptor (ROC). Un
grafico ROC presenta la habilidad de acierto en el eje de abscisas frente

al ratio de falsos positivos obtenidos (100 — especificidad), en el eje de
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ordenadas, formando la conocida como area bajo la curva (AUC). El
valor de AUC puede aplicarse entonces como prueba de capacidad
clasificatoria, asignando un valor igual a 1 a una prueba perfecta,
mientras que un valor de AUC de 0.5 indicard que la mitad de los
resultados son debidos al azar. Si bien el analisis ROC ofrece la
posibilidad de ajustar el valor de corte para optimizar las estrategias de
clasificacion, su uso siempre es recomendable como andlisis adicional al

resto de validaciones [77].

Ademaés, los modelos multivariantes construidos pueden evaluarse a

través de distintos tipos de errores: [78]:

e Raiz del error cuadratico medio de calibracion (RMSEC): ajuste
del modelo al conjunto total de datos del estudio metabolémico.

e Raiz del error cuadritico medio de la validacion cruzada
(RMSECV): medida de la capacidad del modelo para la
prediccion de observaciones que no fueron empleadas para la
construccion del modelo mediante el proceso de validacion
cruzada.

e Raiz del error cuadratico medio de prediccion (RMSEP): aporta
informacién acerca del ajuste del modelo a aquellos datos y
variables que no fueron empleadas para la construccion del

modelo.

Todos los valores de las distintas raices de error cuadratico medio
(RMSE) pueden ser determinadas mediante la Ecuacion 7, donde el valor
y es el valor real, mientras que el valor y es el valor predicho, el cual

difiere entre los distintos tipos de RMSE. Un valor bajo de los distintos
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RMSE es indicativo de un buen comportamiento del modelo
desarrollado [79]:

1
RMSE = |— — 9)2
S NE()/ y)

Ecuacion 7. Ecuacién para el calculo de la raiz del error cuadratico medio

Otros valores adicionales para la validacion de un modelo multivariante,
como la sensibilidad y la selectividad, pueden ser calculados mediante la

aplicacion de los resultados de clasificacion obtenidos [75]:

e Sensibilidad: Positivos verdaderos / (positivos verdaderos +
falsos negativos)
e Selectividad: Negativos verdaderos / (negativos verdaderos +

falsos negativos)

Finalmente, puede llevarse a cabo la evaluacion de la estabilidad del
modelo para garantizar su aplicabilidad en distintas condiciones. Por
ejemplo, los resultados de la medicién estan sujetos a la variacion del
instrumento debida a operaciones de mantenimiento o de las condiciones
ambientales, lo que puede afectar la estabilidad a largo plazo del modelo.
Una evaluacién del sistema podria realizarse aplicando nuevas muestras
medidas después de un periodo de tiempo considerable, por otro analista,

instrumento o laboratorio (validacion inter-laboratorio).

1.2.6 Marcadores metabolémicos

Tras la validacion de los modelos multivariantes, las sefiales mas

discriminantes pueden estudiarse a fin de identificar potenciales
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marcadores de las matrices de estudio. El objetivo es poder correlacionar

dichos marcadores con las distintas propiedades de las mismas.

Los resultados de los analisis supervisados de los modelos multivariantes
permiten la medicion de capacidades discriminantes de las variables del
conjunto de datos. Entre las técnicas mas empleadas hoy en dia para la
evaluacion de marcadores indicativos se encuentran los gréaficos S-plot,
los andlisis Jack-Knife y el andlisis de la importancia de la variable en la
proyeccion (VIP) [41].

Tanto los gréaficos S-plot como el analisis Jack-Knife aportan
informacién orientada a la deteccion de agrupaciones de variables
discriminantes. Por un lado, S-Plot muestra la covarianza y correlacion
entre las distintas variables a traves de un diagrama de dispersion. Ello
permite la determinacion grupal de las mismas en forma de una gréfica
de puntuaciones. Por otro lado, Jack-Knife adopta la forma de un
diagrama de columnas, indicando la incertidumbre y estabilidad de las
variables y permitiendo la extraccion de grupos de marcadores con alto

poder de discriminacion.

Sin embargo, la aproximacién mas extendida para la evaluacion
discriminante de marcadores en los estudios metabolémicos es el analisis
VIP. Este tipo de andlisis se basa en la medicion de la contribucion de
cada variable al modelo multivariante, seleccionandose normalmente

aquellas con valor de puntuacion VIP>1 como variables indicativas [80].

La identificacion de los analitos mas discriminantes del estudio
metabolémico en MS puede abordarse de diferentes formas. Si se trata

de estudios realizados mediante informacion obtenida por GC-MS, el
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analisis puede llevarse a cabo mediante comparaciones del espectro
experimental con los tedricos obtenidos a partir de librerias espectrales
comerciales y la coincidencia del RT con una biblioteca de espectros con
RT fijo (p. ej. indice de retencidn de Kovats). En las librerias espectrales
se compara la masa del valor de m/z obtenido experimentalmente en un
espectrometro de masas y las masas tedricas de los analitos contenidos
en dichas bases de datos. En la Tabla 7 se reine informacion sobre una
serie de librerias comunes en GC y LC acopladas a MS para la
identificacion de marcadores en estudios metabolémicos, junto a sus
caracteristicas mas destacables. Gracias a su reproducibilidad y la
existencia de abundantes y extensas librerias de espectros de masas, la
GC-MS esta considerada la técnica de referencia para la identificacion

de marcadores [35].

Tabla 7. Bases de datos mas utilizadas en la identificacién tentativa de los analitos

Término Descripcion Referencias
ChEBI Base de datos elaborada por el Instituto
Europeo de Bioinformatica, perteneciente al
Laboratorio Europeo de Biologia Molecular
(EMBL). Incluye més de 45.000 compuestos [81]
de distintas fuentes para proporcionar
descripciones mas estandarizadas de
entidades moleculares
ChemSpider | Perteneciente a la Royal Society of
Chemistry, consiste en una base de datos de
compuestos organicos que proporciona un

acceso rapido a mas de 58 millones de [82]
estructuras, propiedades e informacion
asociada

HMDB Base de datos para la obtencién de
informacion derivada de metabolitos del [83]
cuerpo humano

KEGG Se trata de la Enciclopedia de Genes y [84]

Genomas de Kyoto. Ofrece informacion
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Término Descripcién Referencias
acerca de sustancias quimicas y reactividad
de compuestos relacionados con los seres
vivos de cinco bases de datos distintas:
Compound, Glycan, Reaction, Rpair, y

Enzyme

Libreria Desarrollada por el Instituto Nacional de

NIST Normas y Tecnologia de EEUU Contiene
informacion  acerca de  compuestos [85]

organicos basados en andlisis de técnicas
como MS, infrarrojo medio o UV-Vis
LipidMaps | Base de datos enfocada a las sustancias de
caracter lipidico, con informacion sobre su [86]
clasificacion, nomenclatura y estructura
MassBank Base de datos focalizada en el espectro de

masas de alta resolucion de compuestos [87]

METLIN Base de datos especializada en MS que
ofrece informacion acerca de la formula
molecular y estructura de analitos (espectros
de masas y espectros de fragmentacion).
Elaborada por el Centro Scripps para la
Espectrometria de Masas de Estados Unidos

PubChem Contiene  descripcion e  informacion
estructural de millones de compuestos, la
mayoria con peso molecular inferior a 2000
Da. Elaborada por el Centro Nacional de
Informacion Biotecnoldgica de Estados
Unidos

[88]

[89]

En cambio, en LC-MS la identificacion de analitos a partir de librerias
de MS no es adecuada debido a la variacion de los ajustes
experimentales, como las condiciones cromatograficas y los parametros
de adquisicién, asi como por la complejidad de los mecanismos de

fragmentacion. En general, las herramientas disponibles actualmente
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para la identificacion de datos de LC-MS se desarrollan en base a dos
aspectos adicionales como la distribucion isotépica y espectros de
fragmentacion obtenidos mediante MS/MS.

La interpretacion de los perfiles isotopicos es de gran importancia debido
a la capacidad que otorgan de discernir la molécula objetivo en base a la
abundancia de aquellos is6topos naturales minoritarios presentes. En la
actualidad, la mayoria de las herramientas informaticas de identificacion
para MS, cuentan con la capacidad de comparacion de perfiles isotopicos
tedricos con perfiles isotopicos experimentales que permiten un rango de
candidatos para una identificacion tentativa (p. ej. Compound

Discoverer) [61].

Adicionalmente la informacién de la fragmentacién de los compuestos
obtenida mediante MS/MS puede usarse como criterio de confirmacion.
Los patrones de fragmentacién que se obtienen en dicho modo de
adquisiciéon  permiten su comparacion con los obtenidos
experimentalmente o con programas de simulacion de fragmentacion
molecular. La inyeccion y andlisis de patrones de aquellos analitos
identificados tentativamente puede realizarse como confirmacién
conclusiva por comparacion con los datos experimentales obtenidos en

las observaciones originales del estudio metabolomico [3].

Por otro lado, la identificacién de analitos por NMR en estudios
metabolomicos generalmente se realiza en dos pasos. Primero, el
espectro de NMR de la muestra se deconvoluciona en resonancias
individuales o grupos de resonancias que pertenecen a un componente
individual. En el segundo paso, estas huellas digitales espectrales se
comparan con la informacion disponible en bases de datos de

compuestos de NMR (p. ef HMDB) [83]. El éxito de este enfoque para la
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identificacion positiva de un analito no solo depende de la calidad de la
deconvolucion espectral, sino que también requiere la presencia del
espectro de NMR del compuesto en la base de datos, medido en
condiciones similares o idénticas a las de la mezcla [90]. La alta
complejidad que suelen presentar las matrices biologicas, generando
solapamientos de sefiales espectrales, asi como la dificultad de la
correlacion de distintas sefiales a lo largo del espectro, dan lugar a
sistematicas mas tediosas para la identificacién de marcadores mediante
NMR. El acoplamiento para fraccionamientos controlados de fases
moviles mediante LC, asi como la adquisicion de espectros
bidimensionales (p. ej. H-'H COSY) son las técnicas mas extendidas
[91,92].

1.2.7 Fusion de datos

Debido a la disponibilidad de multiples conjuntos de datos obtenidos a
partir del mismo sistema bioldgico, existe una creciente necesidad de
analizar y visualizar dichos bloques de datos en conjunto para llegar a
una mejor comprension del sistema en estudio. La fusion de datos se
define como la integracién de bloques de datos de diferentes plataformas
analiticas en un solo modelo. Por lo general, en los campos relacionados
con la Quimica Analitica y las ciencias émicas, la fusién de datos de
multiples plataformas tiene dos objetivos especificos: aumentar la
capacidad de prediccion y obtener una mejor comprension de los

fendmenos estudiados [93].

Actualmente las tres formas mas extendidas de fusion de datos consisten

en la fusion de nivel bajo, medio o alto, respectivamente [94].
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e Fusion de nivel bajo: se basa en la concatenacion bésica de
bloques de datos de diferentes técnicas analiticas después del
preprocesado de los mismos.

e Fusion de nivel medio: combinacién de variables tras una
reduccion de dimensionalidad mediante modelos estadisticos (p.
ej. PLS-DA).

e Fusion de nivel alto: se obtiene mediante la combinacion de
resultados obtenidos por modelos previamente creados de forma

independiente.

Adicionalmente, una cuarta forma de fusion de datos es la conocida
como fusion de datos Kernel. Los métodos basados en este tipo de fusion
emplean funciones matematicas tipo Kernel para transformar datos en
espacios de caracteristicas de alta dimension y generar matrices unicas.
Dicho tipo de fusion de datos es menos usado en estudios metabolomicos
y se encuentra orientado a conjuntos de datos que presentan respuestas
lineales [95].

La seleccion del tipo de fusion a aplicar depende de la diferencia entre
los conjuntos de datos. Aquellos con diferencias mas grandes a menudo
implican niveles mas altos de fusion de datos. La fusion de nivel alto
implica el modelado y procesado de cada bloque de datos por separado,
para evaluar los resultados de cada modelo conjuntamente. Ademas del
mayor consumo de tiempo de éste modo de fusion, los resultados estan
sujetos a una pérdida de informacion considerable debido a que no se
estudian las posibles relaciones entre las distintas variables. Su uso se
centra en situaciones donde el nimero de modelos es elevado y se

requiere una alta reduccion de dimensionalidad [93].
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Hasta ahora, los procesos para la fusion de datos se centran
principalmente en los niveles medio y bajo [35]. Por lo general, el criterio
principal para una optima fusion de datos es el poder predictivo de las
distintas plataformas de forma individual. Sin embargo, incluso las
plataformas con bajo poder predictivo individual pueden aumentar en
gran medida la precision tras la fusion porque se considera la relacion
multivariada entre plataformas concatenadas. La aplicacion de la fusion
de datos es muy beneficiosa y es un tema aplicado en diferentes campos,
como en el analisis de procesos industriales, el control integral de la

calidad y el anélisis de sensores y comunicaciones [93].

En los dltimos afios, la fusion de datos en estudios metaboldmicos ha
mostrado un gran interés, reflejandose en el aumento de publicaciones
en distintas matices alimentarias como vino [96], cerveza [97] o aceite
[98]. La mayoria de los estudios basados en fusion de datos provienen
de técnicas espectroscopicas y espectrométricas: infrarrojo cercano
(NIR), infrarrojo medio (MIR), ultravioleta-visible (UV-Vis), Raman,
NMR o MS [74]. Hasta la fecha de la realizacion de esta Tesis Doctoral
no se han publicado estudios de fusion de datos de GC-MS, LC-MS y
NMR en matrices alimentarias. Se considera que dichos estudios basados
en informacion espectral y complementaria como la proporcionada por
las tres técnicas mencionadas constituiran una importante plataforma

soporte de estudios metabolomicos en sistemas complejos.
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1.3 Resonancia magnética nuclear cuantitativa
1.3.1 Introduccion a la NMR cuantitativa

Durante afos, la principal aplicacion de la NMR ha estado ligada a
estudios de elucidacion estructural. Todos aquellos is6topos
magnéticamente activos (como hidrégeno-1, carbono-13, nitrogeno-15,
fldor-19, fosforo-31, etc.) permiten el estudio estructural de gran
variedad de sustancias gracias a la radiacion electromagnética generada
por los mismos bajo la influencia de un campo magnético externo (Bo)
(Figura 2). Ademas, el amplio catdlogo de disolventes deuterados
disponibles hoy en dia, indispensables para la calibracion del campo
magnético (shimming) usando la frecuencia de resonancia de los &tomos

de deuterio presentes en la muestra, permite la resolucién de un alto

numero de problemas analiticos.
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Figura 2. Esquema general de un equipo de resonancia magnética nuclear moderno
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Las sefiales producidas por los pulsos magnéticos aplicados (P1) seguida
de los tiempos de relajacion (D1) en cada uno de los scans adquiridos
(NS) aportan gran cantidad de informacién quimica: desplazamientos
quimicos (o) en partes por millén (ppm), procesos de relajacion,
acoplamientos escalares, acoplamientos dipolares, intercambios

quimicos, procesos dinamicos o difusion molecular, entre otros [99,100].

Una vez obtenida la sefial es necesario realizar una serie de operaciones
basicas: el pre-procesado de los datos. Estas incluyen la correccion de la
linea base, calibracion del desplazamiento quimico, deconvolucién,
integracion de las sefales, etc. La seleccion de los parametros de
adquisicion, tratamientos de pre-procesado de datos y la seleccion de la
matriz de estudio son elementos cruciales para el éxito de un analisis
cuantitativo (Figura 3) [49].

Nimero de scans Medicina

Sacumncias Contaminantes

Pulsos

NS Drogas
Ucleos 2
es/h leares Comica Bebidas
ADQUISICION APLICACIONES
Tiem pos cie % m Productos naturales
adquisicién/relajacién
Pureza de patrones

Angulo del pulso

Estabilidad

PROCESADO

Deconvolucién de sefiales  Calibracién del eje

Transformada de Fourier Integracién de sefiales

Normalizacién

Figura 3. Esquema de los distintos parametros de adquisicidn, tratamientos de pre-
procesado y aplicaciones posibles que requiere un analisis de gNMR
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En los Gltimos afios la g-NMR ha ganado terreno como técnica analitica
tanto en &mbito técnico como de investigacion [101,102]. Bajo ciertas
condiciones, la proporcionalidad que existe entre el valor absoluto de la
integral de una sefial obtenida con el nimero de ndcleos presentes, da
lugar a analisis cuantitativos en matrices complejas con excelentes
resultados. Estas propiedades han provocado un incremento exponencial
de aplicaciones de la qNMR en muy diversas matrices como extractos
organicos [103], drogas [104,105], fluidos corporales [106], productos

naturales [32], suplementos dietéticos [33] o farmacos [34].

Desde la primera publicacion del uso de la gNMR en la década de los
afios 60 [107], la mayoria de las aplicaciones de la NMR han estado
basadas en la observacion de nucleos con espin 1=1/2. Si bien es cierto
que hasta las tres ultimas décadas la g-NMR no ha suscitado un alto
interés cientifico debido a las limitaciones instrumentales que
presentaba. Hoy en dia es una de las técnicas que mayor crecimiento ha
experimentado en cuanto a nUmero de aplicaciones en campos como la
certificacion de pureza de patrones, el control de los productos naturales
y la investigacion farmacéutica [108]. Dicho crecimiento est4 asociado,
ademas de a las mejoras instrumentales (p. ej. nuevos materiales
superconductores), a la aplicacion de métodos multipulsos,
hiperpolarizacion o el desarrollo de los métodos bidimensionales, dando
lugar a un boom tecnolégico en multitud de &mbitos en los ultimos afios
[109]. Asimismo, la g-NMR es considerada como una técnica primaria
de medida, al permitir el analisis directo de las relaciones entre el area
de la sefial de un analito y la de un estandar de concentracion conocida
[110].
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Basandonos en datos extraidos de la web global de publicaciones
cientificas Scopus [111], desde el afio 2000, dicha técnica ha mostrado
un incremento de mas de un 200% respecto al nimero de publicaciones
incluyendo las palabras clave “Quantitative NMR”, “g-NMR” y “QNMR”’
(Figura 4).
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Figura 4. Resultados de busqueda en Scopus del nimero de publicaciones por afio
para las palabras clave “quantitative NMR”, ""¢-NMR" y "gNMR"'

La mayoria de las aplicaciones cuantitativas de la gNMR publicadas
estan enfocadas al estudio de ncleos dipolares, espin 1= 1/2, como *H,
3H, 13C, BN, °F, 25j, 3Ip, >’Fe y algunos otros. Uno de los problemas
asociados a la mayoria de heterontcleos, aquellos diferentes al *H, es su
baja sensibilidad. Sin embargo, algunos como el **F o 3!P presentan

abundancias relativas altas (nucleos sensibles), ademas de largos radios
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giromagnéticos (y) y momentos magnéticos (u) elevados [112]. Estas
caracteristicas ofrecen asi una idonea sensibilidad en las adquisiciones
de los ndcleos. En ocasiones donde no se alcanza una sensibilidad
minima necesaria, dicho problema puede abordarse a través de una
deteccion indirecta, registrando la intensidad de protones acoplados al

analito objetivo.

Otros inconvenientes afiadidos que pueden encontrarse en nucleos
dipolares son sus elevados anchos de ventana, como el caso del *Pt
(8000 ppm) [113], con su consecuente pérdida de resolucién, o con
tiempos de relajacion extremadamente largos (varios minutos), como
sucede con el °>’Fe [114]. La adicién de compuestos paramagnéticos,
como el Cr(acetilacetonato)s, puede reducir el tiempo de relajacion hasta
valores aceptables, con el inconveniente de posibles alteraciones
espectrales [115].

El estudio de los compuestos heteronucleares, desde sus primeras
aplicaciones cuantitativas en los afios 70, ha experimentado un
incremento porcentual notable durante los afios transcurridos en el
presente siglo, si bien su nimero es ain no es muy elevado, poniendo de

manifiesto el potencial de crecimiento e interés en la técnica (Figura 5).
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Figura 5. Resultados de busqueda en Scopus del nimero de publicaciones por afio

para las palabras clave “Heteronuclear quantitative NMR'', " Heteronuclear Q-
NMR™ y " Heteronuclear gNMR"*

Concretamente, uno de los casos que mas potencial estd mostrando es el
estudio de compuestos con nucleos de fosforo-31. Este elemento tiene
un importante rol en procesos fisioldgicos, formando parte incluso del
DNA en forma de ésteres acido fosféricos [116]. Ademas, este tipo de
compuestos se encuentra muy presente en el medio ambiente,
normalmente en compuestos con fosforo enlazado a heterontcleos como
azufre, oxigeno o nitrogeno, siendo ampliamente utilizados como
plaguicidas, lubricantes, materiales plasticos o drogas, entre otros [117].
Por ello, el estudio y seguimiento de éste tipo de compuestos mediante
técnicas como la **P-gNMR es crucial para garantizar el control de los

mismos.
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Por otro lado, el estudio de las aplicaciones cuantitativas basadas en
nacleos cuadrupolares (1> 1/2) apenas se ha investigado, pese a que la
mayoria de los compuestos heteronucleares pertenecen a este grupo.
Ademas, muchos de estos compuestos son metales, metales de transicién
0 elementos con importantes funciones biologicas, que en la mayoria de

los casos estan enlazados con iones en soluciones acuosas.

El principal motivo de haber sido poco estudiados son las grandes
diferencias fundamentales en los factores gobernantes del proceso de
relajacion magnética nuclear entre los ntcleos cuadrupolares y dipolares:
poseen momentos eléctricos cuadrupolares (Q) que normalmente dan
lugar a un considerable ensanchamiento de sefiales. En algunos casos,
los desplazamientos quimicos entre nucleos no equivalentes
cuadrupolares pueden ser muy grandes (p. ej. 20000 ppm para el *°Co)
[118].

Algunos nucleos cuadrupolares, como el boro-11 (alta abundancia del
80.4% y un espin= 3/2), presentan una 6ptima sensibilidad y resolucién
en un espectro asequible de 200 ppm de ancho. Las posibles
interferencias producidas en este tipo de analisis, por las estructuras
cristalinas borosilicatadas de los tubos de ensayo tienen que evitarse (p.

ej. con el uso de tubos de medida de cuarzo) [119].

El uso de compuestos borados tiene un reconocido interés cientifico
como analogos de moléculas organicas, adquiriendo propiedades
similares. Ello permite su aplicacion en campos como la medicina,
siendo usados en tratamientos contra el cancer o la agricultura en forma
de gran variedad de formulados de biocidas, insecticidas, herbicidas o
fungicidas [120,121]. Por ello, la aplicacion de la gNMR en compuestos

borados se presenta como una alternativa con gran potencial analitico.
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Ya desde el primer empleo analitico de la qNMR basada en nucleos
cuadrupolares por Maki et al [122] en el afio 2017, esta técnica ha
demostrado su gran capacidad de aplicacion a este tipo de ndcleos,
abriendo las puertas al estudio analitico de los mismos. Los resultados
obtenidos son esperanzadores y dan lugar a nuevas investigaciones de

aplicacion de la gNMR a nuevos analitos y matrices.

Si bien es cierto que hoy en dia aun existen importantes desafios que la
gNMR debe de superar, entre ellos su baja sensibilidad respecto a otras
técnicas. Para dar solucidn a ello, en los ultimos afios se han conseguido
grandes avances en el desarrollo de métodos de adquisicion mas rapidos,
uso de sondas criogénicas enfriadas con nitrégeno, acoplamientos con
LC o el uso simultaneo de varios receptores [123]. Dichas mejoras
convierten a la gNMR en una de las principales técnicas analiticas
aplicables a todo tipo de sustancias activas [109]. Las ventajas y
desventajas de las técnicas previamente descritas se encuentran

resumidas en la Tabla 8.

Tabla 8. Ventajas y desventajas de las principales técnicas de analisis cuantitativo

Técnica Ventajas Desventajas
x Requiere  patrones
para la cuantificacion
mediante rectas de

T calibrado
. v Buenos limites  de - .
Espectroscopia de e g x Técnica destructiva
., cuantificacion s
absorcion . . x Analisis poco
. v" Sencillo manejo .
atomica (EAA) . i selectivo
v" Bajo coste econémico o
(determinacion
elemental)
x Analisis  elemental
uno a uno
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Técnica

Ventajas

Desventajas

GC-MS

ICP-MS

54

v Tiempo de retencion
reproducible

v Excelentes limites de
cuantificacion

v'Buena precision y
resolucion

v'Buenos limites de
cuantificacion
v'Buena precision vy
resolucion

v Excelentes limites de
cuantificacion

v'Buena precision vy
resolucion

v Tiempos de andlisis
cortos

% Requiere extraccion

x Requiere  patrones
para la cuantificacion
mediante rectas de
calibrado

% Requiere separacion
cromatogréfica

x Puede requerir
derivatizacion

x Técnica destructiva

x Requiere volatilidad
de los analitos

x Alto coste
econémico

x Requiere  patrones
para la cuantificacion
mediante rectas de
calibrado

x Requiere separacion
cromatografica

x Andlisis poco
selectivo
(determinacion  de
iones y azUcares)

x Alto coste
econoémico

% Técnica destructiva

x Requiere  patrones
para la cuantificacion
mediante rectas de
calibrado



Técnica Ventajas Desventajas

% Requiere extraccion

x Requiere  patrones
para la cuantificacion
mediante rectas de

. ., calibrado
v Tiempo de retencion . .
. x Requiere separacion
reproducible e
L cromatografica
v Excelentes limites de .
LC-MS e x Puede requerir
cuantificacion S
v Buena precision derivatizacion
. x Técnica destructiva
resolucion . .

x Requiere cierta
polaridad de los
analitos objetivo

x Alto coste
econémico

v’ Rapidez
v Alta repetitividad
v' Alta reproducibilidad . -
P ) x Baja sensibilidad
v No destructiva
. ., x Alto coste
v Minima preparacion de .
econémico
muestra % Riqurosa
NMR v Robusta g .
. ) interpretacion de los
v"No requiere patrén
e espectros
especifico . .
. N x Requiere disolventes
v Varias determinaciones
. ) deuterados
simultaneas
v Aplicable a muestras
complejas
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1.3.2 Proceso analitico qgNMR: pretratamiento y adquisicién

La seleccion de un disolvente deuterado es el primer parametro a decidir
en la preparacion de las muestras dado que se requiere la calibracion para
la estabilidad del campo magnético en los instrumentos de NMR
modernos. Dicha seleccion est4 basada en diferentes criterios, siendo el
primero que el analito sea soluble en el mismo a la concentracién
requerida para el estudio. Esto dependera de diferentes factores como la
sensibilidad del ndcleo o la temperatura del experimento. En el caso de
cuantificacion interna, es imprescindible que ademas el estandar interno

(IS) seleccionado sea también soluble en dicho disolvente.

Ante la posible presencia de particulas solidas que puedan distorsionar
el campo magnético, es necesario filtrar los extractos de muestras o
disoluciones de manera previa al analisis. Una buena préactica es el uso
de filtros, resinas quelantes o lana sintética en el interior de una pipeta
Pasteur, previamente lavada con el disolvente deuterado. En aquellos
analisis donde se requiere de una resolucion maxima de las sefiales, las
muestras pueden ser desgasificadas con la finalidad de eliminar el
posible aire presente en las disoluciones. Otro factor a tener en cuenta ha
de ser el desplazamiento quimico que tendran las sefiales producidas por
el disolvente, anticipandose y tratando de evitar posibles solapamientos

con los analitos objeto de estudio.

Respecto a la cuantificacion en NMR puede realizarse mediante dos
métodos: cuantificacion externa, es decir mediante uso de rectas de
calibrado con los patrones del analito objetivo, y cuantificacion interna,
basada en el uso de patrones del nicleo magnéticamente observable, con
el cudl se va a trabajar, con la ventaja de que las variaciones

instrumentales y experimentales van a ser minimas. Esta Gltima es la
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modalidad mas comunmente usada hoy en dia. El uso de IS con
desplazamientos quimicos a 0 ppm (p. ej. tetrametilsilano-ds, TMS, 0 3-
[trimetilsilil]-propionato-d4 de sodio, TMSP) es una de las practicas mas
extendidas [124].

La consideracion de un patrén analitico como apto para una
cuantificacion mediante gNMR precisa de unos requisitos basicos. A tal

fin, un IS debe de cumplir con las siguientes condiciones [125]:

e Ser facilmente accesible comercialmente con un alto grado de
pureza

e No ser un analito higroscopico ni volatil en condiciones de
temperatura ambiente

e Ser poco reactivo quimicamente y toxicoldgicamente

e Producir espectros magnéticos sencillos y con pocas sefiales para
evitar un solapamiento magnético de las mismas

e Presentar desplazamientos quimicos que cubran distintas
regiones del espectro, permitiendo varias opciones de
cuantificacion

e Presentar una alta solubilidad en algun disolvente deuterado.

e Tener un precio razonable

e Contar con tiempos de relajacion cortos (del orden de Di1=5a7

veces el tiempo de relajacion longitudinal, T1)

Hoy en dia existen gran numero de patrones destinados a la qNMR
disponibles comercialmente y ampliamente “aceptados” como patrones
de referencia en la comunidad cientifica (p. ej. acetanilida, dimetil
sulfona, 3,4,5-tricloropiridina, etc)[123]. Para casos donde se requiere la
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cuantificacion de ndcleos menos habituales, pueden usarse listas de
frecuencias de referencia para nucleos especificos. Una de las més
aplicadas es la lista de frecuencias de materiales de referencia para todos
los ndcleos relativa a la sefial *H-NMR del TMSP, desarrollada y
publicada por la Union Internacional de Quimica Pura y Aplicada
(IUPAC) [126,127].

A la hora de la cuantificacion a través de una calibracion interna, el
calculo de la concentracion debe de realizarse teniendo en cuenta los
pesos moleculares del analito objetivo X (M) y del IS (My), asi como el
peso medido con exactitud del 1S (my) (Ecuacién 8). La obtencién de
buenos resultados a la hora de la cuantificacion se vera determinada por
intensidades semejantes del IS respecto a la del analito objetivo (p. €],
evitando distorsiones del espectro por sobresaturacion del 1S). Con los
valores de las integrales relativas a X (ix), de Y(ix) y el célculo de la
relacion molar ny/ny, es posible la determinacion de la cantidad de analito
(mx) por la siguiente relacién [128]:

Ly
/n, M,
*—= % 1M,

[ M
M, M

m, =

Ecuacion 8. Ecuacion para el calculo de la concentracion del analito objetivo en
valores absolutos mediante gNMR y calibracion interna.

El volumen de muestra requerido para los analisis mediante qNMR debe
de ser suficiente para cubrir toda la longitud del rango de deteccion del
equipo, evitando asi las distorsiones locales que el campo magnético
puede sufrir en presencia de aire. Para un tubo estandar de 5 mm de
diametro, un volumen de 500-600 uL es suficiente. Es necesario el uso
de tapones para conseguir un aislamiento optimo de la muestra, siendo

el tetrafluoretileno el material mas extendido [129].
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Una vez la muestra esta preparada para ser analizada, el equipo de NMR
debe de ser puesto a punto. El desarrollo de nuevos métodos para el
andlisis cuantitativo por NMR requiere de unas consideraciones previas.
Asi es necesario ajustar distintos parametros, como el P;, D1 y la
ganancia del receptor (RG) a fin de conseguir una correcta cuantificacion
y reproducibilidad. El uso de pulsos magnéticos de 90° y un tiempo de
repeticion de pulso igual a 5 x T1, es una de las practicas mas comunes
para asegurar la relajacion completa de los nucleos excitados, aunque se
puede lograr una cuantificacion confiable cuando se utilizan angulos de
pulso mas pequefios y tiempos de repeticion mas cortos. Se requiere una
precaucion especial para evitar problemas de rango dinamico causados

por grandes diferencias de concentracion entre varios analitos [58].

En algunos casos puede ser util realizar un desacoplamiento de carbono
para evitar las interferencias producidas durante la adquisicién debida a
la presencia de satélites *C. Para ello pueden usarse esquemas de pulsos
para desacoplamiento restringido inverso de carbono, evitando asi
sobrecalentamiento de las muestras y suprimiendo el efecto nuclear
Overhausser (nuclear Overhausser effect, NOE), que distorsiona la
intensidad de las sefiales mediante magnetizacion entre nucleos

préximos en el espacio.

Por ultimo, tal como indican las guias internacionales vigentes [130], el
estado del equipo de NMR debe de verificarse sistematicamente
chequeando la resolucién, el ancho de las sefales, la asimetria de las
mismas Yy la sefial relacion entre la sefial y el ruido (S/N). En la Tabla 9
se encuentran recogidos los principales pardmetros necesarios a tener en

cuenta en la aplicacién de la gNMR.
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Tabla 9. Principales consideraciones a tener en cuenta en determinaciones mediante

gNMR
Planteamiento Pretratamiento Adquisicion Procesado de
datos
eModo de | eDisolucion eSecuencia de | eTransformada
cuantificacion completa de IS pulsos de Fourier
(interna 0
externa) eDisolucion eAngulo  del | eCorreccion de
completa de matriz | pulso la linea base
eNUcleo objeto | objetivo (generalmente
de estudio 90° 0 menos) | eCalibracion
e Ausencia de del espectro
eSeleccion del | particulas o0 | eCalibracién (p. €j. con
disolvente burbujas de la linea| TMS a 0.0
deuterado eEvitar posible | base ppm)
saturacion del RG
eSeleccion de | (p. ej. mediante | eRG* *S/N
patrén diluciones)
analitico o NS** eCorrecta
integracion de
oD *** las  sefales
(evitando
aquellas con
solapamiento)

*Ganancia del Receptor (Receiver Gain)
**NUmero de scans

***Tiempo de relajacién

1.3.3 Validacién del método

La demanda de validaciones analiticas que garanticen una correcta
evaluacion de los métodos desarrollados es uno de los retos a los que se
enfrenta la g-NMR. Hoy en dia, la falta de métodos oficiales de g-NMR
supone una seria limitacion para la explotacion del potencial de la NMR
tanto en analisis cuantitativos de un solo componente como en

determinaciones multiples [131].
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Actualmente, algunas directrices vigentes, como la Guia SANTE o la
Decisién (EC) 2002/657, son muy destacadas y ampliamente empleadas
para la validacion de métodos analiticos. Estos documentos estan
mayormente orientados a la determinacién de plaguicidas en matrices
alimentarias mediante técnicas cromatograficas acopladas a analizadores
de MS [132,133].

No obstante, existen guias con directrices de caracter general sobre la
validacién de metodos que pueden ser aplicadas a la g-NMR, como la
Guia de laboratorio para la validacion de métodos y temas relacionados,
elaborada por la red de organizaciones europeas relativas a la quimica
(Eurachem) [134]. Dicha guia define la validacion de un método como
el proceso para definir un requisito analitico, confirmandose a tal modo

que cuenta las capacidades necesarias para las aplicaciones requeridas.

Otra guia, la de la Administracion de Medicamentos y Alimentos (Food
and Drug Administration, FDA), considera diversos parametros de
validacion para garantizar que los métodos analiticos sean adecuados,
como exactitud, rango de trabajo, curva de calibracion, muestras de
control de calidad, selectividad, exactitud y estabilidad del analito
objetivo en la matriz. ElI enfoque de dichas recomendaciones esta
orientado a la determinacion cuantitativa de medicamentos y sus
metabolitos, proteinas o marcadores en muestras de origen biolégico. En
cuanto a criterios de confirmacion, la FDA se centra en el uso de técnicas

espectrométricas como herramienta universal [135].

Con la finalidad de unificar todos los criterios de validacion y adaptarlos
a su aplicacion en el desarrollo de métodos mediante NMR, Eurolab ha

redactado una Guia para el desarrollo y validacién de métodos con
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caracter cualitativo y cuantitativo [136]. En ellas, sugieren una serie de
requisitos minimos a evaluar, con la finalidad principal del control y
seguimiento de alimentos, incluyendo criterios de confirmacion

especificos de gNMR.

En términos generales, y dada la alta capacidad elucidativa de la NMR,
una verificacion estructural de un analito concreto puede darse mediante
la asignacion de todas las sefiales obtenidas. En casos concretos donde la
confirmacion directa no es posible (p. ej. alta complejidad del espectro),
es recomendable el uso de analisis de correlacion bidimensionales (p. €j.
H, H-COSY, HSQ, HMBC, etc.). Existen estrategias adicionales que
pueden ser aplicables, como la adquisicion de diferentes nucleos activos,
el uso de software de prediccion (p. ej. PERCH [137], Structure
Elucidator [138], CCASA [139], StrucEluc [139], etc.) o uso de librerias
espectrales (p.ej. HMDB [140], MetaboLights [141], MetaboAnalyst
[142], etc.). En el caso de muestras complejas con solapamiento de
sefiales pueden ser Utiles las adquisiciones mediante experimentos de
difusion molecular, permitiendo el estudio individual de los mismos
[143].

Como se puede observar, la alta capacidad de identificacion de la NMR
permite confirmaciones mucho mas simples que las técnicas
espectrometricas, asi como reduccion de tiempo de analisis y costes al
poder usarse los mismos analisis tanto para identificacion como

cuantificacion.

Los parametros de validacion indicados en la guia Eurolab para métodos

de gNMR son los siguientes:

e Veracidad: Estimada mediante comparacion de las purezas de

varios materiales de referencia certificados o mediante

62



comparacion de valores de recuperacion (%) de muestras de
concentraciones conocidas.

Precision: Estimada mediante la determinacion de mdaltiples
mediciones en diferentes intervalos de tiempo de varias réplicas
independientes de una misma muestra.

Selectividad: En la técnica de NMR, se puede garantizar la
selectividad del método cuando no se da solapamiento de las
sefiales del analito objetivo en la matriz objeto de estudio.
Limite de deteccion (LOD): es la concentracion mas baja a la cual
el analito puede ser detectado (sefial con valor de S/N>3).
Limite de cuantificacion (LOQ): es la concentracion mas baja a
la cual el analito puede cuantificarse con una precision adecuada.
Linealidad: Debe verificarse mediante el uso de al menos 5
concentraciones diferentes de la sustancia objetivo.

Rango de trabajo: El rango de trabajo de un método de gNMR
generalmente comienza desde el LOQ hasta la concentracion de
la maxima solubilidad del analito (limite superior) en una matriz
dada.

Robustez: Deben considerarse y examinarse las posibles
influencias de diferentes factores (por ejemplo, valores de pH,
altas concentraciones de sal de la matriz de la muestra, productos
quimicos reactivos).

Incertidumbre  (U): Error sistematico de  mudltiples
determinaciones de concentracion de analito en la muestra.
Cuando no se detecta un error sistematico, la incertidumbre de

medicion es igual a la precisién. En otros casos, la concentracion
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de analito calculada debe ajustarse mediante valores de

recuperacion estimados.

Los parametros definidos por Eurolab pueden complementarse con las
especificaciones dadas por las guias previamente descritas [133]. De ésta
forma, la determinacion del LOQ puede verse definida como la
concentracion mas baja del analito objetivo que genera valores de
veracidad y precision adecuados, asi como la precision puede estimarse
en términos de desviacion estandar relativa (RSD) entre andlisis intradia
e interdia. [135].

Una préactica muy extendida para la determinacion de la incertidumbre
del método es aplicando el denominado enfoque bottom-up (desde abajo
hacia arriba). Para ello, la idoneidad del método puede ser calculada
mediante el calculo del error sistematico a la concentraciéon mas baja y

mas alta del rango de trabajo [134].
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2 CAPITULO SEGUNDO. APLICACION DE LA
METABOLOMICA AL ESTUDIO DE RON

2.1 Introduccion

Hoy en dia el control de calidad en bebidas alcohdlicas tanto para la
comprobacion de materias primas como de los productos finales es
primordial para su caracterizacion Optima a fin de garantizar sus

principales propiedades organolépticas y la seguridad alimentaria.

Esta importancia es debida a que la mayoria de los procesos de
elaboracion con frecuencia son de tipo artesanal, lo que les confiere unas
caracteristicas muy concretas y unicas en funcion del producto. Es el
caso de las bebidas alcohdlicas, donde su elaboracion basada en la
experiencia de los maestros artesanos podria ser mas fiable y robusta con
la aplicacion de técnicas analiticas combinadas con herramientas de la

metaboldmica.

Un claro ejemplo es el ron, una de las bebidas alcohdlicas obtenidas
mediante destilacion més consumidas en el mundo, concretamente el ron
dorado. Se trata de una bebida espirituosa obtenida de la fermentacion
alcohdlica y la destilacion de melaza o jarabes de cafia de azUcar. A tal
fin, el proceso de preparacion del mismo consta de distintas etapas:
seleccion de la materia prima, fermentacion, destilacion, dilucion,

envejecimiento y mezclado (Figura 6).
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Figura 6. Diagrama de flujo de elaboracion de ron

Ademas, la consideracion de aquellas bebidas de ron de més alta calidad
(como aquellos considerados Premium) les permite alcanzar un mayor
precio de mercado, propiciando sus adulteraciones con fines ilicitos y
lucrativos. También existe cierta controversia en la legislacion vigente
respecto al etiquetado. Segun la legislacion de la Union Europea y de los
Estados Unidos, la declaracion de edad en la etiqueta debe referirse al
ron mas joven en la botella, dado que en general los productos
comerciales son mezclas de rones de varias edades. Sin embargo, en
otros paises, puede referirse al ron mas antiguo. Por dltimo, la gran
variabilidad que con frecuencia existe en todos los procesos de

preparacion, muestran la necesidad de un control adecuado desde el
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punto de vista quimico-analitico, con métodos tales como el que se
propone en el presente trabajo. Por todo ello, el desarrollo de métodos
analiticos fiables para el control de la calidad de estos productos resulta
de gran interés ante la poca 0 escasa normativa vigente en cuanto a
parametros e indicadores de calidad tanto a nivel nacional como en la

Unién Europea.

Los trabajos de ron publicados a dia de hoy se encuentran muy limitados
a estudios especificos de sus caracteristicas. La similitud entre ron y su
homologo brasilefio cachaca ha sido estudiada en base a las diferencias
en su produccion que dan lugar a propiedades organolépticas diferentes
[1]. Estudios para la evaluacién del aroma del ron también han aportado
resultados interesantes, encontrandose compuestos como el cis-whiskey
lactona, vanillina, acido decanoico y 2-3-metilbutanol como compuestos
mayoritarios responsables del olor caracteristico [2,3]. Por otro lado, se
han realizado trabajos de clasificacion de caracter binario para la
diferenciacion entre melazas y azUcar de cafia, con un 88% de acierto [6],
o en funcidn del origen (clasificando rones cubanos frente al resto) y
contando también con resultados cercanos al 90% de acierto [4]. La Tabla
10 muestra una revision bibliografica con los articulos mas recientes y
destacados acerca de estudios de ron. La escasez de estudios enfocados
a la evaluacion general en términos de control y calidad del ron, asi como
la carencia de validaciones estrictas de los modelos clasificatorios,

demuestran la necesidad de estudio del mismo.
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Tabla 10. Revision bibliogréafica sobre estudios de ron

Titulo de la publicacién Referencia
Cachaga and rum [1]
Characterisation of odour-active compounds in aged rum [2]
Characterization of the key aroma compounds in two 3]
commercial rums by means of the sensomics approach

Chemical profile of rums as a function of their origin. The [4]
use of chemometric techniques for their identification

Differentiation of rum and brazilian artisan cachaca via [5]

electrospray ionization mass spectrometry fingerprinting
Differentiation of rums produced from sugar cane juice

(rhum agricole) from rums manufactured from sugar cane [6]
melazas by a metabolomics approach

Influence of the production process on the key aroma
compounds of rum: from melazas to the spirit

[7]

Por todo ello, en este capitulo se han abordado los siguientes objetivos.
Por un lado, se ha desarrollado una estrategia para la clasificacion de ron
a partir de su fraccion volatil y/o semivoléatil usando herramientas de la
metabolomica a través de huellas dactilares adquiridas por SPME por
espacio en cabeza (HS) acoplada a GC-MS. Por otro lado, se ha llevado
a cabo un estudio metabolémico de ron dorado mediante la adquisicion
de huellas dactilares de sus componentes no volatiles tras extraccion tipo
dilute and shoot y anélisis LC-HRMS. Ambos estudios han permitido ta
identificacion de marcadores quimicos de calidad del ron. Asimismo, se
ha procedido a la adquisicion de huellas dactilares a través de *H-NMR
para el estudio de los compuestos mayoritarios presentes en rones
dorados comerciales. Finalmente se ha aplicado la fusion de datos multi-
técnica (GC-MS, LC-MS y NMR) a fin de comparar las capacidades
discriminatorias de las diferentes técnicas y su fusion en los analisis

multivariantes aplicados.
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Las contribuciones cientificas correspondientes a este capitulo son:

o Aportacién Cientifica 1. Rum classification using fingerprinting
analysis of volatile fraction by headspace solid phase microextraction

coupled to gas chromatography-mass spectrometry

o Aportacion Cientifica 2. An Innovative Metabolomic Approach for
Golden Rum Classification Combining Ultrahigh-Performance Liquid
Chromatography—Orbitrap Mass Spectrometry and Chemometric

Strategies

o Aportaciéon Cientifica 3. *H-NMR and multi-technique data fusion
as metabolomic tool for the classification of golden rums by multivariate

statistical analysis
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ARTICLE INFO ABSTRACT

Keywords: In this study, targeted and untargeted analyses based on headspace solid phase microextraction coupled to gas

Rum chromatography-mass spectrometry (HS-SPME-GC-MS) method were developed for classifying 33 different

Classification commercial rums. Targeted analysis showed correlation of ethyl acetate and ethyl esters of carboxylic acids with

Volatile organic compounds aging when rums of the same brand were studied, but presented certain limitations when the comparison was

;/:;:gzr(;z_a;:sanaly e carried out between different brands. To overcome these limitations, untargeted strategies based on un-
supervised treatments, such as hierarchical cluster analysis (HCA) and principal component analysis (PCA), as
well as supervised methods, such as linear discriminant analysis (LDA) were applied. HCA allowed distin-
guishing main groups (with and without additives), while the PCA method indicated 40 ions corresponding to 13
discriminant compounds as relevant chemical descriptors for the correct rum classification (PCA variance of
88%). The compounds were confirmed based on the combination of retention indexes and low and high-re-
solution mass spectrometry (HRMS). Using the obtained results, LDA was carried out for the analytical dis-
crimination of the remaining rums based on manufacturing country, raw material type, distillation method,
wood barrel type and aging period and 94%, 91%, 92%, 95% and 94% of rums, respectively, were correctly
classified. The proposed methodology has led to a robust analytical strategy for the classification of rums as a
function of different parameters depending on the rum production process.

1. Introduction

Rum is a fairly aromatic spirit, obtained exclusively from sugar cane
juice or molasses, and then subjected to the processes of alcoholic fer-
mentation, distillation and aging. This spirit represents a widely pop-
ular alcoholic beverage with a high world consumption rate (more than
1 billion of litres per year) and an expected increase of 1.9% in volume
terms over 2016-2021. [1,2].

The complex elaboration of this type of alcoholic beverage makes it
an attractive object of study. Differences in the production process are
known to lead to wide variability in its composition, although this
variation has not been fully understood yet [3,4]. The production
process begins with the fermentation of the chosen raw material, which
leads to the formation of a number of volatile compounds, such as al-
cohols, ethyl esters and aldehydes, among others [5]. The resulting
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mash is distilled using heat in copper pot stills or in stainless steel
columns to obtain a high content of ethanol, which inevitably leads to
the loss of some aroma compounds [6,7]. Additionally, different dis-
tillation methods can be applied, such as continuous and batch dis-
tillation (e.g. Jamaican “heavy rums” typically made by batch distilla-
tion) [8]. The resulting distillate is diluted with pure demineralized
water to obtain an alcohol percentage of around 35-40%, which is then
aged in oak barrels previously used for whiskey or brandy production
[9,10]. The aging step gives rum its characteristic flavor as a large
number of new compounds emerge. Ethyl esters are generated as a
result of the high percentage of ethanol, while a number of different
compounds such as whiskey lactone, vanillin and 2-methoxyphenol can
form because of the interaction with the wood barrels [3]. Additionally,
as rum matures, it generally gains golden hues as a result of the tannins
from the barrel staves [11]. After an aging period, typically of at least 1
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Table 1
Code, bottle labelling and manufacturer information for the rum samples analysed.

Brand code Bottle code Origin Aging Raw material  Distillation method Barrel

A AS5Y Cuba 5 years Molasses Stainless steel columns Qak barrel
AT7Y 7 years Molasses Stainless steel columns Oak barrel

B B_1 Anejo Molasses N/A American oak barrel
B2 Young Molasses N/A American oak barrel
B_SYRUP1 N/A Molasses N/A American oak barrel

C Cc7Y Dominican Republic 7 years Molasses Stainless steel columns American oak barrel
c_10Y 10 years Molasses Stainless steel columns American oak barrel
C_15Y 15 years Molasses Stainless steel columns American oak barrel

D D Anejo N/A N/A N/A
DR2 Anejo N/A N/A N/A
D_HONEY1 N/A N/A N/A N/A

E E Old reserve N/A N/A N/A

F F Anejo N/A N/A N/A

G G.1 Grenada Double aged. Old Molasses N/A Mixed (American oak barrel + French oak

reserve barrel)
G2 Trinidad & Tobago Double aged. Molasses Stainless steel columns Mixed (American oak barrel+ French oak
Overproof barrel)

H H_8Y Guatemala 8 years Sugarcane juice Stainless steel columns American oak barrel
H_12Y 12 years Sugarcane juice Stainless steel columns American oak barrel
H_18Y 18 years Sugarcane juice Stainless steel columns American oak barrel

I 1.5Y Jamaica 5-10 years Molasses Copper pot stills American oak barrel
112y 12 years Molasses Copper pot stills American oak barrel

J J7Y Nicaragua 7 years Molasses Stainless steel columns American oak barrel
J12y 12 years Molasses Stainless steel columns American oak barrel
J 18Y 18 years Molasses Stainless steel columns American oak barrel

K K_MAND1 Republic of Mauritius  Double aged Sugarcane juice Stainless steel columns N/A
K_VAN1 Double aged Sugarcane juice Stainless steel columns N/A

L L_HONEY1 Spain N/A N/A N/A N/A

M M Anejo Molasses N/A N/A
M_R2 Molasses N/A N/A

N N Dorado N/A N/A N/A

P o Anejo N/A N/A N/A

(o] P N/A N/A N/A N/A

Q Q.3Y Venezuela 3 years Molasses Mixed (Steel column-+a bit of American oak barrel

copper)
Q_10Y 10 years Molasses Mixed (Steel column+a bit of French oak barrel
copper)

1: additives added.
2: same rum type purchased at a different liquor store.
N/A; information not available.

(2014) mass spectra database.

At the beginning of the analysis, the column temperature was set to
35°C, and the temperature was increased to 100 °C at a 4°C/min rate,
and then to 250 °C (hold 20 min) at a rate of 20 °C/min. The total run
time was 43.75 min.

The Q@Q mass spectrometer was operated in full scan mode. The
temperatures of the transfer line, manifold, and ionization source were
set to 280, 40, and 280 °C, respectively. The electron multiplier voltage
was set to 1600 V (+ 200 V offset above the value obtained in the auto-
tuning process). Mass peak widths set in the first and third quadrupole
were of m/z 1.5 and 2.0, respectively. The analysis was carried out in
the range of mass/charge ratios of m/z 50-400.

The volatile compounds of interest were identified against a com-
mercial library (NIST14) and by the use of GC retention indices.
Retention time of each volatile was converted to the Kovats retention
index using C7-C40 n-alkanes as references and verified with those
reported in the literature. A retention index window of = 20 was ap-
plied to MS peak identification assignment [43].

2.5. HRMS-Q-Exactive analysis

As an additional confirmation method, a Q-Exactive-GC hybrid
quadrupole Orbitrap mass spectrometer (Q-Exactive™, Thermo Fisher
Scientific, Bremen, Germany) was used with the same chromatographic
conditions as the GC-QqQ-MS analysis reported above. A VF-5ms ca-
pillary column (30m x 0.25mm i.d. x 0.25um film thickness) from
Varian (Palo Alto, California, USA) was used for GC separation. The

350

positive electron ionization (EI) source was operated at 70eV at a
temperature of 200 °C with a transfer line temperature of 250 °C. High-
resolution mode was operated at a 60000 full width at half maximum
(FWHM) resolving power (m/z 207).

SPME extraction was operated using an identical fiber selected for
GC-QqQ-MS analysis (polydimethylsiloxane, 100 um film thickness).
Quantitation was performed using Xcalibur 4.1 and TraceFinder 4.1
software (Thermo Fisher Scientific, Les Ulis, France).

2.6. Pre-processing and data treatment

The GC— MS raw data (XMS file format) were converted to CDF file
format using the Openchrom software (Armonk, NY, USA) [44]. Then,
the dataset was pre-processed with MZmine 2.23 software (Norwood,
MA, USA) [45]. The MZmine's“3D Viewer” tool offered a three-dimen-
sional representation of the total ion chromatogram (TIC) in order to
work with useful ranges of intensity, retention time and m/z ranges,
(Fig. S-1, Supporting Information). The pre-processement treatment
consisted of the optimisation of the following steps: (i) centroid mass
detection, (ii) chromatogram builder, (iii) chromatographic deconvo-
lution, (iv) alignment, (v) peak list, (vi) duplicate peak filter and (vii)
gap filling. The results were stored as a CSV format file.

The data set was imported as a XML file using Excel, version 2013
(Redmond, WA, USA) and then, it was processed by normalising the ion
intensities between 0 and 1: [value-minimum value]/[maximum value-
minimum value].
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2.7. Processing and multivariate data analysis

All statistical analyses in this study were conducted using the SPSS
23.0 software package (SPSS Inc, Chicago, IL, USA). For sample clas-
sification and discrimination, HCA, PCA and LDA were applied.

3. Results and discussion
3.1. HS-SPME-GC-MS method

A HS-SPME procedure was developed to carry out the analysis of the
volatile/semivolatile compounds in rums. For that, a typical commer-
cial 7-years old rum was used.

The 100 um polydimethylsiloxane (PDMS) SPME fiber was selected
as it has been extensively used for extracting volatile/semi-volatile
compounds with a wide polarity range [46], some applications in al-
coholic drinks such as wine [47] and rum [6,35].

For the GC-QqQ-MS analysis, the starting oven temperature was set
to 35°Cto allow the elution of the most volatile compounds. In order to
avoid the chromatographic co-elution of high concentrations of low
molecular weight alcohols, such as ethanol and minor volatile com-
pounds, each sample was monitored in full scan mode in the m/z range
50-400.

3.2. Analysis of targeted compounds

Targeted analysis was focused on the determination of some se-
lected compounds traditionally present in rum samples and already
reported as relevant compounds for the organoleptic properties of such
spirit drinks [3,4,6]. For this purpose, ethyl acetate, furfural, 5-hydro-
xymethylfurfural, 2,5-furandicarboxaldehyde, vanillin, 3-methyl-1-bu-
tanol, whiskey lactone and the ethyl esters of the majoritarian car-
boxylic acids between C8 and C16 (individual and as sum of all them)
were monitored and found in most of the studied rum samples. Their
identification was carried out by comparison of their mass spectra with
NIST mass spectrum library and considering the retention index tabu-
lated in bibliography [43].

Six of the studied rum brands were available at different ages. For
them, the peak areas of various discriminant compounds were plotted
to check the content variation among the samples. The data for ethyl
acetate and the sum of the even ethyl esters between C8 and C16 are
shown in Fig. 1. The data obtained for the individual ethyl esters are
provided in the Supporting Information Fig. S2. It can be observed that
with a few exceptions, there is a trend for an increased peak area with
rum aging within the same brand. For example, ethyl acetate and the
sum of the ethyl esters were found at higher amounts in older rums (I, J,
C and Q samples). However, these compounds content was not sa-
tisfactorily correlated with aging between samples of different brands
and therefore, they cannot be used as proper chemical indicators of
aging in rums. For example, in both plots it can be observed that some
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Fig. 1. Bar chart representation of ethyl acetate (left) and the sum ethyl esters between C8 and C16 (right) among different rum samples.

highlight aging trends within the same brands.
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rum samples (i.e. C_15Y) contained lower amounts of ethyl acetate or
ethyl esters than younger rum samples of different brands (i.e., A_7Y,
15Y, H.8Y and H_12Y).

An evaluation of the presence of the target compounds in the dif-
ferent rums did not provide a clear correlation between their presence
in the studied samples and other factors such as origin, raw material,
distillation type, barrel type, etc. Therefore, to overcome the limitations
observed in the targeted analysis, further chemometrical tools were
evaluated for untargeted analysis.

3.3. Pre-processing and dataset treatment

In the first stage, the raw data export to CDF format was visualized
using the 3D Viewer tool of MZmine 2.23. Details of the MZmine steps
and parameters are summarized in Table S-1 (Supporting Information).

Once the alignment was completed and before the “Gap Filling”
process, the extraneous ions detected in all the samples (corresponding
to SPME fiber, rubber septum, column bleeding, etc.) were substrated.
For that purpose, a blank sample was analysed between each analysis of
every type of commercial rum. This allowed the possibility of sub-
tracting the ions detected by the software in these samples (known
interfering masses), that could lead to errors in classification. These
ions were mostly represented by cyclosiloxane signals from the SPME
fiber (m/z 222, 296, 370), siloxanes from the sample vial septa (m/z 73,
207, 281), and phthalates from plasticizers contamination (m/z 149).

The resulting data from MZmine were exported as a CSV file con-
taining a matrix giving the ion intensity values for each rum sample. In
the time window from 1.20 to 30.00 min for a mass range m/z from 50
to 400, when 96 analyses (33 different rum samples with three re-
plicates each, except 3 rum samples that were studied in duplicate)
were performed, 231 variables (number of ions detected as the relevant
ones by MZmine from the GC-MS data) were obtained. Thus, a total of
22176 data points were processed and used for multivariate analysis.

3.4. Unsupervised methods: Exploratory data analysis

An exploratory data analysis by HCA was carried out. The HCA was
applied in order to reduce the dimensions of the data set by grouping
relatively similar samples in one cluster and relatively dis-similar ob-
jects in another. Besides, the HCA enabled to check the repeatability of
the analyses, detect anomalous values and discard any outlier re-
plicates. At this step, four outlier replicates out of a total of 96 rum
analyses were discarded. However, a minimum of two replicates per
rum sample were always considered.

In this first step, the HCA study classified satisfactorily five samples
containing additives such as honey, syrup or flavoring (labelled as va-
nilla and tangerine flavored rums). The dendrogram obtained is shown
in Fig. 2. Their chromatographic profiles showed relevant differences
regards to the rest of rum samples. Therefore, and after concluding
about the easy discrimination of rum samples containing additives,
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Fig. 2. Dendogram obtained by HCA using the total rum batch. See Table 1 for sample code.

these kind of samples were disregarded to facilitate further chemo-
metric classification of the rest of the rums.

Applying the factor analysis method, where the data was submitted
to an orthogonal rotation (varimax rotation), a total of 40 variables (m/
z) were selected as the most discriminant ions (score values higher than
0.80) for further PCA. The factor analysis scores obtained for all ions
are shown in Table S-2 (Supporting Information).

PCA using the selected variables was applied to transform the high-
dimensional variables into a small number of orthogonal factors,
principal components (PCs), whilst accounting for the largest variance.
PCA three-dimensional representation (Fig. 3) provided 88% of the
total variance explained on the three first PCs. In this plot, PC1, PC2
and PC3 account for 36%, 36% and 15% of the individual variance,
respectively.

3.5. Identification of the most discriminant compounds

These most discriminant ions were initially assigned to 13 volatile
organic compounds based on their retention indexes and mass spec-
trometric data using the NIST database (match factor higher than 750).
Further identification studies by HRMS with Q-Exactive Orbitrap were
carried out and their mass spectra evaluated by a high-resolution fil-
tering (HRF) tool from the Tracefinder software. Initially, the HRF as-
signed tentative identification was based on the use of high-resolution
mass spectra but using the traditional spectral matching at unit re-
solution. Later, all unique combinations of atoms from these candidate
precursors are generated and matched to m/z peaks using narrow mass
tolerances [48]. The HRF scores obtained for the candidates ranged
from 99.50% to 100.00%, confirming 11 of the compounds previously
assigned by GC-QqQ-MS analysis using retention index and NIST da-
tabase search (Table 2). Although different identification methods were
applied for the same compound, further discussion was necessary for
final confirmation of the three hesitant results.

The initial confirmation of ethyl acetate presented certain doubts
because of the monitored mass range (m/z 50-400). Its predominant m/
z 43 (CH3CO™) was not observed in those experimental conditions.
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Therefore, a new m/z range was investigated (m/z 35-400) for this
particular case obtaining an adequate library spectrum comparison
(Fig. §3 in Supporting Information) and a 100% HRF score. However, it
should be noted that the use of a lower mass range has caused sig-
nificant interferences for high volatility compounds (retention time
lower than 5 min) due to the presence of high concentrations of ethanol
(Fig. S4 in Supporting Information).

Two of the studied chromatographic peaks (retention time 18.4 and
19.5min) were initially identified by NIST as ionene (1,2,3,4-tetra-
hydro-1,1,6-trimethyl- naphthalene). However, HRF study of the HRMS
data provided more reliable confirmation for the peak at 18.4 min (HRF
score of 100.00%). The chromatographic peak at retention 19.5 min
also presented a high HRF score (99.53%) and probably it is a ionene-
derivative, but not included in the NIST library. Ionene has been re-
ported as a pyrolysis degradation of carotenoid products [49] that have
been reported as present in sugarcane [50]. Therefore, ionene and its
related compound can be produced during molasses production.

For the identification of the compound at RT 11.8min, further
discussion was required. After GC-QqQ-MS analysis, NIST library search
showed trans-2-tetrahydro-5-methyl-furanmethanol as the main tenta-
tive identification option. However, further HRMS Q-Exactive Orbitrap
analysis identified tetrahydro-2H-pyran-2-methanol as the first choice.
Both compounds present the same formula (C¢H,,0,), exact mass (m/z
116.08318) and very similar mass spectrometric profile. The main
difference between both spectra is the distribution of ions in the cluster
(m/z 55-60) shown in Fig. 4. The cluster profile obtained in the ex-
perimental spectrum fits with the one shown for tetrahydro-2H-pyran-
2-methanol. This compound also presented a high HRF score of 100%.

Table 2 shows the 13 selected compounds with their corresponding
identified compounds, empirical formula, selected ions, retention time,
KI value, HRF score and identification methods used. It can be readily
observed that all ions from PC1 and PC2 belong to six ethyl ester
compounds (hexadecanoic acid, ethyl ester; (E)-9-octadecenoic acid,
ethyl ester; tetradecanoic acid, ethyl ester; octanoic acid, 3-methylbutyl
ester; decanoic acid, ethyl ester; octanoic acid, ethyl ester). Ethyl ester
compounds, formed by the reaction of ethanol with acyl-CoA, are well-
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known for playing an important role in the organoleptic properties of
fermented beverages, due to their fruity aroma [51]. For PC3, high
discrimination power was observed for low molecular weight com-
pounds, such as ethyl acetate, diethoxymethane and 1,1 diethox-
ybutane. Ethyl acetate provides fruity and brandy notes to beverages
[52]. Franitza et al. has already reported the presence of 1,1-diethoxy-
3-methyl- butane in two different rums, providing intense fruity aroma

PC2 (36%)

Table 2
Most discriminant ions for PC1, PC2, and PC3 with their score. retention time and corresponding tentatively identified compounds.

Fig. 3. PCA representation using the most discriminant ions.
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[53]. Additionally, ionene and tetrahydro- 2H-Pyran-2-methanol were
also identified as highly discriminant in PC3.

3.6. Supervised analyses

After variables selection, LDA was applied in order to classify the
rums according to different groups by maximizing the ratio of between-

PC Compound Empirical m/z (score) RT (min) KI' HRF (%)" Identification method
formula

1 Hexadecanoic acid, ethyl Ci5H3602 185.2 (0.94); 241.2 (0.94); 284.3 (0.93); 213.2 (0.93); 157.2 24.10 1993 100.00 KL Lib". HRF
ester (0.89); 115.1 (0.88); 88.1 (0.86); 55.1 (0.85);

1 (E)-9-Octadecenoic acid ethyl CyoH3s0 180.2 (0.91); 112.2 (0.90); 222.3 (0.87); 264.2 (0.86); 137.1  25.17 2170 100.00 KL Lib. HRF
ester (0.85); 109.1 (0.85); 169.1 (0.84)

1 Tetradecanoic acid, ethyl Cy6H320, 88.1 (0.86); 55.1 (0.82) 23.05 1789  100.00 KL Lib. HRF
ester

2 Octanoic acid, 3-methylbutyl  C,,H,.0, 70.2 (0.95); 127.2 (0.92) 20.89 1441 99.83 KL Lib. HRF
ester

2 Decanoic acid, ethyl ester C12H2402 157.1 (0.92); 115.1 (0.92); 88.1 (0.81); 55.1 (0.91) 20.44 1389 99.50 KI Lib. HRF

2: Octanoic acid, ethyl ester Cy0H2002 88.1 (0.85); 127.2 (0.85); 57.2 (0.85) 18.17 1194 99.86 KL Lib. HRF

3 Ionene CisHhs 131.1 (0.94); 159.1 (0.91); 144.1 (0.90); 116.1 (0.85); 91.1 18.4 1211  100.00 KL Lib. HRF

(0.85); 113.1 (0.83)

3 Butane, 1,1-diethoxy-3- CoHy0, 103.1 (0.94); 73.1 (0.94); 75.1 (0.94) 9.2 018 99.82 KL HRF
methyl-

3 Ionene-derivative CisHis 159.1 (0.90) 19.5 1295 99.53 HRF

3 Unknown - 130.2 (0.89) 18.2 1197 - -

3 Ethyl Acetate C4HgO2 54.7 (0.87) 23 611 100.00 KL Lib. HRF

3 2H-Pyran-2-methanol, CsH 1202 85.1 (0.86) 11.8 988  100.00 KL Lib. HRF
tetrahydro-

3 Methane, 1.1-diethoxy- CsH,20, 103.1 (0.84) 3.3 668 - KL Lib

“ KI; Kovats retention indices.
" HRF (High-Resolution Filtering score); percentage of the spectrum obtained by HRMS Orbitrap that can be explained by combination of accurate mass, library

matching and percentage of explained ions observed.

© Lib; Identification based on mass spectrometric data using the NIST database (match factor higher than 750).
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Fig. 4. Comparison between theoretical mass spetrum of tetrahydro-2H-pyran-2-methanol (a), theoretical mass spetrum of trans-tetrahydro-5-methyl-2-fur-
anmethanol (b) and the obtained experimental spectrum by HRMS Q-Exactive Orbitrap (c) with zoom-in on the m/z 55-60 cluster (d).

class variance and minimizing the ratio of within-class variance.
Classification groups were selected based on the main information
about the rum elaboration, typically provided by rum manufacturers.

The leave-one-out method [54] was used as cross-validation pro-
cedure to evaluate the prediction ability (Q?) for each LDA model using
the previously selected variables. For a good predictability, the differ-
ence between R? (coefficient of determination) and Q? value should not
exceed 0.3 and poor robustness of the model is usually suspected when
that happens [55,56]. The rums that had no production information
available for the respective classifying group were not used to ensure an
accurate prediction.

For the country group, the 94% of the rums with 10 different origins
were correctly classified (R* 0.94) (Fig. S-5 in Supporting
Information). When cross-validation was carried out, the LDA model
had a prediction ability of Q* = 0.73. This cross-validation value can be
explained because the composition of rum is mostly dependent on the
manufacturing process due to its complexity and variability, rather than

the manufacturing country.

When raw material was used as classificatory criterion (Fig. 5.a),
97% of rums were correctly classified. The molasses group was clearly
separated from the sugar cane group, while the group containing the
rums where no information was available were placed close to the
molasses group. The LDA data distribution reveals that the NA rums
with no information about their production process could be elaborated
from molasses. The cross-validation process, which used only the sugar
cane group and the molasses group, provided a prediction ability Q*
= 0.91 indicating that clear differences between these two groups
provide a good prediction ability of this model.

When the classification was performed according to distillation
method, where four categories were used (copper pot stills, stainless
steel columns, a mixture, and NA) (Fig. 5-5 in Supporting Information),
92% of the rums were correctly classified. The cross-validation showed
a prediction ability of Q* = 0.87 of the rums. Rums made in copper pot
stills were clearly differentiated from the rest. The other three
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Fig. 5. LDA representation showing the classification of 28 rums based on (a) raw material and (b) aging period.

categories were correctly classified in most of the cases, despite their
proximity in the LDA representation. Copper pot stills are the tradi-
tional method to distil rums; however, these days, many manufactures
prefer stainless steel columns for their increased efficiency. With steel
columns, only one fraction is collected, whereas copper pot stills pro-
vide manufacturers with the possibility to combine the head, heart and
tail fractions to obtain specific rums. This elaboration difference can
explain the clear LDA distinction of the copper pot distillation data.

For barrel type (unspecified oak barrel, American oak barrel, French
oak barrel, NA), 95% of rums were correctly classified rums (Fig. 5-5 in
Supporting Information). A cross-validation value of Q* = 0.86 was
obtained. The graphical proximity of the oak and American oak barrels
could be an indication that American oak is the typical wood used when
the manufacturers do not specify the type of barrel utilized.

The last LDA representation (Fig. 5.b) was based on rum aging
(young, medium, old)., The rum aging parameter was created by con-
sidering rums aged less than 5 years as young, those aged between 5
and 10 years as medium, and rums aged for more than years as old. A
94% of correctly classified rums were obtained for aging. For cross-
validation, Q* = 0.65 were obtained. This value can be explained by
the blending process and the differences in legislation about age la-
belling.

4. Conclusions

The present study has developed an analytical strategy for the
classification of rums depending on different steps from the production
process using the most discriminant compounds of the volatile fraction.
For that, the targeted and untargeted analysis of rums was evaluated
using HS-SPME-GC-MS and chemometric tools. The target analysis
found some chemical indicators (ethyl acetate and ethyl esters of car-
boxylic acids) that could be correlated with aging within the same
brand, but presented clear limitations when they were used across
different brands. No other correlations with other parameters were
found. On the other hand, the untargeted analysis using chemometric
tools led to the classification of the 33 rums of different brands and
ages. For that, unsupervised (HCA, PCA) and supervised techniques
(LDA) were employed. The HCA showed considerable differences be-
tween the traditional rums and the rums prepared by addition of honey,
syrup and flavoring. This chemometric method offers the potential to
clearly distinguish these rums with additives from the rest. For the
correct classification of traditional rums, PCA provided 40ions as re-
levant chemical descriptors corresponding to 13 discriminant com-
pounds (e.g. hexadecanoic acid ethyl ester, octanoic acid ethyl ester,
decanoic acid ethyl ester, ethyl acetate and 1,1-diethoxy-3-methyl-
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butane). For the confirmation of the compounds, a strategy based on
the combination of retention indexes, NIST database matching using
low-resolution mass spectrometry and HRF scores using high-resolution
spectra obtained by HRMS Q-Exactive Orbitrap was employed.

The 28 traditional rums were classified based on manufacturing
country, raw material, distillation method, barrel type, and aging
period with data classification values from R* = 0.94 to R* = 0.97
(prediction ability from Q? =0.65 to Q* =0.91). LDA results showed
conclusive differences between the classification groups and the im-
portance of enough representative sample for each group. The applied
classification strategy allowed for a better understanding of rum com-
position, including for rums with not accurate label information.
Moreover, this technique could be of interest to future investigations,
for example, to other spirit beverages.
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ABSTRACT: A comprehensive fingerprinting strategy for golden rum classification considering different categories such as
fermentation barrel, raw material, and aging is provided, using a metabolomic fingerprinting approach. A nontarget
fingerprinting of 30 different rums using liquid chromatography coupled to high-resolution mass spectrometry (Exactive
Orbitrap mass analyzer, LC-HRMS) was applied. Principal component analysis (PCA) was used to assess the overall structure
of the data and to identify potential outliers. Different chemometric analyses such as partial least-squares discriminant analysis
(PLS-DA) were used. A variable importance in projection (VIP) selection method was applied to identify the most significant
markers that allow group separation. Compounds related to aging and fermentation processes such as furfural derivates (e.g,,
hydroxymethylfurfural) and sugars (e.g., glucose, mannitol) were found as the most discriminant compounds (VIP threshold
value >1.5). Suitable separation according to selected categories was achieved, and a classification ability of the models of close
to 100% was achieved.

KEYWORDS: rum, metabolomics, liquid chromatography, high-resolution mass spectrometry, fingerprinting, multivariate analysis

B INTRODUCTION be applied in rum production. Rums of different ages are mixed
to obtain specific organoleptic products. All these types of
processes make rum an attractive object of study.

Currently, different methods have been described for the
classification of alcoholic beverages on the basis of an analysis
of the metabolomic composition,” including scarce rum
classification studies.”” For that purpose, gas chromatography
coupled to mass spectrometry (GC-MS) has been one of the
most frequently used techniques for analyzing the volatile
fraction of the rums.

However, rum studies applying liquid chromatography
coupled to mass spectrometry (LC-MS) have been less
frequent, and the nonvolatile fractions of this beverage have
been mainly analyzed. Other rum studies have been generally
limited to the identification of a few compounds such as
phenolic compounds, formaldehyde, and monoterpenes. =
Several alcoholic matrices such as whiskey,">™"° brandy,'
vodka,'"”"® beer,"”* and wine’"** have been commonly
studied in terms of authentication, quality control, differ-
entiation, and adulteration detection, generally using LC—MS.“

Rum is one of the most popular spirit-based drinks, taking into
account a high world consumption rate (more than 1 billion of
liters per year) and an expected increase of 1.9% in volume
terms over 2016—2021. This alcoholic drink is exclusively
obtained from the alcoholic fermentation and distillation of
either molasses or sugar cane syrups. Golden rums are the
most popular, and their color is due to oak maturation. There
is no formal designation of what makes a “golden” rum, but
these are generally mellow.'

Rum’s production begins with the selection of the raw
material. Once the raw material is selected, sugar cane juice or
molasses is placed in large vats, and ethanol is produced from
the natural sugars by the action of yeast enzymes. The resulting
mash is distilled using heat in copper pot stills or in stainless
steel columns to obtain a high content of ethanol. The
principal compounds obtained by distillation are water,
ethanol, and hundreds of organic charactenstlc compounds,
which contribute to distillate flavor.””* Then, pure demineral-
ized water is used for dilution of the resulting distillate to

obtain a desired alcohol percentage of 37.5—40.0% (minimum Due to the complexity and variability of rum preparation, their
37.5% v/v imposed by EU regulation for rum beverages).” The classification represents an analytical challenge.

resulting solution is then aged in oak barrels previously used With this aim, chemometric methods coupled with analytlcal
for whiskey, wine, or brandy production.” American white oak techniques are being increasingly used for beverage studies.™
(Quercus alba) and French red oak (Q. robur and Q. petraca)

are the most frequently used sources of oak woods,” although Received: October 12, 2018

the basic composition of oak does not significantly differ from Revised:  January 4, 2019

one species to another. Blending, which gives to the rum Accepted: January 8, 2019

particular sensory characteristics in an optional step, can also Published: January 8, 2019
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Table 1. Code, Bottle Labeling, and Manufacturer Information for the Rum Samples Analyzed

brand code bottle code origin aging raw material barrel

TAB TAB Caribbean young N/A N/A

HAV HAV_S Cuba § years molasses French oak barrel
HAV_7 7 years molasses French oak barrel

LEG LEG_A anejo molasses American oak barrel
LEG_B young molasses no barrel

MAT MAT_7 Dominican Republic 7 years molasses American oak barrel
MAT_10 10 years molasses American oak barrel
MAT_15 15 years molasses American oak barrel

ALM ALM_R1 anejo N/A American oak barrel
ALM_R2 anejo N/A American oak barrel
ALM B young N/A no barrel

BAR BAR old reserve N/A N/A

BOH BOH anejo N/A N/A

PLA PLA G Grenada double aged, old reserve molasses mixed (American + French oak barrel)
PLA T Trinidad & Tobago double aged, overproof molasses mixed (American + French oak barrel)

BOT BOT_8 Guatemala 8 years sugar cane juice American oak barrel
BOT_12 12 years sugar cane juice American oak barrel
BOT_18 18 years sugar cane juice American oak barrel

ZAC ZAC 6-25 years sugar cane juice American oak barrel

APP APP_5 Jamaica 5—10 years molasses American oak barrel
APP_12 12 years molasses American oak barrel

FLOR FLOR_7 Nicaragua 7 years molasses American oak barrel
FLOR_12 12 years molasses American oak barrel
FLOR_18 18 years molasses American oak barrel

NEG NEG_R1 Spain anejo molasses N/A
NEG_R2 molasses N/A

REY REY N/A N/A no barrel

ST ST 3 Venezuela 3 years molasses French oak barrel
ST_10 10 years molasses French oak barrel

VEL VEL young N/A N/A

Different and very diverse supervised and unsupervised
techniques such as principal component analysis (PCA),
hierarchical clustering analysis (HCA), liner discriminant
analysis (DA), partial least-squares discriminant analysis
(PLS-DA), and orthogonal partial least-squares discriminant
analysis (OPLS-DA) have been already used for the chemo-
metric evaluation of food and beverage quality.”*™*°
Unsupervised methods (e.g, PCA and HCA) have usually
been used in exploring the overall structure of a data set,
finding trends, and grouping within the data set.”””"
Supervised techniques are applied to support a priori known
data structures and to train patterns and rules to predict new
data, which can be classified using linear methods (e.g., PLS-
DA, LDA, OPLS-DA).*”*

Herein, this study presents, for the first time, a
comprehensive fingerprinting strategy for golden rum classi-
fication on the basis of different categories such as barrel, raw
material, and aging. With this aim, a nontarget fingerprint
approach based on LC coupled to high-resolution MS
(Exactive-Orbitrap mass analyzer, LC-HRMS) was applied
for the classification of 30 commercially available rums. PCA
models were built to assess the overall structure of the
metabolite data and to identify potential outliers. Several
chemometric analyses such as PLS-DA were used to build
discriminant models. A variable importance in projection
(VIP) method was applied to identify the most significant
markers that allow group separation. For the identification of
markers, metabolite annotation was determined from the exact
mass composition, from the goodness of isotopic fit of the
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predicted molecular formula and matching with available
databases.

B MATERIALS AND METHODS

Reagents. Anhydrous ammonium acetate (>98%) was purchased
from Panreac (Barcelona, Spain). Ultrapure water was obtained by a
Milli-Q water gradient system (Millipore, Bedford, MA, USA).
Formic acid was obtained from Fisher Scientific (Erembodegem,
Belgium), and methanol (MeOH) (LC-MS grade) was acquired from
Fluka (St. Louis, MO, USA).

Samples. For this study, 30 commercial rums were purchased
from different local liquor stores located in Almeria, Spain. The rums
were manufactured in 10 different countries: Cuba (4 samples),
Dominican Republic (8 samples), Grenada (1 sample), Guatemala (4
samples), Jamaica (2 samples), Nicaragua (3 samples), Caribbean
region (1 sample), Spain (3 samples), Trinidad & Tobago (1 sample),
and Venezuela (3 samples). All samples were stored at room
temperature prior to analysis, in their original glass bottles.
Information about the rum production, obtained from the official
Web site of rum manufacturers as well as from the label, and assigned
codes for each rum are summarized in Table 1. It should be pointed
out that information about aging, raw material, and barrel was not
provided by all manufacturers. When the information was not
available, this was recorded as N/A.

Sample Preparation Procedure. A simple pretreatment method
was carried out prior to LC-HRMS analysis. Thus, 1 mL of rum
sample was diluted up to 5 mL with Milli-Q water and shaken for 1
min in a vortex. Then, 10 yL was directly injected into the analyzer.

Rums from the same brand were analyzed equally across the
sampling sequence according to a block design in order to guarantee
their comparability and lack of potential analytical bias. Three
replicates of each bottle were analyzed.

DOI: 10.1021/acs jafc.8b05622
J. Agric. Food Chem. 2019, 67, 1302-1311
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LC-HRMS Analysis. For the UHPLC-Orbitrap-MS analysis, a
Thermo Fisher Scientific Transcend 600 LC instrument (Thermo
Scientific Transcend, Thermo Fisher Scientific, San Jose, CA, USA)
was used and it was coupled to a Orbitrap Thermo Fisher Scientific
mass spectrometer (Exactive, Thermo Fisher Scientific, Bremen,
Germany) using an electrospray interface (ESI) (HESI-II, Thermo
Fisher Scientific, San Jose, CA, USA). The chromatographic
separation was carried out with an Hypersil ODS C18 HPLC column
(250 mm X 4.6 mm, S um particle size) by Thermo Fisher (Thermo
Fisher Scientific, San Jose, CA, USA). The mobile phase consisted of
eluent A, which was an aqueous solution of 30 mM ammonium
acetate (adjusted at pH § with formic acid), and eluent B, MeOH.
The flow rate was set at 0.2 mL/min. The elution gradient was as
follows: started at 95% A and linearly decreased to 70% in 8 min and
then to 50% in S min. This composition was held constant during $
min. Then A was decreased to 20% in 15 min and to 0% in 14 min.
This composition was held for 2 min and finally the eluent was
returned to the initial conditions in 4.5 min (95% of A) and kept
constant during 3.5 min. The column temperature was set at 25 °C,
the injection volume was 10 L, and the total running time was 58
min. The ESI parameters for the spectrometric detection were as
follows: spray voltage, 4 kV; sheath gas (N, >95%), 35 (adimen-
sional); auxiliary gas (N, >95%), 10 (adimensional); skimmer
voltage, 18 V; capillary voltage, 35 V; tube lens voltage, 95 V; heater
temperature, 305 °C; capillary temperature, 300 °C. The mass spectra
were acquired employing four alternating acquisition functions: (1)
full MS, ESI+, without fragmentation (the higher collisional
dissociation (HCD) collision cell was switched off), mass resolving
power 25000 full width at half-maximum (fwhm), scan time 0.25 s,
(2) full MS, ESI- using the aforementioned settings, (3) all-ion
fragmentation (AIF), ESI+, with fragmentation (HCD on, collision
energy 30 eV), mass resolving power 10000 fwhm, scan time 0.10 s;
(4) AIF, ESI— using the settings explained for (3). The mass range in
the full scan experiments was set at m/z 50—1000.

The chromatograms and spectra were acquired using the external
calibration mode, and they were processed using Xcalibur version 4.1,
with Quanbrowser and Qualbrowser (Thermo Fisher Scientific, Les
Ulis, France).

Preprocessing and Data Treatment. Raw data were imported
into Compound Discoverer software (version 2.1, Thermo Scientific
Scientific) for alignment and data gap filling. The resulting data set
was imported as an XML file using Excel, version 2013 (Redmond,
WA, USA), and then it was processed by SIMCA version 15.0
(Umetrics, Umea, Sweden). The obtained variables, correlated to
every detected compound, were named by the following unique
concatenation for each one: [obtained high resolution mass—
corresponding retention time].

Processing and Multivariate Data Analysis. Unsupervised
analyses such as PCA and HCA were applied as exploratory data
analysis for visualization of the analytical connections among samples.
Outliers, potentially disturbing the proposed models, were detected
using Hotelling’s T? value; meanwhile, a DModX graphic allowed the
consideration of additional possible moderate outliers.”' Detected
outliers were excluded for further statistical analyses.

Supervised PLS-DA was used for the modeling of samples in
relation to the settled classes Y. Further discriminant analyses based
on selected variables derived from the VIP analyses were applied for
classification /prediction models of rums.

The goodness of fit of the models was evaluated by the coefficient
of determination (R’X), the proportion of the variance of the
response that is explained by the model (R?Y), and the predictive
ability parameter (QY). To estimate the ability of a model, and to
avoid overfitting by estimating the number of significant components
(NSCs) to be used, k-fold cross-validation (k-fold-CV) was applied.™

For all supervised analyses, all rum samples were randomly divided
into two sets: 4/5 of the samples were selected as the model set to
build the statistical model, and the remaining 1/5 of the samples were
employed as the external validation set. The validation of the
established models was externally evaluated by calculating the
percentage of samples correctly classified into their respective groups
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(% CC). For determination of the accuracy of prediction, the root-
mean-square error of cross-validation (RMSECV) was calculated.”
The cross-validated ANOVA (CV-ANOVA) p value was calculated as
a measure of significance for the observed group separation by the
obtained variables.™* Additionally, since some discriminant analysis
methods have a high tendency to give overfitted models, DA-
validations were carried out by a permutation test.”

When a two-category model was applied, receiver operating
characteristic (ROC) curve analysis was also employed, as it is
recommended as a valuable tool for the validation of binary
classifications.*

Tentative Identification of Discriminant Compounds. A VIP
variable selection method was applied to identify the most statistically
significant variables. Putative identification was done on the basis of
the exact mass composition, from the goodness of isotopic fit for the
predicted molecular formula, MS/MS evaluation, and database
matching (PubMed, Biocyc, ChEBI, HMDB, KEGG, Metabolights,
and PubChem databases available from Compound Discoverer
software). From the accurate mass, the molecular formula was
derived using the built-in elemental composition generator provided
by Xcalibur software. When several candidates were found for a given
m/z value, metabolite identification was sorted by giving preference to
those metabolites normally found in alcoholic beverages. If various
potential candidates were obtained, Mass Frontier 7.0 software
provided by Thermo Scientific was used to discard candidates on the
basis of feasible explanation of the fragments/product ions obtained in
MS and MS/MS spectra. The MS/MS spectra were also compared
using free mass spectral databases such as Metlin®” and MassBank.**

Finally, when several potential candidates were found, the marker
was simply annotated using its m/z—retention time label previously
created for SIMCA processes.

B RESULTS AND DISCUSSION

LC-HRMS Fingerprinting. Rum samples were analyzed
using the LC-HRMS method described previously (LC-HRMS
Analysis). The mass range in the full scan experiments was set
at m/z 50—1000 in order to minimize the contribution of
polymeric components (such as peptides or polysaccharides
and lignin polymers),” so that they were also out of the range
of the detectable compounds of the present study.

Chromatographic generic conditions are essential in
metabolomic workflows in order to obtain representative
results of each kind of matrix; therefore, specific chromato-
graphic requirements were not optimized for the present study.
Thus, chromatographic conditions previously applied in
metabolomic studies carried out by our research group were
applied.”” Therefore, in this work, the chromatographic
fingerprint was obtained by LC-HRMS using C;3 as the
stationary phase (Hypersil ODS C,;3 HPLC column) for the
analysis of LC-amenable compounds in the nonvolatile fraction
of rum. Both positive (ESI+) and negative (ESI—) ionization
modes were applied to maximize the obtained information. A
gradient elution of 30 mM ammonium acetate (pH S adjusted
with formic acid) (solvent A) and methanol (solvent B) was
used, covering a wide chromatographic separation and showing
narrow and resolved peaks.

The sample analysis order was carried out according to a
block design to guarantee their comparability and lack of
potential analytical bias. After every brand analysis, a blank
analysis was conducted. Sample analyses were carried out in
triplicate.

Data Preprocessing. The LC-HRMS data obtained from
the 30 different rums with both acquisition modes were
processed by Compound Discoverer software. First, the
following mass selector conditions for further processing
were applied: the precursor selection uses the MSI1 precursor

DOI: 10.1021/acs jafc 8b05622
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scan, the precursor mass is arranged between 50 and 1000 Da,
and the S/N threshold is larger than 1.5.

The following processing procedure consisted of peak
picking and integration, retention time alignment using an
adaptive curve (mass tolerance of S ppm; maximum shift of 2
min), and unknown compound detection, where detected
features with an intensity lower than 250000 and S/N higher
than 3 in each set of data were extracted and merged into
components according to ion adducts. The selection of these
conditions allowed the efficient selection of data minimizing
the loss of relevant analytical information. The software
detected chromatographic peaks and the mass of correspond-
ing compounds on the basis of a generated list of predicted
compositions. Only the compounds detected in all three
replicates of each sample (coefficient of variation of the signal
intensity <25%) were used for further steps, avoiding the
selection of false positives that could lead to errors in the
classification process.

Finally, isotope and adduct peak grouping, unknown
compound grouping (mass tolerance of 5 ppm; maximum
shift of 2 min), and gap filling (mass tolerance of S ppm; S/N
threshold of 1.5) were applied. Additionally, a blank
subtraction (using blank samples prepared with mobile
phase) was used for deleting interfering masses from the
solvent or chromatographic system that could lead to
multivariate analysis worsening. The processing settings are
summarized in the workflow shown in Table S-1 in the
Supporting Information.

A total of 90 observations (30 rums and their replicates) and
497 different peaks were processed and collected in the
resulting XML file. The chosen categories for further rum
classification were origin, barrel, age, and raw material, as
previously described in Table 1.

Data Pretreatment. The obtained data set in XML format
was imported into SIMCA software. Before the variables were
subjected to PCA and PLS-DA, different mathematical
pretreatments were applied.

Logarithmic transformation was used for all the detected
compounds, giving values in a smaller range without masking
the effect of small values within the data.”* This conversion
resulted in a significant decrease in root-mean-square error
cross-validation (RMSECV) values in further discriminant
analysis and a reduction in standard deviation (SD) on variable
value from SD = 588238.8 to SD = 0.5, allowing an adequate
variable range for the present metabolomic study.

Pareto scaling (1/sqrt(SD)) was applied to PCA and PLS-
DA in order to reduce the influence of intense peaks while
emphasizing weaker peaks that may have more metabolic
relevance (resulting mean variable value 4.35677)."'

Multivariate Data Analysis. The resulting data set was
submitted to multivariate analysis for rum classification by
SIMCA software. PCA was performed using all of the rums to
show a trend of intergroup separation on the scores plot of
data obtained in both positive and negative modes. The PCA
method was used to model, compress, and visualize data and to
select outliers."?

First, Hotelling’s T> method based on multivariate general-
ization of the 95% confidence interval allowed the exclusion
from the model of three different potential outliers (Figure S-
1A). In addition, two moderate outliers were excluded by the
DModX (Dcrit = 0.05) function, which provides measure-
ments of the distance to the model (the relative standard
deviation for each row) (Figure S-1B). Five outliers produced
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by acquisition deviations, all from different brands, were
detected. Those outliers were excluded for further statistical
analyses, leaving 85 rum observations.

Then, the PCA model was automatically fitted using 85 rum
observations (N) and 11 significant components (NSC). A
score plot explaining 82% of the total variance was obtained
(Figure S-2). For model fitting, the autofitting tool provided by
SIMCA software was used while k-fold-CV (k = 7) was applied
for determination of the optimal NSC number. This validation
randomly divided the whole data set into 7 folds, and one of
these was discarded at each time and used as a test set for
evaluating the prediction ability of the model (Q?).

Although no clear rum classification was observed for the
selected categories in the PCA representation, a separation
group is not always observable in PCA models because changes
due to metabolomic differences are usually small in
comparison to intra- and intersample variations.”* Never-
theless, good results, in terms of reproducibility of the replicate
analyses, were obtained. Wide dispersion of the observations
between different brands among the established and validated
methods denoted an excellent metabolomics wealth for the
present study.

Rum Classification Analysis. For further separation of the
groups on the selected rum categories, different PLS-DA
models were created for each of the classification groups:
aging, raw material, and barrel. This kind of supervised analysis
provides a deeper analysis of the main matrix characteristics of
metabolic samples and differs from PCA by the addition of
grouping variables that indicate the belonging category of
samples. The rum aging parameter for PLS-DA was created by
considering rums aged equal to or less than 7 years as young
and rums aged for more than 7 years as old.

For all supervised analyses, all rum samples were randomly
divided into two sets: 68 observations (4/S of the samples)
were selected as the model set to build the statistical model,
and the remaining 17 observations (1/5 of the samples) were
employed as the external validation set.

After fitting of the model and k-fold-CV, the validity of the
discriminant analysis models was evaluated by studying the
obtained R*Y and QY. The difference between goodness of fit
and goodness of prediction value should not exceed 0.3, and
poor robustness of the model is usually suspected when that
happens.” Additionally, to avoid common overfitting of
discriminant models, permutation tests were performed (n =
200). The permutation test rearranged the experiments
randomly through changing the sort order of the classification
variables, Y, and randomly assigning QY up to 200 times.
Recommended values for good fitting of models have been
described as R’Y interception ~0.3 and QY interception
<0.05." Significant models were obtained for all of the finally
selected categories, considering p values <0.0S as suitable
values for metabolomics studies. For each model, Fisher's
probability was calculated for expressing the probability of the
classification occurring by chance and was satisfied when p <
0.05 for 95% confidence. Evaluation values of the model
validation are shown in Table S-2 in the Supporting
Information, showing suitable results.

First of all, a PLS-DA based on the classification of the rums
by origin was carried out. As suspected, the model could not be
correctly validated because the composition of rum is mostly
dependent on the manufacturing process due to its complexity
and variability, rather than the manufacturing country.® It was
corroborated by poor model validation features such as R*Y =

DOI: 10.1021/acs jafc8b05622
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0.774 and Q%Y = 0.600 for an intentionally overfitted model
(NSC = 10 and N = 85).

In addition, PLS-DA of the aging barrel used in the rum
production processes showed clear group overlapping between
French oak barrel class and mixed (French + American oak
barrel) barrel. With the aim of improvement in the
classification results, both groups were blended as “French-
mix” (Figure 1).

.American barrel
BWNo barrel

¥ Unknown
+French barrel
@ Mixed

A French barrel +
' Mixed barrels

group

-15

-20 T T
-20 210 5 0 5
i

-15 10 15

Figure 1. PLS-DA representation of 85 rums based on aging barrel
and five classes (American barrel, no barrel, mixed barrel, French
barrel, and unknown barrel).

The PLS-DA and its validation values obtained from rum
classification on the basis of aging, raw material, and barrel are
shown in Figure 2. Different categories were correctly
separated after applying the PLS-DA, giving R*Y values over
0.965 and QY values over 0.854. Those results revealed the
stability of the mathematically designed model.

It can be observed in Table S-3 that, during model
validation, samples were correctly classified using the proposed
models except for one sample in the aging model, indicating
the suitability of the selected experimental conditions to get
valuable information for rum classification.

The results obtained by PLS-DA allowed a better under-
standing of those rums where no information was available,
except for the origin, where no differences between countries
were observed (Figure 2A), as has been indicated above. For
raw material classification, clear differences between sugar cane
and molasses were found (R*Y = 0.980, QY = 0.794). Those
rums for which the use of molasses or sugar cane is unknown
are mainly classified within the molasses group, indicating the
use of molasses during its fermentation. Three different rums,
previously noted as white rums, were differentiated from the
rest of the rums, suggesting the use of different or alternative
raw materials for their preparation and showing good behavior
of the proposed classification model (Figure 2B).

When the classification was performed according to barrel,
for those unknown samples, clear graphical proximity indicated
that American oak wood seems to be used when the
manufacturers do not specify the type of barrel utilized (Figure
2C). On the other hand, for the French-mix group large

1306

differences were found from the rest of the observations (R*Y=
0.961, Q%Y = 0.908).

For aging classification, clear differences were found among
the three proposed classes: old rums (over 7 years old), young
rums (less than or 7 years old), and not aged rums (Figure
2D). A linear trend depending on the rum aging was observed
among the graphical representations (R’Y = 0.963, QY =
0.794). The lower QY for the proposed classification model
can be explained by the differences in legislation about age
labeling. According to legislation from both the European
Union and the United States, the age statement on the label
needs to refer to the youngest rum in the bottle. However, in
other countries, it can refer to the oldest rum.”

Model Validation-Prediction Ability. External validation
was carried out by evaluating the prediction capability and
performance of the designed models, calculating the
percentage of samples correctly classified into their respective
groups (% CC). Results of the classification of the different
PLS-DA models according to raw material, barrel, and aging
are shown in Table 2. With regard to the model prediction,
suitable global classification, rating from 94 to 100%, was
achieved for the validation sample sets of rums.

Additionally, ROC analysis of aging based on young and old
groupings showed excellent results on the basis of the area
under the curve values (AUC) equal to AUC = 0.99 as shown
in Figure S-3, showing an excellent behavior for this rum
binary classification.

According to the obtained results, differentiation of rums on
the basis of the selected categories (age, raw material, and
barrel) considered in the present research was demonstrated.

Elucidation of Markers and Biological Meaning. After
model design and validation, a VIP variable selection method
was applied for the determination and identification of the
most discriminant and characteristic compounds in the
selected rum categories. The dimensional reduction of the
total detected variables allowed a better and more
comprehensive elucidation of the most important compounds
of the studied rum samples. It also contributed to improving
the understanding of the chemical meaning of this kind of
spirit beverage.

For the identification of the most discriminant compounds
obtained from VIP analysis, Compound Discoverer 2.1
software (Thermo Scientific) was applied. From the initial
497 detected compounds, 10 different compounds were
selected, showing a high VIP value (VIP > 1.5), whereas
other 6 expected compounds in alcoholic beverages were
identified due to the high concentration at which they were
present, demonstrating the elucidation ability of the proposed
methodology.

For a compound formula generation, the maximum numbers
of possible C, H, Cl, N, O, P, and S atoms allowed for the
built-in elemental composition generator were 90, 190, 2, 10,
15, 2, and 2, respectively. These values were selected in order
to ensure the elucidation of expected compounds in rums such
as sugars and furfural derivates. Mass tolerance for MS
identification of the exact mass of potential candidates was 5
ppm. Only for one compound, L-proline, it was necessary to
increase the mass tolerance in order to obtain potential
candidates. For the spectral data selection, the preferred ions
were selected on the basis of the mobile phase used in the
present study and results were ranked by the spectral similarity
score between theoretical and measured isotope patterns

DOI: 10.1021/acs jafc 8b05622
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Figure 2. PLS-DA representation showing the classification of 85 rums on the basis of (A) origin, (B) raw material, (C) aging barrel, and (D) aging

period.

Table 2. Classification Results (CC%) for Rum Validation
Set in the Proposed Models

correctly
total of number of total of correct classified
model  sampling set  categories classified (CC %)
raw 17 3 16 94
material
barrel 17 4 17 100
aging 17 3 17 100

(pattern cov, %). Details of the Compound Discoverer steps
and parameters are summarized in Table S-1.

After exact mass composition determination, a library
searching was carried out by comparing both the exact formula
and predicted formula obtained with seven different available
databases: PubMed, Biocy, ChEBI, HMDB, KEGG, Metabo-
lights, and PubChem. The database selection was based on
their suitable applications for metabolite identification from
mass spectrometry based studies.”’

The generated list of potential metabolites for each PLS-DA
model is shown in Table 3, including some characteristic
parameters. In addition, matched covalence indicates the
matched intensity percentage of the theoretical pattern for the
proposed compounds. Mass Frontier 7.0 software was used to
select candidates on the basis of the presence/absence of
theoretical fragments in the experimental MS/MS spectra
(theoretical MS/MS fragments). For 1-deoxy-1-nitro-p-man-
nitol, 4-guanidinobutanoic acid, and L-(+)-tartaric acid diethyl
ester, no confirmation by fragments was obtained because
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these compounds were found at low intensities, and adequate
MS/MS information for the present structural elucidation
could not be attained.

All of the selected compounds showed how the previous
understanding of the rum elaboration process is necessary
during the elucidation in order to be focused on the most
plausible candidates. Thus, acid-catalyzed decomposition of
those carbohydrates (cellulose and hemicellulose) from wood
was demonstrated to be clearly correlated with the
classification of rums on the basis of aging and barrel
categories (Figure 3 leading to the generation of furfurals,
such as S-(hydroxymethyl)furfural (Table 3).

Among the found compounds, different sugar derivates were
identified as the most discriminant compounds for the selected
categories for rum classification with high VIP values. In both
molasses and sugar cane juice raw materials used for rum
elaboration, the main components are sugars such as sucrose,
glucose, and fructose and non-sugar compounds including
citric acid and oxalic acid.* Fructosylglycine, which has the
greatest discriminant power of the proposed models after VIP
analysis (VIP score 2.04), is a monosaccharide derivative, and
MS/MS elucidation leads to the identification of its two
different main fragments, as is shown in Figure 4. Other sugar
derivates as 1-deoxy-1-nitro-p-mannitol (VIP score 1.71),
methyl 4,6-dideoxy-4-(3-deoxy-L-glycero-tetronamido)-2-O-
methyl-a-D-mannopyranoside (VIP score 1.58) and methyl
6-deoxy-a-D-glucopyranoside (VIP score 1.51) were found to
be compounds with high discriminant ability for the
classification of rums. Although no high discrimination ability

DOI: 10.1021/acs jafc.8b05622
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Table 3. Selected Components Identified as the Most Discriminant Compounds in Rums by LC-Orbitrap-M$

retention theoretical
time metabolite assigned theor mol  measd mol ~ A(mass)  pattern ms/ms
(min) metabolite ID formula adduct wt wt (ppm)  cov (%)  fragment  VIP value (VIP class)
9199 fructosylglycine CHNO, [M4+H] 237.08485  237.08483  0.09 9843  133.04954  2.04 (barrel)
115.02639
9.001  1-deoxy-l-nitro-p-mannitol CH,NO, [M+H] 21106920 21106938 084 98.27 171 (age)
1.66 (raw material)
10726 L-proline C.H,NO, M+ HJ 11506333 11506411 676 10000 7006513 183 (raw material)
[M + Na]* 1.63 (age)
11797 4-guanidinobutanoic acid C,H,,N,0, [M+H]" 145.08513 145.08532 1.31 99.61 1.98 (raw material)
25.311 lH—cydopen!a[c]ﬁzmn- C.H,0, [M + H] 156.04225 156.04237 0.73 99.23 115.03897 1.52 (raw material)
1,3(4H)-dione-$,6-dihydro
12901824 1.50 (barrel)
27.520  i-(+)-tartaric acid diethyl ester ~ CyH,,0, [M + Na]* 206.07904  206.07906 0.09 99.90 1.91 (raw material)
[M+ H]*
35911  methyl 46-dideoxy-4-(3-deoxy-  C,H,NO.  [M+ H]' 293.14746  293.14752 021 98.04  133.04954 158 (raw material)
L-glycero-tetronamido)-2-0-
methyl-a-p-mannopyranoside
115.03897
9200  (=)-threo-isodihomoitric acid ~ C¢H,,0, [M+Na* 22005830 22005817 0.6l 10000 157.04954 157 (barrel)
[M+H]"
[M + NH,]*
16473 methyl 6-deoxy-a-n- C.H,,0, [M+NH]* 17808412 17808435 130 98.66 7302841 151 (barrel)
glucopyranoside
23.077  hydroxymethylfurfural CyH,0; [M + Na]* 126.03169 126.03201 2.51 100.00 81.03349 1.98 (age)
[M+H]"
[M + NH,]* 109.02841 1.79 (barrel)
9718  hexose CeH,,04 [M+NH]* 18006338 18006277 343 10000 8502933  <LS
145.04954
9770 galactosamine C,H;NO; [M+H]" 179.07938 179.07947 0.52 100.00 127.03897 <15
145.04954
9.846  p-gluconic acid C,H,,0, M- HI 19605830 19605719 468 10000  89.02442 <L
30065  (+)-menthol acetate C,,H,,0, [M - H] 198.16199 19816125 370 9920  197.15361  <1.§
30066  homovanillyl alcohol G,Hi,0, M + H]* 16807864 16807875  0.65 9939 109.06479 <15
154.06245
30.197  $-[(4-methoxyphenoxy) Ci3Hu0; M+ HJ 24806847 24806868  0.86 9844 8103349 <15
methyl]-2-furoic acid
109.02841
N OH OH
Cellullose B Ho™ _0
OH OH
Hexoses HO, 74 \
Carbohydrates H* o ~°
—_—
-3H0 Furfurals.
i OH E.g. 5-(Hydroxymethyl)furfural
Hemicellulose ——» 07 OH
OH OH
Pentoses

Figure 3. Acid-catalyzed decomposition of carbohydrates via dehydroxilation. Adappted from ref 44.

was found for all of the expected compounds, other saccharide
compounds such as hexose and galactosamine were found at
high concentrations in all of the analyzed rums. Additionally,
(=)-threo-isodihomocitric acid (VIP score 1.57) was also
identified as a derivate of citric acid (Table 3).

Furans such as S-hydroxymethylfurfural (HMF), §,6-
dihydro-1H-cyclopenta[c]furan-1,3(4H)-dione, and 5-[(4-
methoxyphenoxy)methyl]-2-furoic acid, produced through
acid-catalyzed dehydration and hydrolysis of hexose sugars,
were also detected at high concentrations.

Although MS/MS confirmation of 4-guanidinobutanoic acid
was not possible due to its low concentration, guacyl-type

compounds were expected due to barrel fabrication processes
resulting in lignin thermodegradation involving the formation
of aromatic hydrocarbons, phenolics, hydroxyphenolics, and
guaiacyl-type compounds.” 4-Guanidinobutanoic acid has also
been related to metabolic reactions in yeast using Saccha-
romyces cerevisiae enzyme.“’

Different characteristic compounds of rum’s flavor have been
found and identified by the proposed methodology. L-
(+)-Tartaric acid diethyl ester, also known as diethyl tartrate,
is a common flavoring ingredient typically present in alcoholic
beverages."” Vanillin and menthol derivate compounds were

DOI: 10.1021/acs jafc 8b05622
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Figure 4. (A) Fructosylglycine fragment identification based on its chromatographic profile and MS and MS/MS spectra. (B, C) Structural
elucidation of 115.03740 m/z and 133.05012 m/z fragments obtained for fructosylglycine.

detected and identified as homovanillyl alcohol and (+)-men-
thol acetate, respectively.**

Another interesting studied compound is L-proline, which is
an osmoprotectant and a sweet amino acid that could protect
yeast cells from damage by freezing, desiccation, or oxidative
stress. In addition, S. cerevisiae synthesizes L-proline from L-
glutamate via glutamyl type enzymatic pathways in the
fermentation processes.49

In conclusion, a nontargeted metabolomic approach of
golden rums performed by LC-Orbitrap-MS was successfully
developed for the discrimination of the samples on the basis of
their production characteristics. Fermentation barrel, raw
material, and aging of rums were selected as classification
categories showing excellent fitting (R*Y from 0.963 to 0.980)
and predictive abilities (Q*Y from 0.794 to 0.908) performed
by PLS-DA. For those samples where their labeling did not
provide all the information about their method of preparation,
the results obtained have sorted out this issue. Most of the
rums with insufficient labeling have been developed by the use
of molasses in the fermentation process followed by American

rav
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oak barrels for the maturation stage. The proposed models
have been evaluated to be applied as rum classification tools by
analyzing a validation set, demonstrating excellent results of
approximately 100% success.

The results confirmed a strong effect of different sugar
derivates such as fructosylglycine (VIP,,, score 2.04) and 1-
deoxy-1-nitro-pD-mannitol (VIP,,, mnueria Score 1.66) and
furfural derivates (e.g, S-hydroxymethylfurfural, VIP,,, score
1.79) in the selected categories. In addition, the presence of
flavouring compounds such as L-(+)-tartaric acid diethyl ester
(VIP score 1.91) can be decisive when it comes to
distinguishing rums.

Therefore, promising data have been obtained for further
studies focused on the markers selected in this paper
(validation of a target quantitative method for suitable
classification methods on target acquisition mode), the
application of the proposed metabolomics approach in
different scenarios (such as golden/white rum comparisons)
and data fusion for multiplatform classification of rums. Thus,
the metabolomic approach is a powerful tool for rum

DOI: 10.1021/acs jafc 8b05622
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classification, providing suitable information regarding the
chemical markers related to aging, barrel, or raw material,
providing a deeper understanding of the metabolomic
chemistry of golden rums, as well as to avoid potential fraud
of this “quality premium” product.
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ARTICLE INFO ABSTRACT

"H NMR spectroscopy combined with chemometrics was applied for the first time for golden rum classification
based on several factors as fermentation barrel, raw material, distillation method and aging. Principal compo-
nent analysis (PCA) was used to assess the overall structure, and partial least square discriminant analysis (PLS-
DA) was carried out for the analytical discrimination of rums. Additionally, data-fusion of 'H NMR and chro-
matographic techniques (gas and liquid chromatography) coupled to mass spectrometry was applied to provide
more accurate knowledge about rums. This approach provided a classification of samples with lower error rate
than the one obtained by the use of a single technique (spectroscopic or chromatographic). The results showed
that "H NMR spectroscopy is an appropriate technique for the suitable classification of > 95.5% of the samples.
When data fusion methodology of spectroscopic and spectrometric data was performed, the prediction efficiency
can reach 100% of the samples.
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1. Introduction

Nuclear magnetic resonance (NMR) is a suitable tool in food control,
considering that it is a robust, quick, reproducible, non-destructive and
relatively easy to use analytical platform that does not require laborious
sample preparation (Ralli et al., 2018). In addition, NMR technique
allows for monitoring different classes of chemical compounds, within
the same experiment, providing a general overview of the composition
of the studied matrix (Marini, 2010).

During the last few years, NMR-based metabolomics, especially 'H
NMR acquisition, has played a principal role in the characterization of
complex food matrices, and it has been largely used in metabolomic
studies of foodstuffs, allowing geographical discrimination as well as its
quality and authentication assessment (Fortunato, Rocha, & Sheen,
2018). NMR-based metabolomics has been used to classify different
types of matrices, such as beer (da Silva, Flumignan, Tininis, Pezza, &
Pezza, 2019), whiskey (Monakhova et al., 2011), grape marc spirits
(Fotakis & Zervou, 2016) and wine (Gougeon et al., 2018). Although
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previous metabolomics studies for golden rums have been reported by
LC coupled to mass spectrometry (LC-MS) (Belmonte-Sanchez, Romero-
Gonzélez, Arrebola, Vidal, & Garrido Frenich, 2019) and gas chroma-
tography coupled to MS (GC-MS) (Belmonte-Sanchez et al., 2018), up
to our knowledge, NMR-based untargeted metabolomics has never been
applied for golden rums comparison.

Rum preparation is based on different complex stages. First, the raw
material used for fermentation by the action of yeast enzymes, is se-
lected between sugarcane or molasses, and ethanol is produced by al-
coholic fermentation in large vats. The obtained mash is distilled using
heat to obtain a liquor with a high content of ethanol. Both copper pot
stills and stainless-steel columns can be used. To get the desired alcohol
volume of 37.5-40.0%, dilution of the obtained distillate can be done,
before or after the aging step, using pure demineralized water. A
minimum of 37.5% v/v alcohol is required for any commercial rum
according to European regulation (European Commission, 2008). Fi-
nally, the obtained solution is aged in oak barrels previously used for
other alcoholic beverages (Lea & Piggott, 2012). American white oak
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(Q. alba) and French red oak (Q. robur and Q. petraea) are the most
commonly oak woods used (Navarro et al., 2018). To achieve particular
sensory characteristics, blending can be an optional step. Specific or-
ganoleptic properties can be obtained by mixing rums of different ages,
and the addition of flavourings, sugars or other sweetening products is
forbidden to be considered a spirit drink without extra addition
(Coldea, Mudura, & Socaciu, 2017). As it can be seen, rum classification
represents an analytical challenge due to the complexity and variability
of their preparation processes. Additionally, manufacturers did not al-
ways provide information related to different rum’s properties as aging,
raw material or barrel, most of the cases attributed to those brands of
lower price. This lack of information hampers the establishment of
appropriate quality models of rums, in order to improve their knowl-
edge in terms of composition and properties.

The implementation of chemometric methods combined with the
potentiality of NMR spectroscopy allows for obtaining comprehensive
fingerprints and therefore, it can be used in metabolomics researches.
"H NMR experiment (1 dimensional nuclear Over- hauser effect spec-
troscopy (NOESY)) with water and ethanol suppression followed by
multivariate analysis is a powerful tool for the discrimination of alco-
holic beverages and for their quality control (Longobardi et al., 2017;
Monakhova et al., 2011). In matrices with high content of major
components (as ethanol in rums), the '*C satellite signals suppression is
also important to obtain an adequate dynamic range, which allows the
correct acquisition of low-concentration metabolites (Bharti & Roy,
2012).

In the last years, diverse supervised and unsupervised methods, such
as principal component analysis (PCA), hierarchical clustering analysis
(HCA), partial least square discriminant analysis (PLS-DA) and ortho-
gonal partial least squares discriminant analysis (OPLS-DA) have al-
ready been used applying different analytical techniques (NMR,
HPLC-MS, GC-MS, Raman spectroscopy, etc) for metabolomic analysis
of food and beverages quality (Callao & Ruisdnchez, 2018; Fortunato
et al., 2018; Mung & Li, 2018). The unsupervised PCA method is the
most widely used data analysis tool for NMR based metabolomics to
obtain a preliminary evaluation of the data, finding trends and
grouping within the dataset (Farag et al., 2018; Razali et al., 2018).
Supervised techniques can be applied for a better understanding of
known data structures, looking for patterns of the analysed rums. Pre-
diction of new data using supervised methods (e.g. PLS-DA, LDA, OPLS-
DA) can be applied for targeted rum classification (Hoyos Ossa, Gil-
Solsona, Pefiuela, Sancho, & Hernandez, 2018; Longobardi et al., 2017).

In order to improve the obtained metabolomics results, a further
step can be done by combining the outputs of multiple instrumental
sources. Low-level fusion classification can be obtained unifying all the
data into a unique matrix containing all the information from the dif-
ferent instruments before building the model. Feature level fusion (also
called mid-level fusion) can be applied by concatenating the obtained
principal components of the individually built models into a single
array that is applied for multivariate classification (Biancolillo, Bucci,
Magri, Magri, & Marini, 2014; Borras et al., 2015). Thus, the fusion of
data from complementary techniques can provide more accurate
knowledge in metabolomics studies. This merged information could
improve the results, reducing the error rate in comparison with those
obtained by a single technique (Callao & Ruisdnchez, 2018).

Herein, we present the first evaluation of the NMR based metabolic
profiles for golden rums classification based on diverse factors, such as
barrel used for maturation, raw material selection and aging. Different
golden rums were analysed by '"H NMR experiments with water and
ethanol suppression followed by multivariate analysis. PCA models
were built to highlight possible differences among the overall structure
of the metabolite data, identifying also potential outliers. Different
multivariate analyses were applied to build discriminant models.
Additionally, and for the first time in food matrices, data fusion stra-
tegies with GC-MS and LC-MS data previously reported were applied
including volatile, non-volatile and major components evaluation.

Food Chemistry 317 (2020) 126363

2. Experimental section
2.1. Materials and reagents

Deuterium oxide (D,0, D = 99.9%) and Norell™ 5.0 mm
0.D. x 178 mm borosilicate NMR sample tubes and sodium-3-tri-
methylsilylpropionate (TMSP-2,2,3,3-d4, 98%) were purchased from
Eurositop (St-Aubin Cedex, France). Milli-Q water (Millipore, Bedford,
MA, USA) was used for method optimization and calibration.

2.2. Apparatus

NMR spectra were obtained on a Bruker AVANCE III HD 600 MHz
spectrometer equipped with a QCI 'H/"*C/**N/?'P proton-optimized
quadrupole inverse cryoprobe with 'H and '*C cryochannels. Chemical
shifts (8) are given in parts per million (ppm). 'H chemical shifts are
given in comparison to TMSP-2,2,3,3-d, ("H = 0.0 ppm).

2.3. Samples and sample preparation

Twenty-four commercial rums from 10 different countries were
purchased in several supermarkets (Almeria, Spain). All samples were
stored in their original glass bottles prior analysis at room temperature.
Table 1 shows rum information obtained from the label and the official
website of manufacturers, and different codes were assigned for each
rum in this study. For those rums whose information was not available,
they were described as N/A. Those rums that did not provide enough
information about their elaboration have been analyzed as unknown
(N/A) samples.

A simple pre-treatment method was carried out in rum samples:
0.5 mL of the rums were directly analysed after addition of 100 uL of
deuterated water and 0.05% (w/v) internal standard reference (TMSP).
The resulting solution was placed into a 5 mm NMR tube and directly
analysed in an NMR Bruker AVANCE 600 MHz spectrometer.

2.4. "H NMR method

'H NMR spectra were recorded at an operating frequency of
600.130 MHz and a sweep width of 12019.230 kHz (20.03 ppm). A
Bruker sequence ZG30 was used to calibrate the suppression of water
and ethanol signals. The water signal was suppressed at 4.79 ppm with
an integration of 310.73 Hz (155.36 Hz on both sides of the signal
centre). Each ethanol signal was suppressed with an integration of
145.45 Hz (72.73 Hz on each side of the signal centre). Additionally,
rum analyses were made decoupling on the '*C channel using a garp4
pulse decoupling sequence during acquisition. These integrations were
fixed to improve baseline and avoid deformations due to excessive
suppression. Thirty-two free induction delays (FIDs) were collected.
Finally, one dimensional '"H NMR pulse using presaturation during re-
laxation delay and mixing time using shaped pulse for off-resonance
presaturation to suppress the water and ethanol signals was used
(LC1PNGPPS). Shimming was performed on each sample prior to data
acquisition using the TopShim automatic shimming method from
Bruker BioSpin software. All samples were measured at 27.0 = 0.1 °C
and under nonspinning conditions with regard to the high magnetic
field to avoid spinning side bands. NMR spectra were collected using
the following acquisition parameters: size of fid (TD) = 65 K, acqui-
sition time (AQ) = 2.7 s, relaxation delay (D1) = 2.4 s, and an FID
resolution (FIDRES) = 0.37 Hz. The Lorentzian line-broadening factor
of 1 Hz was applied to the total FID prior to Fourier transformation. The
spectra were automatically phased, baseline-corrected and integrated
using TOPSPIN software (version 4.0). The spectrometer transmitter
was locked to D,0O frequency throughout each analysis, and the receiver
gain value was calculated automatically.
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Table 1

Code, bottle labelling and manufacturer information for the rum samples.
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Brand code Bottle code Origin Aging Raw material Barrel Distillation method

TAB TAB Caribbean Young N/A N/A N/A

HAV HAV S Cuba 5 years Molasses French oak barrel Stainless steel column
HAV_?7 7 years Molasses French oak barrel Stainless steel column

LEG LEG A Anejo Molasses American oak barrel N/A
LEG_B Young Molasses No barrel N/A

MAT MAT_7 Dominican Republic 7 years Molasses American oak barrel Stainless steel column
MAT_10 10 years Molasses American oak barrel Stainless steel column
MAT_15 15 years Molasses American oak barrel Stainless steel column

ALM ALM Anejo N/A American oak barrel N/A

BAR BAR Old reserve N/A N/A N/A

BOH BOH Anejo N/A N/A N/A

BOT BOT.8 Guatemala 8 years Sugarcane juice American oak barrel Stainless steel column
BOT_12 12 years Sugarcane juice American oak barrel Stainless steel column
BOT_18 18 years Sugarcane juice American oak barrel Stainless steel column

APP APP 5 Jamaica 5-10 years Molasses American oak barrel Copper pot steel
APP_12 12 years Molasses American oak barrel Copper pot steel

FLOR FLOR 7 Nicaragua 7 years Molasses American oak barrel Stainless steel column
FLOR_12 12 years Molasses American oak barrel Stainless steel column
FLOR_18 18 years Molasses American oak barrel Stainless steel column

NEG NEG Spain Anejo Molasses N/A N/A

REY REY N/A N/A N/A N/A

ST ST 3 Venezuela 3 years Molasses French oak barrel Stainless steel column
ST_10 10 years Molasses French oak barrel Stainless steel column

VEL VEL Young N/A N/A N/A

2.5. Pre-processing and data treatment

The spectral data were imported into NMRProcFlow 1.2 (Jacob,
Deborde, Lefebvre, Maucourt, & Moing, 2017), and alignment was
performed, water and ethanol regions were removed, and unitary
bucketing (0.1 ppm) was performed. One hundred buckets were de-
signed for the obtained NMR data sets. Data set was imported as an
XML and then processed. Excel software, version 2013 (Redmond, WA,
USA) and SIMCA software (Umetrics, Umed, Sweden) (Triba et al.,
2015) were used, respectively.

2.6. Chemometric methods

For exploratory analysis and visual interpretation of the analytical
connection among the samples, unsupervised analyses, such as PCA,
were applied. Using Hotelling’s T> analysis, potentially variables dis-
turbing the proposed models (outliers) were detected. On the other
hand, DModX graphic was applied to propose additional moderate
outliers (Marini, 2010). Detected outliers were excluded for further
statistical analyses.

Rums were modelled in relation to the settled classes (Y) using su-
pervised PLS-DA. The variable importance in projection (VIP) analysis
was used for the interpretation of the discrimination ability of the
variables in the proposed model of rums.

The coefficient of determination (R?X), the proportion of the var-
iance of the response that is explained by the model (R*Y) and the
predictive ability parameter (Q?Y) allowed the correct evaluation of the
models in terms of goodness-of-fit. The k-fold cross-validation (k-fold-
CV) allowed the ability of the model estimation, avoiding possible
overfitting. With this aim, the number of significant components (NSCs)
were estimated (Triba et al.,, 2015). Additionally, receiver operating
characteristic (ROC) curve analysis was applied for the validation of
binary and triple classifications (Broadhurst & Kell, 2006).

2.7. Multi-technique data fusion

In order to obtain the maximum number of correctly classified

samples, data fusion of different instrumental techniques was applied;
'H NMR, LC-MS and GC-MS. As each technique is scale dependent,
adequate preprocessing of the obtained data was necessary in order to
avoid systematic variations and obtaining adequate datasets.

For that purpose, low-level and mid-level fusion strategies were
applied (also known as variable-data fusion). Thus, rum analysis data
previously obtained by LC coupled with high-resolution MS (Exactive-
Orbitrap analyser) (Belmonte-Sanchez et al., 2019) and headspace solid
phase microextraction (HS-SPME) coupled to GC-MS (Belmonte-
Sanchez et al., 2018) were applied.

In these previous studies, HS-SPME and “dilute and shoot” (using
Milli-Q water as extraction solvent) extraction were used as generic
sample treatment in order to extract as many compounds as possible. In
this way, the comparison of the results in the data fusion can be con-
sidered as a data set with minimum loss of information due to the ex-
traction step.

For the low-level fusion, classification results were obtained uni-
fying all the data into a unique matrix containing all the information
from the different instruments before building the model (Biancolillo
et al., 2014). The variable data-fusion was also tried, extracting relevant
features from the different techniques and then, concatenating them
into a single array for further multivariate classification. The selection
of the most discriminant compounds, based on discriminant ability
value for each model, was applied for the mid-level fusion (Obisesan,
Jiménez-Carvelo, Cuadros-Rodriguez, Ruisinchez, & Callao, 2017).

2.8. Model validation-prediction ability

The reliability of all supervised analyses was ensured and for that
purpose all the samples were randomly divided in two differentiated
blocks: 80% of the samples were selected for the statistical modelling,
meanwhile the remaining 20% were employed as validation set. The
percentage of samples correctly classified into their respective groups
(% CC) was calculated to evaluate the established models in an external
way. To determine the accuracy of prediction, root-mean-square error
of cross-validation (RMSECV) was calculated (Xi, Gu, Baniasadi, &
Raftery, 2014). Measure of significance for the observed group
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Fig. 1. Spectra between 6.0 and 0.0 ppm 600 MHz 'H NMR: a) full spectrum obtained for BOT 12 rum, b) ethanol and water suppressed spectrum and c) one bond **C

satellite- suppressed 'H spectrum acquired.

separation by the obtained variables (p-value) was carried out by cross-
validated ANOVA analysis (CV-ANOVA) (Eriksson, Trygg, & Wold,
2008). To avoid overfitting of the proposed discriminant analysis
methods, DA-validation was carried out by a permutation test, and
intercept value of R> < 0.3 and Q° < 0.05 indicated a statistical
significance and no overfitting with high predictive value of the model
(Liu et al., 2018).

3. Results and discussion
3.1. 'H NMR acquisition

TMSP was used as internal standard for normalization and align-
ment of the rum spectra because it is a water-soluble compound com-
patible with "H NMR experiments, giving a typical chemical shift at &,
0.00 ppm, where rum samples do not present any proton signal.

Rums contain major components such as water, ethanol and sugars,
whose NMR signals overlap with those from other matrix components.
The signals for ethanol (1.17 and 3.65 ppm), residual water (4.76 ppm),
and TMSP chemical shift reference (0.00 ppm) are shown in Fig. 1A. To
obtain the maximum quality of the spectral information, ethanol and
water suppression were applied; the appearance of numerous signals
related to the minority compounds of the rums among the spectra al-
lowed further statistical analysis based on compositional differences
(Fig. 1B). Moreover, the possibility of eliminating the '*C-satellites of
the suppressed signals was exploited using a pulse decoupling sequence
during acquisition (Fig. 1C).

As can be seen in Fig. 1, the appearance of proton signals in the
3.0-5.5 ppm region was very clear. This signal overlapping is directly
correlated with the high concentration of carbohydrates (sugars) of
alcoholic beverages typically found by NMR, such as a-p-fructofur-
anose/-p-fructofuranose (4.0-4.2 ppm approximately), a-p-glucopyr-
anose (5.2-5.3 ppm approximately) and sucrose (4.3-5.5 ppm ap-
proximately) (Hohmann et al., 2015; Sdnchez-Estébanez et al., 2018).

3.2. Data pre-processing

All the rums were processed in triplicate and imported into
NMRProcFlow 1.2 software for alignment (chemical shift calibration to

TMSP internal standard, 0.0 ppm). Each spectral region of interest or
bucket was determined with the unitary bucketing module for all the
samples batch. Buckets of 0.1 ppm of width (S/N 0 threshold) were
selected within 0.0-10.0 ppm, dividing the region into one hundred
sequential segments. Bucket of 0.1 ppm broadening was selected in
order to cover typical spectra widening for detected signals among rum
spectra. The spectral region containing the suppressed water and
ethanol signals was excluded from the bucketing process, improving
further statistical results. The resulting data set was exported as an
Excel XML file before chemometric analyses by SIMCA software.

For PCA and PLS-DA models, pareto scaling (1/sqrt(SD)) is applied
to increase the discriminant potential of those minor signals that may
be affected by the presence of majority analytes (Worley & Powers,
2012). Additionally, logarithmic transformation was used for all the
dataset, obtaining values in a smaller range without masking the effect
of small values in the dataset and allowing an optimal variable range
for the proposed model (Lubes & Goodarzi, 2017).

3.3. Chemometric methods

First, both '*C coupled and decoupled 'H NMR results were com-
pared in terms of classification performance of the unsupervised and
supervised models (R*X, R?Y and QY). Although good results were
obtained for the "H{'*C}-NMR models, better results were obtained for
'H NMR models (see Table S-1). These results can be explained in terms
of spectral resolution degradation of the 'H NMR observed signals due
to decoupling schemes, which can degenerate the compromise between
sensitivity and experimental resolution (Moutzouri et al., 2017).

PCA unsupervised analysis was performed within all the rums, with
the aim of showing intergroup separation trending on the scores plot
(Fig. 2). There were no clear groups due to the fact that metabolomic
differences are usually minor in comparison to intra- and inter-ob-
servation variations. Nevertheless, the analysis of the obtained model
plot (two principal components) allowed a visual trend considering rum
aging, as well as excellent reproducibility of the replicate analyses.
Linear trend among different aged rums from different brands can be
observed in Fig. 2 (arrows were added indicating aging trend within
rums from the same brand). Furthermore, the wide dispersion of the
observations among the model denoted excellent heterogeneity of the
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present metabolomic study.

For further classification of the selected aging, raw material, barrel,
distillation method and origin groups, different PLS-DA models were
built. Initial identification based on the age of the rums was carried out
by considering samples aged equal to or < 7 years as young rums, and
samples older than 7 years, as old rums. Additionally, in order to va-
lidate the model in terms of recognition ability (% CC), 13 observations
were assigned for the validation set.

For PLS-DA analyses, significant models were obtained. Fisher’s
probability p < 0.05 (95% confidence) was also calculated discarding
the probability of the classification occurring by chance. All the addi-
tional evaluation values of the proposed models are shown in Table S-2,
showing appropriate results.

Initially, a PLS-DA model based on the classification of the rums by
origin was carried out. As it has been demonstrated in previous rum
studies, the origin of the rums is not directly correlated with its com-
position (Belmonte-Sanchez et al., 2018, 2019). Most of the differences
between different rum brands are due to diversity in the manufacture§
production processes, although other factors such as sensory differences
were not included in this study.

As it is shown in Table S-3, good results were obtained for PLS-DA
based on aging, barrel type, distillation method and raw material.
Fig. 3A shows how the classification by aging lead to a clear separation
in terms of young and old rums. A model of rum classification based on
young and old rums was obtained, providing an objective prediction of
the age of rum despite the mixture of rums of different ages that occurs
during the preparation processes. Additionally, such clear differences
allowed further aging models based on OPLS-DA, obtained after the
elimination of variables that are not correlated with the main compo-
nents selected (Trygg & Wold, 2002). This approach improves the
prediction ability of the age of the rums (R*Y = 0.974; Q%Y = 0.913)
(Fig. S-1), without compromising the model fitting (permutation test
results; R* = 0.85, Q° = -0.63).

For the PLS-DA models based on barrel type, distillation method and
raw material, a better understanding was achieved for those rums when
no information was available. The classification ability of models
showed a 95.5-100% correct prediction of the validation test samples
(CC%), allowing for classifying rums in the proposed categories with
excellent reliability (Table S-2).

Due to graphical proximity in the proposed supervised models,
differences in the two first components bi-plots can be seen for those
rums whose manufactures do not specify how rums were made. When
the type of barrel used is not described, wood similarities have been
found within the American oak wood (Fig. 3B). This behaviour can be
explained due to variations in the controlled oxidation and

? 4 6

66 rums after data pre-processing and 89% of variance (NSC = 10).

modification of tannins from the wood, and anthocyanins from previous
alcoholic beverages aged in the barrels, such as wine (Kyraleou et al.,
2016). Improvement of the flavour, taste and stability of the rums is
then achieved. With this aim, additional treatments as oak chips or
micro-oxygenation can be applied for obtaining optimal maturation
conditions, increasing the production cost (Crump, Johnson, Wilkinson,
& Bastian, 2015).

Clear evidences of differentiation in the distillation process (Fig. 3C)
and raw material (Fig. 3D) were found as well, which can be attributed
to different conditions in the distillation process (temperature, dura-
tion, fraction separation procedure, etc.) and quality of the sugary
materials, respectively. Even though copper steel distillations have
demonstrated the positive effect in the reduction of sulphur compounds
in spirit beverages, which are responsible for unpleasant aromas,
(Harrison, Fagnen, Jack, & Brosnan, 2011), higher costs are attributed
to this technique due to that further reduction of copper concentration
(usually by cationic exchange resins) is needed (NGbrega, Pereira,
Paiva, & Lachenmeier, 2011). Minimisation of undesirable metals can
be reached by stainless steel distillations, getting in addition a con-
siderable reduction in the final production price. Taking into account
this fact, unspecified rums group can be clearly correlated to stainless
steel distillations (Fig. 3C).

The differences showed in Fig. 3D can be explained taking into
account that molasses is the principal by-product of the refining of
sugarcane raw material, which is determinant for the differentiation of
rums (Medeiros, de Matos, de Pinho Monteiro, de Carvalho, & Soccol,
2017). The PLS-DA two-dimensional representation allowed for totally
discarding the application of molasses in the manufacturing process of
those unspecified rums. It should be noted that one of the analysed
rums (Fig. 3D) showed an outstanding distance to the proposed model,
indicating that the sugary material used for fermentation is not
common in conventional rum preparation process. This rum was dis-
carded for following chemometric analyses.

3.4. Multi-technique data fusion

The possibility of combining information from different instruments
by means of low- and mid-level data fusion strategies was also in-
vestigated. Both data fusion levels were applied in order to improve the
obtained individual models (GC-MS, LC-MS and 'H NMR). With this
aim, the data from GC-MS and LC-MS techniques were extracted from
previous rum metabolomics studies carried out by our research team
(Belmonte-Sanchez et al., 2018, 2019). Due to variations in the sam-
pling approach in different studies, not all rum samples were included
in the three studies, and finally a total of 64 observations and 1352
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Fig. 3. PLS-DA representation showing the classification of the rums batch on the basis of: (A) aging, (B) barrel type, (C) distillation method and (D) raw material.

Table 2

Validation values obtained for each classification model of the rums by low-data fusion method.

Model class Aging Raw material Barrel type Distillation method

R 0.987 0.987 0.986 0.973

Q% 0.912 0.938 0.952 0.917

NSC 5 6 7 6

Permutation test* 0.86 (-0.41) 0.67 (-0.73) 0.84 (-0.70) 0.70 (-0.70)

p-Value < 0.01 < 0.01 < 0.01 < 0.01

Fishers probability 1.6e-14 1.3e-19 4.9e-11 3.4e-14

ROC** 0.99 (0Old) 0.93 (Unspecified) 1.00 (Unspecified) 1.00 (Unspecified)
0.99 (Young) 0.98 (Molasses) 0.99 (American) 1.00 (Copper pot)

1.00 (Sugarcane) 1.00 (French) 1.00 (Stainless steel)
CC% 100.0 100.0 100.0 100.0

“Permutation test results are expressed as “R2 (Q2)” values.
“* ROC results are expressed as Area Under the Curve (AUC).

variables (100 variables for NMR, 232 variables for GC-MS and 1020
variables for LC-MS) were processed and collected in the resulting XML
file. The same data process described in Section 2 was applied for the
multi-technique data fusion results, showing the obtained results in
Table 2.

As it can be seen in Table 2 the low- level data fusion strategy
provided significantly better classification results than the individual
techniques (Table S-3). R%Y higher than 0.97 for all the four classes and
a successfully 100% classification value of CC% for all the test set
samples were obtained, improving the statistical parameters of the
model. As can be seen in Fig. 4A, a new separation can be discerned,
corresponding to middle aged rum from 7 to 8 years. For barrel type
(Fig. 4B), French barrel was totally discarded for non-labelled rums.
The best results were obtained for the classification of rums depending
on both distillation method and raw material (Fig. 4C and D). Clear
evidences of differences in the production (e.g. distillation conditions)
and possible lower quality sugar fermentation were found.

Due to the three data blocks used in the building of single model on
fused data, different contributions of the individual blocks are obtained
(Table S-3). Assuming all the obtained results as adequate for

metabolomics studies (obtained R*Y from 0.75 to 0.98 and QY from
0.67 to 0.92), 'H NMR has proven to be the most suitable technique for
aging classification (Table S-3). For raw material, barrel type and dis-
tillation method classification, LC-MS provided the most acceptable
results, assuming that considerable number of variables (1020 chro-
matographic peaks) were used. Therefore more sophisticated and time
consuming data treatment is needed. On the other hand, GC-MS
showed an excellent behaviour in the four selected categories, ensuring
reliable and validated results within 232 variables, obtaining R*Y from
0.92 to 0.97 and QY from 0.71 to 0.84.

Additionally, middle-fusion level was evaluated, based on the se-
lection of the most discriminant compounds for each different tech-
nique model. With this aim, VIP analysis was applied for variable se-
lection; VIP > 1.5 for LC-MS and VIP > 1.0 for GC-MS and 'H NMR
for each classification category. Larger VIP value was selected for
LC-MS due the higher number of variables (1020 variables), which
leads to the proposed VIP value in order to obtain reasonable data re-
duction. By this way, variable data volume was considerably reduced to
50 variables, simplifying data treatment and processing time. In the
case of middle-fusion level, although excellent results were achieved for
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Fig. 4. PLS-DA representation showing the classification of the rums batch using low-data fusion method on the basis of (A) aging, (B) barrel type, (C) distillation

method and (D) raw material.

all the proposed categories, obtaining R®Y from 0.90 to 0.88 and Q°Y
from 0.85 to 0.78 (see Table 5-4), it is evident the possible influence of
the information loss due to significant data reduction.

4. Conclusions

In this study, the potentiality of an analytical 'H NMR strategy
combined with chemometrics for the classification of golden rums de-
pending on different factors was demonstrated. Significant results were
obtained for all the supervised PLS-DA models, showing excellent fit-
ting (R%Y from 0.93 to 0.75) and predictive abilities (Q?Y from 0.85 to
0.67) for the selected categories: type of barrel, raw material, distilla-
tion method and aging. For those samples whose label did not provide
specific information about the proposed categories, the obtained
models provided differences in the quality of the used materials and
distillation conditions. For aging classification, despite the complexity
of the rums blending process, the model obtained using 'H NMR data
correctly classified the rums by old and young ones.

Lastly, the potential of a multiplatform instrumental fingerprinting
using NMR, GC-MS and LC-MS by low-level data fusion has proved to
provide the best results in comparison with the individual techniques
(100% of correctly classified samples for all proposed categories). Those
results can be applied in different scenarios with different perspectives,
as 'H NMR technique has showed to be a very fast (no pre-treatment of
sample is needed) way to obtain a very suitable metabolomic model.
Therefore more accurate models can be obtained in relation to GC-MS
and LC-MS, where larger analysis and more sophisticated data treat-
ment are needed.
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3 CAPITULO TERCERO. APLICACION DE qgNMR A
LA DETERMINACION DE TOXICOS EN AGUAS

3.1 Introduccion

Desde la aplicacion de la gNMR con fines analiticos la busqueda de
nuevas aplicaciones se ha convertido en un amplio campo de estudio,
permitiendo aprovechar todas las ventajas que esta técnica ofrece, mas
alld de su alto poder identificativo: técnica no destructiva, minima
preparacion de muestra, adquisicion rapida, excelente reproducibilidad y

ausencia de necesidad de patrones, entre otras propiedades.

Concretamente, el estudio tanto de ndcleos no dipolares (diferentes a
espin 1=1/2), como el de nudcleos heteronucleares (diferentes a
hidrédgeno-1) supone un gran reto analitico que se presenta como una
potencial alternativa para dar solucion a los problemas comunes a los

cuales nos enfrentamos en el laboratorio dia a dia.

Un nuevo caso de alto interés como analito con nucleo no dipolar (boro-
11) es el del &cido bdrico (H3sBO3) (Figura 7). Se trata de un compuesto
blanco, normalmente en estado de polvo, con relativa toxicidad para los
seres humanos y bastante comin en el medio ambiente debido a su
aplicacion como insecticida, herbicida y fungicida para fines
alimentarios, no alimentarios y agricolas. Puede estar presente ademas
en forma de alguno de sus derivados naturales: tetraborato de sodio,

octaborato de disodio y metaborato de sodio.
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Figura 7. Estructura quimica del acido bérico (HsBO3)

Hasta ahora, el analisis de éste tipo de analitos con nlcleos de boro se ha
basado en técnicas como métodos potenciométricos o ICP-MS [1,2]. La
aplicacion de la gNMR para la determinacion de acido bérico mediante
adquisiciones *B-NMR se presenta como una excelente alternativa para
el anélisis de compuestos conteniendo boro, con gran potencial analitico
en diversas matrices agroalimentarias, siendo la !B-NMR un modo de
adquisicion sin precedentes documentado en bibliografia con fines

cuantitativos.

Por otro lado, un caso adicional de estudio de interés, debido a su
presencia en aguas industriales por su alta capacidad anticorrosiva, es el
acido etidrénico (1-hidroxietiliden-1,1-difosfonico, HEDP) (Figura 8).
Se trata de un bifosfonato con una alta estabilidad que ademés puede
formar complejos estables con los iones y que puede disolver los 6xidos
en la superficie metalica. Por ello, es un aditivo comun en las plantas de
procesado de productos agricolas y justifica la necesidad de métodos
simples y fiables para la deteccion de HEDP en sus aguas de lavado de

productos agroalimentarios.
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Figura 8. Estructura quimica del acido etidrénico (C2HsO7P2)

Pese a que previamente la cuantificacién del HEDP se ha llevado a cabo
mediante técnicas como ICP-MS [3] o electroforesis capilar [4], su
cuantificacion mediante 3'P-NMR se presenta como una alternativa con
importantes ventajas, como el tiempo de adquisicion de los analisis,
selectividad del fosforo gracias a su amplio rango espectral, asi como su
andlisis directo sin pretratamiento en muestras acuosas. Ademas, el
isétopo de fosforo-31 cuenta con un 100% de abundancia natural en la
naturaleza, siendo un caso idéneo para la aplicacién de la gNMR de

nucleos heteronucleares en matrices agrolimentarias.

En consecuencia, el objetivo de este capitulo es el desarrollo, validacién
y aplicacion de un método mediante NMR de boro-11 (*!B-NMR) para
la determinacién de acido bdrico en biocidas, asi como mediante NMR
de fosforo-31 (*:P-NMR) para la determinacion de &cido etidronico en
agua de lavado de vegetales. Las aportaciones cientificas incluidas en

este capitulo son:

o Aportacion Cientifica 4. Pushing the frontiers: boron-11 NMR as a
method for quantitative boron analysis and its application to determine

boric acid in commercial biocides
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o Aportacion Cientifica 5. Determination of etidronic acid in
vegetable-washing water by a simple and validated quantitative31P

nuclear magnetic resonance method
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Pushing the frontiers: boron-11 NMR as a method
for quantitative boron analysis and its application
to determine boric acid in commercial biocides+

Luis Manuel Aguilera-Saez, @ José Raul Belmonte-Sanchez,
Roberto Romero-Gonzalez, José Luis Martinez Vidal, Francisco Javier Arrebola,
Antonia Garrido Frenich 2 * and Ignacio Fernandez (9 *

Quantitative boron-11 NMR (B gNMR) spectroscopy has been introduced for the first time as a method
to determine boric acid content in commercial biocides. Validation of the method affords a limit of detec-
tion of 0.02% w/w and a limit of quantification of 0.04% w/w, which are low enough to determine boric
acid in commercial biocides. Other figures of merit such as linearity (RZ > 0.99), recovery (93.6%-106.2%),
intra- and inter-day precision (from 0.7 to 2.0%), uncertainty (3.7 to 4.4%) and matrix effects were also
evaluated. This method was successfully applied to determine boric acid in five different commercial bio-
cides in a wide range of concentrations (<0.05 to 10% w/w) providing excellent results when they were
compared with those obtained using inductively coupled plasma-mass spectrometry (ICP-MS). The suit-
ability of this method for a fast and reliable quantification of boric acid in commercial biocide preparations
has been demonstrated. The absence of the matrix effect allows the application of this validated method

rsc.li/analyst

Introduction

Nuclear magnetic resonance (NMR) has always been con-
sidered to be technically limited compared to other analytical
techniques from the point of view of sensitivity. During the
past decade, great improvement in electronics and materials of
NMR spectrometers has been achieved. Despite these efforts,
NMR is not able to reach microgram per kilogram (ppb) or
nanogram per kilogram (ppt) concentration levels, which are
routinely achieved by mass spectrometry."> On the positive side,
NMR provides a rich tool set for the observation of C/H/N- and
X-nuclear parameters, mainly 6, /, Wy, and nOe, allowing the
construction of molecular connectivity and three-dimensional
spatial relationships. Importantly, such NMR information can
be obtained from isotopes of I = 1/2, whereas for quadrupolar
nuclei the information is mainly limited to § and W, except
for those surrounded by a highly symmetric environment (low
electric field gradient) or low quadrupolar moment (eQ).*”
Additionally, the quantity of an unknown compound in a
mixture can be determined by comparing its relative inte-
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for the determination of boric acid in other matrices of diverse composition.

gration area to that obtained from a known amount of a stan-
dard or using specific calibration curves.® The 'H variant of
quantitative NMR (QNMR) has been the most exploited since
protons are nearly ubiquitous in organic molecules. Since the
first application of gNMR by Hollis in 1963,” this approach
has gained increasing popularity, especially in the analysis of
complex natural products, such as botanical dietary sup-
plements and traditional medicines, among many others.* "

The main aspect that makes NMR attractive for quantifi-
cation is the existence of direct proportionality between the
absolute integral of each signal and the number of protons
giving rise to it. NMR is a non-destructive technique that sim-
ultaneously provides structural and quantitative data and
allows the determination of more than one analyte in a
complex mixture, even if the sample solution contains a solid
phase."

Most of the qNMR applications make use of nuclei with
spinI = 1/2, such as 'H, ’F and *'P.""'®?* Quadrupolar nuclei
(I > 1/2) have barely been introduced probably due to funda-
mental differences in the governing factors of the nuclear mag-
netic relaxation processes compared to dipolar nuclei. In fact,
to the best of our knowledge, there are only a few reports
where a quadrupolar nucleus has been measured for quantifi-
cation purposes. Maki et al. have described the use of *’Al
gNMR (I = 5/2) for the quantification of various hydrolyzed
species of AI’' ions, such as [Al(H,0)e]’', the trinuclear

Analyst, 2018, 143, 4707-4714 | 4707
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complex Al(OH), and K-Al,;."”7 Furthermore, there is a study
that reported the use of "N ¢NMR (I = 1) for the determination
of nitrate, urea and ammonium in aqueous solutions.'® All
these reports provided a comprehensive overview of the often
overlooked capabilities of quadrupolar qNMR. Inspired by
these authors, we envisaged the possibility of extending this
methodology to another quadrupolar nucleus such as boron-11.
This nucleus is considered active from an NMR point of
view and it is present in the structure of boric acid and its
salts. It has two stable isotopes, "B and ''B, with spin-
quantum numbers of 3 and 3/2, respectively. ''B is more suit-
able for NMR because of its higher sensitivity associated with
its higher natural abundance (80.1 vs. 19.9%), higher gyromag-
netic constant (8.58 x 107 vs. 2.87 x 107 rad s™' T™"), lower
quadrupolar moment (4.06 vs. 8.46 fm*) and better resolution
as well as a higher receptivity relative to *C (777.0 vs. 23.2).
Boron is also well suited to low-field instruments with a chemi-
cal shift range between +100 and —120 ppm, as has extensively
been reported.**®

Traditionally, boron determinations have been achieved
through the use of several analytical methods based on spec-
trophotometric methods,”" potentiometric titrations,** acid-
base titrations in the presence of auxiliary reagents, polari-
metry,” ion chromatography with suppressed conductivity
detection,® gas chromatography coupled to MS in combi-
nation with simple derivatization reactions,* or inductively
coupled plasma mass spectrometry (ICP-MS).** However, some
of these methods are prone to interferences, time-consuming,
and require derivatization®® as well as complex analytical pro-
cedures, or several dilutions of the sample when the concen-
tration is too high. In contrast, the method described herein
based on ''B gNMR has very little interferences, since nuclides
other than boron are not detected, and therefore it simplifies
the analysis of complex mixtures.

Boric acid-containing compounds are used as insecticides,
herbicides and fungicides for non-food and agricultural pur-
poses, among other applications.”” These are available in
many forms, including liquids, soluble and emulsifiable con-
centrates, granules, powders and pellets. In the environment,
borate compounds such as borates, including boric acid,
boron oxide and borate salts as sodium tetraborate, disodium
octaborate and sodium metaborate are mainly found in combi-
nation with oxygen.*® The concentration of each species
depends on the initial concentration of boric acid and pH.
Thus, at low concentrations in aqueous solutions below pH 7,
boric acid exists predominantly as undissociated boric acid
(B(OH);), whereas at pH higher than 10, the metaborate anion
B(OH), becomes the main species in solution. Between pH 6
and 11 and at high concentrations (>0.025 M), highly water-
soluble polyborate ions such as [B;0;(0H),]", [B,05(0H),]*
and [B;04(OH),] ™ are formed.***

As far as we know, ''B ¢NMR has never been used for the
quantitative analysis of boric acid-containing substances.
Therefore, we report herein the development and validation of
a rapid, sensitive, and reliable gQNMR-based method that takes
advantage of the quadrupolar nature of boron-11 towards the

4708 | Analyst, 2018, 143, 4707-4714
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accurate determination of boric acid content in commercial
biocide pellets in extensive use in agrochemical applications.

Experimental section
Chemicals and materials

A total of 5 biocide pellets were acquired from different local
commercial suppliers (Almeria, Spain). Boric acid (H3;BOj;,
purity >99%) was purchased from Panreac (Barcelona, Spain),
sodium tetraborate (Borax, purity 99%) was obtained from
Sigma-Aldrich (St Louis, MO, USA) and deuterium oxide (D,O,
D > 99.9%) and Norell™ thin-wall natural quartz NMR sample
tubes (<0.1 ppm boron) were purchased from Eurisotop
(St-Aubin Cedex, France). For ICP-MS analysis, Milli-Q water
(Millipore, Bedford, MA, USA) was applied.

Sample preparation
All samples were ground, homogenized and stored in desicca-
tors until NMR analysis.

One hundred fifty milligrams of homogeneous and dried
biocide pellet samples were extracted in 2 mL Eppendorf®
tubes with 1 mL of D,O. The resulting mixture was vigorously
vortex-stirred for 10 min and centrifuged at 5000 rpm for
10 min. Five hundred microliters of the supernatant were
transferred into a previously oven-dried 5 mm quartz NMR
tube. The remaining solid was washed with 1 mL of D,O fol-
lowing the procedure explained previously and the supernatant
was transferred into a new 5 mm quartz NMR tube. For ensur-
ing total acid boric extraction from the remaining solid,
additional extractions were performed by adding another mL
of D,0. Pellets of higher concentrations required at least three
extractions in order to guarantee total recovery. For ICP-MS
analysis, 500 mg of each ground sample were added to 500 mL
of Milli-Q water and sonicated for 30 min, prior to analysis.

qNMR analysis

NMR spectra were recorded on a Bruker Avance 300 spectro-
meter (Bruker Company, Switzerland) using a direct BBFO™"YS
("H, BB-'?F, SmartProbe) probe head. 'H and ''B chemical
shifts are given relative to TMS and BF;-OEt, (*'B = 0 ppm),
respectively. The 90° pulse widths and attenuation levels were
9.7 us/9 W for proton and 10.0 ps/28 W for boron.

"B QNMR spectra were recorded at an operating frequency
of 96.294 MHz and a sweep width of 19.231 kHz (199.7 ppm).
Prior to the measurements, standard "H NMR spectra were
always recorded in order to evaluate field homogeneity. All
samples were measured at 20.0 + 0.1 °C, without rotation and
using quartz NMR tubes. NMR spectra were collected using
the following acquisition parameters: number of FID data
points (TD) = 64 K, acquisition time (AQ) = 0.6 s, relaxation
delay (D1) = 0.1 s, FID resolution (FIDRES) = 0.58 Hz, number
of scans (NS) = 64 and pre-scan delay (DE) = 6.5 ps. The
Lorentzian line-broadening factor of 1.5 Hz was applied to the
total FID prior to Fourier transformation. The spectra were
automatically phased, baseline-corrected and integrated using

This journal is © The Royal Society of Chermistry 2018
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TOPSPIN software (version 3.5). Automatic integration was
carried out using the multi_integ3 command. The spectro-
meter transmitter was locked to D,O frequency using a
mixture H,0-D,0 (9:1). All NMR experiments were performed
with a fixed receiver gain (RG) of 90.5, which was the optimum
value estimated through several tests.

ICP-MS measurements

ICP-MS determination of boron was performed at the Research
Central Services of the University of Almeria. The total concen-
tration of boron ions in dissolved commercial biocide samples
was determined using an ICP-MS XSERIES 2 (Thermo Fisher,
Waltham, MA, USA) equipped with an Xt interface option, a
three-legged torch, a Peltier cooled (—15 °C) glass spray
chamber and a PFA-20 nebulizer (operated at 0.54 L min™"
argon gas flow rate). The applied methodology was an adap-
tation of a previous method."’ The plasma was operated at
1400 W. Helium, containing 8% of hydrogen, was used as cell
reagent gas and oxygen (20% oxygen in argon) was provided to
the extra leg of the three-legged torch option at a flow rate of

255 mL min~".

Results and discussion
Optimization of the gNMR method

A key aspect in the development of analytical methods is the
evaluation of the factors that can introduce interferences. In
this sense, the use of NMR tubes made of borosilicate glass
can cause interferences in the ''B NMR spectra. As a result,
there is a broad signal in the spectra arising from the tube and
centered at d —6.4 ppm that may interfere in the quantifi-
cation (Fig. S1f). In order to avoid this hump, a common prac-
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tice is to use quartz NMR tubes that contain low quantities of
boron (<0.1 ppm), although these are more expensive and
fragile than regular tubes. Consequently, quartz tubes have
been used in this study. Moreover, one of the fundamental
principles for quantitative analysis is that the target analyte
must be completely solubilized in the selected solvent. In this
study, the boric acid contained in solid biocide samples was
completely extracted using D,O.

The influence of number of scans, acquisition time and
recycle delay on the accuracy of the ''B gNMR method was
also evaluated and the results are shown in Fig. 1. The linear
correlation found within the number of scans (Fig. 1a) demon-
strates that the repeatability and accuracy of the pulse genera-
tor and radio frequency transmitter, together with the linearity
of the RF amplifier in the NMR equipment, are excellent. As
expected, the relationship between the number of scans and
the signalto-noise ratio (SNR) follows a quadratic profile
(Fig. 1b). The influence of the FID acquisition time and recycle
delay on the integrated intensity is shown in Fig. 1c and d. The
absolute integral of the NMR signal was almost constant for
FID acquisition times or recycle delays in the range of 0.1 to
1.0 s; so, values of 0.6 s for the former and 0.1 s for the latter
were set for all our measurements. The impact of these time
values on the experimental time was significant since only 50
seconds of analysis were required in order to obtain a good
spectrum. The T} relaxation time measured at a concentration
of 0.5% (w/w) was 4.5 ms (Fig. S2f) which fits previously
reported data.*”” Due to the quadrupolar nature of boron-11
and the short time of analysis, ''B qNMR can be proposed as a
rapid and useful method able to be implemented in routine.

Since the proposed method is not based on the addition of
an internal standard, a calibration curve was recorded by pre-
paring solutions of boric acid in D,O (without pH adjustment)

.
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Fig. 1 Influence of: (a) number of scans on the absolute signal integral, (b) number of scans on the signal-to-noise ratio (SNR), (c) acquisition time

and (d) recycle delay on the absolute signal integral.
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at concentrations of 0.05, 0.10, 0.50, 1.00, 1.50, 3.00 and 4.10%
(w/w). The upper concentration corresponds to the solubility
limit of boric acid. It is important to mention that the pH in
all these samples was 4.4, ensuring the existence of boric acid
exclusively in its protonated form. Fig. 2a shows a stack of ''B
NMR spectra of the different boric acid solutions prepared,
where each solution showed only one very sharp peak at dg
19.4 ppm. It can be observed that the boron chemical shift
does not depend on the concentration of boric acid, as has
been reported earlier."* Moreover, the linewidths are kept con-
stant at all the assayed concentrations, which confirms earlier
findings that show that in acidic aqueous solutions of boric
acid the species B(OH); is dominant, whereas B(OH),” can be
neglected.”® In order to confirm that the samples without pH
adjustment are in the range where only the species B(OH);
exists in solution, we reproduced the measurements on boric
acid samples at 0.05, 0.10 and 1.00% (w/w) but reducing the
pH down to 2.8. It was checked that the absolute integrals in
the three "B gNMR spectra were the same as those without
adjusting the pH, confirming that there is no chemical
exchange between the protonated form of boric acid and other
species.

Method validation

All validation experiments were carried out on a sample of a
commercial biocide containing 0.01% of boric acid, previously
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Fig. 2 (a) B NMR spectra (96.294 MHz) of boric acid solutions in D,O
at 294 K. Experimental time of each spectrum of 50 seconds; (b) cali-
bration curve stack plot of boric acid solutions in pure D>O. Average
values coming from three replicates are shown. Error bars are hidden
behind the spots.
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analyzed using the ICP-MS technique (used as a reference
analytical method).*”

The proposed method was validated in order to ensure its
reliability during application in routine sample analysis. Thus,
several parameters such as selectivity, linear range, trueness
(recovery), intra-day precision (repeatability), inter-day pre-
cision (intermediate precision), limit of detection (LOD), limit
of quantification (LOQ) and uncertainty were evaluated.

Selectivity was estimated analyzing blank samples (D,O)
and commercial biocide samples with concentrations of boric
acid below 0.01% (w/w). No signal was observed at the same
chemical shift of boron (5 = 19.4 ppm), suggesting the
absence of matrix interferences that may have given a false
positive signal.

The determination of the linear range of a quantitative
method is especially crucial for methods with a non-linear
detector response. This is not the case for NMR, where the
signal is directly proportional to the number of nuclei per
volume unit, in the case that the rest of the parameters are
constant according to the Curie law (eqn (1)),"* where M, is the
macromagnetization of a system of N spins with spin I and
magnetogyric ratio y, observed in a static magnetic field B, at a
temperature T.

_ PRI(I+1)B,

M, = 1
o AT (1)

In our case, the linear range of the method was confirmed
by measuring samples of boric acid (reference standard) at a
concentration series of 0.05, 0.10, 0.50, 1.00, 1.50, 3.00 and
4.10% (w/w) in D,O. The absolute integral of these peaks
plotted against the boric acid concentration showed an excel-
lent R* linear correlation of 0.9996 (Fig. 2b). Importantly, the
excellent correlation is maintained when samples are prepared
at the maximum solubility level of 4.1% (w/w) (receiver satur-
ation effects were not observed), proving that the NMR
response is linear in the whole range of possible
concentrations.

The matrix effect is commonly understood as the difference
between the response of the standards in the solvent and
those prepared in the matrix similar to the sample to be ana-
lyzed. This effect can provoke a signal suppression or enhance-
ment of the analytes because the other components present in
the matrix and therefore, the influence of the matrix effect on
the response must be studied. The evaluation of the matrix
effect involved the comparison of the calibration curve pre-
pared in the solvent, D,O, with that one prepared by the stan-
dard addition calibration method (Fig. 2b), in which increased
amounts of the standard analyte are added to sample solu-
tions.” The matrix effect could be then estimated from the
slope ratio (SR) of both curves, considering the slope sample
solution/slope D,O ratio (Fig. 3). The result of 0.97 indicated
that there is no matrix effect when measuring boron-11, which
reinforced the use of this methodology for quantitative pur-
poses and makes it amenable to determine boric acid in other

This journal is © The Royal Society of Chermistry 2018
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Fig. 3 Calibration curves recorded with solutions of boric acid standard
(blue circles, S1 slope) and with extract samples spiked with increasing
amounts of boric acid (orange triangles, S2 slope).

matrices such as antiseptics, lubricants, and antifungal or
cleaning agents.

Trueness was evaluated in terms of recovery by spiking
several aliquots of a commercial sample. The original commer-
cial sample contained 0.01% of boron and for the study, it was
spiked with the corresponding addition of a boron analytical
standard solution at concentrations of 0.5, 1.5 and 4.0%. Five
replicates were tested at each concentration. Average recovery
rates obtained at 0.5, 1.5 and 4.0% were 106, 94 and 101%,
respectively (see Table 1).

Precision was evaluated by performing intra-day precision
(repeatability) and inter-day precision studies, being expressed
as relative standard deviation in % (RSD). Intra-day precision
was studied by analyzing five spiked samples at three concen-
tration levels (0.5, 1.5 and 4.0%) assayed for the trueness
studies and analyzed during the same day. As shown in
Table 1, RSD values of 0.9, 1.2 and 0.7% were obtained at 0.5,
1.5 and 4.0%, respectively. The inter-day precision was studied
at the same concentration levels but measuring the samples in
five consecutive days, obtaining values of 2.0, 1.5 and 1.0%,
respectively (Table 1). These precision values are in accordance
with the requirements of international guidelines to the
studied concentration levels.**"*’

LOD and LOQ were determined using the SNR method.*®*’
Thus, the LOD was set as the lowest concentration of boric

Table 1 Validation parameters of the proposed ‘B gNMR method

0.5% (wiw)  1.5% (wiw)  4.0% (w/w)
Recovery (%) 106.2 93.6 101
Intra-day precision (n=5) (%) 0.9 1.2 0.7
Inter-day precision (n=5) (%) 2.0 1.5 1.0
Uncertainty (%) 4.4 3.9 3.7
LOD (%) 0.02
LOQ (%) 0.04

This journal is © The Royal Society of Chemistry 2018
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acid that generates an SNR of 3:1 and the LOQ as the lowest
concentration of boric acid that produces an SNR of 10:1,
achieving values of 0.02% and 0.04%, respectively (Table 1).

It is important to mention that the SNR is a secondary cal-
culated value and the quantification accuracy of the proposed
NMR method must be evaluated by the absolute integrated
intensity of the signal, setting the LOQ as the lowest concen-
tration of boric acid that generates suitable precision and accu-
racy values."® Following the latter statement, the obtained LOQ
was 0.04%, which reproduces the one obtained by the SNR
method.

Finally, the uncertainty was estimated applying a bottom-
up approach.*® For this purpose, data obtained during vali-
dation at 0.5, 1.5 and 4.0% were used. Moreover, expanded
uncertainty (U) was also evaluated and the results are shown in
Table 1. For the lower concentration (0.5%), U was 4.4%,
whereas for the two higher levels (1.5% and 4.0%), the un-
certainty values were 3.9 and 3.7%, respectively.

In order to prove that the developed method can be applied
to a wide range of boron compounds, we reproduced the cali-
bration curve using borax (sodium tetraborate) instead of boric
acid. All these samples were adjusted at pH 13 in order to
ensure that only the monomeric tetraborate species exists in
solution. The result of the fit by the linear least squares pro-
cedure is shown in Fig. S3.f Good linearity was obtained
throughout the tested concentration range, from 0.8 mM
(0.05%) to 64.7 mM (4.0%), with a correlation coefficient
higher than 0.999.

Sample analysis

Based on the above-mentioned findings, we applied the vali-
dated methodology to the quantitative analysis of boric acid in
a set of 5 commercial biocides presented as pellets. The
spectra of the investigated biocides are shown in Fig. 4. As
observed, samples 1, 3 and 5 required two extractions, whereas
for samples 2 and 4 the extraction protocol needed to be
applied three consecutive times for the complete recovery of
the target analyte.

The quantification results of boric acid obtained using the
proposed ''B gqNMR method are summarized in Table 2. The

g
3
H

o=
7
Sample 4 =—— 1 T T
3 T
Semple 3. {8 S
T T
¥ IRVAN ~—— Sample 2
T
X = Sample 1

55 60 45 40 35 30 25 20 15 10 5 O -10 15 ppm

Fig. 4 B qNMR (96.294 MHz) spectra of commercial biocide samples
(from 1 to 5), prepared as indicated in the experimental section. For
samples 1, 3 and 5 two extractions were needed, whereas for samples 2
and 4 three of them were required.
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Table 2 Contents of boric acid (QNMR) or elemental boron (ICP-MS) in
commercial biocide samples. All concentrations are expressed as % w/w

Samples Supplier conc. "B gQNMR ICP-MS Diff. (%)
1 2.0 2.1 2.1 0.0
2 10.0 9.9 9.7 2.1
3 1.5 1.6 1.7 5.9
4 9.0-10.0 8.9 9.3 4.3
5 1.0-4.0 21 2.0 5.0

concentrations found varied significantly across the different
types of investigated products from <LOQ to 10%. In order to
check the reliability of the proposed method, the total concen-
tration of boron ions in real samples of commercial biocides
was also determined using ICP-MS (Table 2). The differences
obtained when compared to our method were always below
6%.

To discard the fact that the '"B-gNMR method is affected
by systematic errors, the regression coefficients of both
methods were simultaneously evaluated using a joint confi-
dence interval. For ordinary least squares, this joint evaluation
can be performed by calculating the F-value using eqn (2):
_nlr-af 12~ -HTu+ G- T,
- 2

28g*

F

where n is the number of data pairs and s;.” is the residual var-
iance of the ordinary least squares regression line with slope b
and intercept a. For the joint test, the slope f is equal to 1 and
the intercept y equals 0. The calculated F-value was then com-
pared with the tabulated value for a one-tailed F curve with 2
and n — 2 degrees of freedom at a significance level of 0.05.
The calculated F-value was 0.12, which was significantly lower
than the tabulated value of 9.55. This result indicates that the
"B QNMR method is not influenced by systematic errors and
therefore can be used with confidence for boric acid routine
determinations.

Conclusions

A quantitative boron-11 NMR method has been developed for
the first time, providing suitable validation parameters such as
recovery, precision and uncertainty. Although the LOQ is
higher than that for other analytical methods, i.e. ICP-MS, this
technique is sensitive enough for the reliable determination of
boric acid in commercial biocides. This method allows the
direct determination of the compound after a simple sample
preparation and without requiring large dilution procedures.
This quadrupole-based gNMR method offers additional advan-
tages with respect to other chromatographic, spectroscopic
and titrimetric methods, such as fast determination (as low as
50 seconds) and the absence of a matrix effect. It is then pro-
posed as a powerful alternative to determine boric acid in
complex matrices.

We expect that the methodology described herein will pave
the way for the development of new analytical alternatives

4712 | Analyst, 2018, 143, 4707-4714
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based on the acquisition of quadrupolar nuclei. We are cur-
rently working on expanding our method for the determi-
nation of other boron-containing compounds and in the
implementation of other quadrupolar nuclei in gqNMR
strategies.
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ARTICLE INFO ABSTRACT

Keywords: Etidronic acid (1-hydroxyethylidene-1,1-diphosphonic acid, HEDP) is a common antioxidant additive used as
*'P-gNMR detergent in the processing plants of agri-food industry for fruit and vegetable washing processes before com-
Etidronic acid

mercialization. In the present work, and for the first time, a quick and reliable alternative to standard established
methods for HEDP quantitation study has been performed in vegetable-washing processes applying *'P NMR.
The proposed quantitative nuclear magnetic resonance method has been fully validated in water with different
analysis times including a novel validation of the limits of detection and quantification depending on the target
expected concentration, which results in considerable cost and time savings in those samples containing high
concentrations of the compound. The limits of quantification (LOQs) ranged from 0.017% w/v for one minute of
analysis (116 scans) to 0.003% w/v for 60 min of analysis (4745 scans). Additional validation parameters have
been evaluated such as quantification procedure (comparing internal vs. external calibration), working range
(from 0.01% to 0.05% w/v), recovery (95.0%-105.4%) and intra- and inter-day precision (from 0.9 to 4.3%) at
0.01 and 0.05% w/v. The developed method has successfully been applied for the determination of HEDP in 10
samples of agri-food processing industrial waters used for the cleaning of fruits and vegetables prior to their
commercialization, providing adequate results and obtaining HEDP concentrations between 0.003 and 0.050%

Washing water
Analytical validation

w/V.

1. Introduction

Biphosphonates, such as etidronic acid (HEDP), are extensively use,
as other phosphonates, to prevent mineral precipitation and inhibiting
corrosion in industrial washing and cooling systems [1]. They also act
as scale inhibitors because they are excellent complexion agents of
heavy metals [2]. Phosphonates are very stable against biological de-
gradation and they were found to be active at concentrations higher
than 100mg/L (0.01%), causing moderate acute oral and dermal
toxicity on humans [3]. Specifically, HEDP has an excellent stability in
aquatic ecosystems due to its high persistence against microbial de-
gradation and extraordinary resistance to hydrolysis [1].

Several HEDP determinations has been previously reported applying
different techniques as inductively coupled plasma mass spectrometry
(ICP-MS) [4], ion chromatography with inverse UV detection [5], and
capillary electrophoresis with indirect photometric detection [2], but
they are very time-consuming techniques and large amounts of solvents
are required for compound extraction.

*Corresponding author.
E-mail address: agarrido@ual.es (A. Garrido Frenich).

https://doi.org/10.1016/j.microc.2019.104083

Previous studies of different compounds containing phosphorus by
quantitative phosphorus NMR (*'P-gNMR) have been reported for the
assessment of impurities in highly concentrated samples but no strict
validation methods have been achieved [2,6-8]. Certain advantages
make this nucleus suitable for quantitative analysis by NMR: 31-phos-
phorus isotope is 100% natural abundance in the nature, it is a high
sensitive nuclei with spin I = 1/2 and presents a wide chemical shift
range allowing excellent separation of the signals. To the best of our
knowledge, *'P-qNMR has been limited to applications for quantifying
analytes such as phosphorus-containing pesticides [9], phosphonates
[2], phosphorylated amino acids [10] or phospholipid species [11] in
natural matrices.

Over the years, QNMR has gained popularity in the analysis of dif-
ferent kind of matrices, such as complex natural products, dietary
supplements, biocide tablets or traditional medicines [12-17]. Besides,
a great improvement has been achieved in the electronics and materials
of NMR spectrometers. NMR has always been considered a very limited
quantitative technique due to its lower sensitivity compared to others
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common analytical techniques, but these technological advances allow
improving sensitivity performance of NMR in relation to well-stablished
techniques such as gas chromatography (GC) and liquid chromato-
graphy (LC) coupled to mass spectrometry (MS), which have been ex-
tensively applied for the detection of all kind of molecules in microgram
per kilogram (ppb) or nanogram per kilogram (ppt) levels. However,
these are very time consuming including complex sample treatments
and demand large volumes of costly solvents [18,19].

On the other hand, NMR demands minimal sample preparation and
allows direct sample analysis. Also, this technique is non-destructive
and provides the detection and structural determination of different
compounds in a single experiment, even if the sample is a complex
mixture or the sample solution contains a solid phase [20]. As a result,
high-accuracy quantitative NMR (gQNMR) allows for quantifying un-
known compounds in mixtures by comparing its relative integration
area to that obtained from a known amount of a standard or using
specific calibration curves, in addition to the advantages of NMR
spectroscopy [21]. For these reasons, NMR spectroscopy is nowadays a
reliable analytical tool and it has become itself as a routine technique
[11].

For qNMR calibration, both internal and external calibration
methods can be performed, and the first one is the most used for in-
dividually gQNMR determinations if the sample characteristics lead to
optimal conditions (e.g non-overlapping resonances or adequate re-
laxation delays, D1). In addition, the internal calibration method only
requires one single calibration standard for quantifying multiple ana-
lytes among the same analysis [22]. Alternatively, an external cali-
bration can be performed as for many other analytical techniques such
as spectrometry [23,24]. Under certain circumstances, this external
calibration method can lead to a considerable simplification of sample
preparation because no addition of internal standard in each sample is
necessary and large batches of samples can be analyzed by using the
same calibration curve. In addition, the absence of the matrix effect
allows the application in different matrices [25]. Potential differences
(pH, ionic strength, etc.) must be correctly controlled by buffer solu-
tions to ensure the reproducibility of the calibration curve and its ap-
plication to the analysis of targeted samples [11].

The validation of quantitative methods using qNMR is usually based
on guidelines focused on purity assay of pharmaceuticals and reference
materials and on the determination of presence of impurities, de-
gradation products and matrix components [14,26-30]. Some key va-
lidation aspects such as calculation of the LOQ of QNMR methods are
not properly defined yet, and considering the lack of validation
guidelines for gNMR analytical methods, its application represents a
challenge.

In the present study, >'P-qNMR has been applied for the determi-
nation of low concentrations of HEDP in industrial waters of vegetable-
washing processes before their commercialization. Moreover, a fully
validation of a rapid, sensitive, and reliable gQNMR-based method has
been performed, taking advantage in comparison with alternative
techniques such as LC-MS. The developed method was also successfully
applied to the analysis of real water samples collected from agri-food
processing industries.

2. Materials and methods
2.1. Materials and reagents

HEDP (C,HgO;P,, purity > 95%), potassium chloride (purity >
99%) and potassium hydrogen phthalate (purity > 99%) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Sodium hydroxide
was obtained from Panreac (Barcelona, Spain) and di-sodium hydrogen
phosphate anhydrous was purchased from Merck (Darmstadt,
Germany). Deuterium oxide (D,O, D =99.9%) and Norell™ 5.0 mm
0.D. x 178 mm borosilicate NMR sample tubes were purchased from
Eurisotop (St-Aubin Cedex, France). Milli Q water (Millipore, Bedford,
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MA, USA) was used for method optimization and calibration.

Materials and reagents applied for liquid chromatography-mass
spectrometry (LC-MS) experiments are described in Supplementary
Material.

2.2. Apparatus

NMR spectra were obtained on a Bruker Avance 300 MHz (Bruker
Company, Switzerland) using a direct BBFO™'® ('H, BB-'°F,
SmartProbe) probehead and a Bruker Avance III HD 600 MHz spectro-
meter equipped with a QCI 'H/*3C/**N/*'P proton-optimized quadru-
pole inverse cryoprobe with 'H and 'C cryochannels. Chemical shifts
(8) are given in parts per million (ppm). *'P chemical shifts are given
relative to Na,HPO, (8p = 3.1 ppm).

The LC-MS instrument details are summarized in Supplementary
Material.

2.3. Samples and sample preparation

A total of 10 vegetable-washing water samples were supplied from
different local agri-food industries (Almeria, Spain) for their study by
LC-MS and *'P NMR. Before NMR measurements, water samples were
treated as follows: 1 mL of the representative sample was adjusted in an
Eppendorf tube at pH11 by adding 500 jiL of Na,HPO,/NaOH 0.25 M
buffer solution. 200uL of deuterated water (D,0) were added and
vortexed at room temperature for 5min. Then, 1 mL of the resulting
solution was directly transferred to the NMR tube, which was sealed
prior to analysis.

2.4. 3'P-gNMR method

*Ip.qNMR spectra were recorded at an operating frequency of
121.495MHz and a spectral width of 48.077 kHz (395.71 ppm) using
standard Bruker method (zgig 1D sequence with inverse gated decou-
pling). Additional analyses by 600 MHz spectrometer were performed,
operating at 242.937 MHz in the same conditions. Shimming was per-
formed on each sample prior to data acquisition using the TopShim
automatic shimming method from Bruker BioSpin. All samples were
measured at 20.0 + 0.1°C and under nonspinning conditions with
regard to the high magnetic field to avoid spinning side bands. NMR
spectra were collected using the following acquisition parameters: size
of fid (TD) = 65,536, acquisition time (AQ) = 0.68s, relaxation delay
(D1) = 0.05s, variable number of scans (NS) from 116 to 4745, pulse
width (P1) = 12 s and a 90° pulse angle. The Lorentzian line-broad-
ening factor of 10 Hz was applied to the total FID prior to Fourier
transformation. The spectra were automatically phased, baseline-cor-
rected and integrated using TOPSPIN software (version 4.0). The
spectrometer transmitter was locked to DO frequency throughout each
analysis. All NMR experiments were performed with a fixed receiver
gain (RG) of 203, which was the optimum value estimated through
several tests.

2.5. Method validation

The proposed *'P-qNMR method for HEDP determination was va-
lidated in terms of selectivity, linear working range from 0.01% to
0.05% w/v, intra-day, inter-day precision, LOQ and trueness (re-
covery).

Trueness was calculated by estimating the recovery at two different
concentration levels (0.01% and 0.05% w/v). Thus, five replicates were
analyzed five times in the same day (intraday precision or repeatability)
and in five consecutive days (interday precision or reproducibility). The
LOQ of the proposed method was estimated as the lowest concentration
of HEDP that generates suitable precision and accuracy values
(95%-105%).
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3. Results and discussion
3.1. Preliminary LC-MS analysis

To our knowledge, no previous HEDP determination in aqueous
samples by LC-MS methods have been published, despite nowadays this
is the golden technique for the determination of polar compounds as
HEDP. Therefore, a series of preliminary tests were carried out for at-
tempting the HEDP determination by LC-MS in order to check the
possibility of using this technique as analytical reference method.
Firstly, three transitions were selected to monitor the compound,
showing the selected ions in Table S-1 (see Supplementary Material).

However, when the aqueous samples (see Section 2.3) were directly
injected into the LC system (see supplementary material for further
details regarding experimental conditions), no signal of the compound
was obtained, neither in the samples nor fortified samples with the
target compound. This fact can be explained by high suppression matrix
effect because the high polarity of the compounds and its low retention
in the stationary phase. Alternative strategies were used to increase the
retention of the compound or to reduce its polarity: a) different col-
umns, which have been utilized for the determination of polar com-
pounds [31], were tested; b) fluorenylmethyloxycarbonil chloride
(FMOC-CI) was used as derivatization reagent, bearing in mind that it
has been widely used for similar compounds as glyphosate [32]; c) solid
phase extraction has also been included to remove some compounds
from the matrix. Fortified samples were analyzed using these alter-
native procedures and again, no chromatographic signal was obtained
for HEDP. Bearing in mind the high polarity of the target compound as
well as the complexity of the studied samples, it was concluded that the
tested approaches by LC-MS do not provided suitable results for the
determination of HEDP in aqueous samples.

3.2. gqNMR method optimization

Considering that the molecule contains two phosphorus atoms with
nuclear magnetic resonance, 31p NMR was selected instead of chro-
matographic techniques. The proposed methodology could be an in-
terested approach because the high sensitivity of phosphorous-31 (spin
nucleus 1/2, 100% abundance) and high chemical shift dispersion. In
addition, this nucleus produces sharp signals, so line shapes are less
affected by the inhomogeneity of the magnetic field [2].

Initially, an appropriate deuterated solvent was needed for ad-
justing the lock frequency. Due to the aqueous nature of the washing
samples and consequently HEDP water solubility, deuterated water was
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selected as an appropriate choice for the optimisation of the method.
One single signal corresponding to HEDP (8p 20.0 ppm) was obtained in
the initial *'P{'H}-NMR experiments (zgig 1D sequence with inverse
gated decoupling) using a standard solution (0.02% w/v), which pro-
vided a significant signal. For all gQNMR experiments, a 90° pulse flip
angle was selected leading to higher SNR than smaller pulse angles with
the same number of scans (SNR and the square root number of scans are
directly proportional) [33].

The pH of the sample also plays a significant role in QNMR analysis.
Differences in the pH of water samples may cause drifts in the chemical
shift and widening of the desired signals [14]. To evaluate the optimal
pH for the HEDP determination, three different experiments using the
0.02% w/v standard solution were carried out at the pH values of 2.3,
6.5 and 11. Initially, the pH optimization experiments were adjusted by
adding 500 L of sodium hydroxide/potassium chloride 0.25M buffer
and potassium hydrogen phthalate/hydrochloric acid 0.25 M buffer for
pH11 and pH 2.3, respectively. Whilst the small change in chemical
shift (A8p) between the different pH values (Fig. S-1) suggests that the
dissociation of protons on the phosphonic acid groups has a small effect
on the shielding of the phosphorus nuclei [34], and the most intense
and sharpest signal was obtained for the alkaline tested solution (8p
19.9 ppm).

With the aim of HEDP quantification, the internal standard method
was initially evaluated. For that, Na,HPO, was used as internal quan-
tification standard due to the fact that it is a common compound em-
ployed for *'P-qNMR [8]. Besides, it fulfils specific requirements such
as high purity, good stability and solubility in the selected solvent, low
volatility, chemical inertness with the analyte of interest, and finally it
provides a sharp and separated signal that does not interfere with the
signal of the HEDP in the NMR spectra. Thus, a Na,HPO,/NaOH 0.25 M
buffer solution in D,O water allowed both pH adjusting (pH11) and
internal standard quantification at the same time without signal over-
lapping. Chemical shifts were relative to the internal standard (IS)
signal at 8p 3.1 ppm.

The D1 time, which describes the time needed by the nucleus to go
back to ground state after the excitation pulse [35], was optimized by
progressive D1 variation experiments of HEDP and IS solutions. This
speed is influenced by the chemical surroundings of the detected 3'P
nucleus. Improper D1 values could result in lower signal intensity than
the true value or in long experimental processes and higher costs.
Therefore, both analyte and IS phosphorous nucleus relaxation time
were studied using a solution of HEDP (0.02% w/v) and 500 L of the
buffer solution. D1 was ranged from 0.05s to 60 s and the intensities
obtained for HEDP and IS are shown in Fig. 1. It can be observed that at

=
i)
L 4 4
30 40 50 60 70
D1 TIME (SEC)

Fig. 1. Determination of the optimal relaxation delay (D1) by monitoring of the intensity of the HEDP (#) and IS *'P NMR signal (W) vs. progressive D1 time

increasing.
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least, a minimum D1 = 10 s for HEDP and a minimum of 60s for IS
were necessary for obtaining an optimal relaxation, which is in ac-
cordance with previous reported data [8,36].

Taking into account the lack of water-soluble primary phosphorous
IS materials with shorter D1 relaxation times (i.e. phosphonacetic acid,
D1 > 23s) and the aim of reaching low LOQ of the target compound in
a rapid NMR method, an external calibration method was additionally
evaluated for HEDP. In order to determine the optimal relationship
between the number of scans, and intensity of the obtained HEDP signal
for the proposed NMR method, different D1 times from 0.01 to 10s
were evaluated. Within the same time of analysis of 10min and the
corresponding variation in the number of scans (from 5462 scans for
D1 = 0.01s to 52 scans for D1 = 10s), the most intense signal was
obtained at D1 = 0.05s. Thus, applying this D1, although no maximum
integral area was obtained at this relaxation time, the external cali-
bration provides an adequate working range where the integral areas
can be related to concentrations with optimal linearity as long as the
same acquisition and processing parameters are used (number of scans,
pulse angle, etc.), by using this method, the analysis time is con-
siderably short, allowing the accumulation of greater number of scans.
Finally, to evaluate the optimal NS, they were evaluated ranging from
116 (total time of analysis: 1min) to 4745 scans (60 min) using the
lowest concentration of the HEDP working range (0.01% w/v). As ex-
pected, an adequate linear correlation between signal area and NS was
found because of the high repeatability and accuracy of the radio fre-
quency transmitter and pulse generator (Fig. 2A).
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Typical concentrations of HEDP found in real samples (around
0.02% w/v) require a NS value of 232 scans (2min) to afford quanti-
tative results, which results in a fast method that can provide adequate
LOQs. Nevertheless, if lower LOQ is required, NS parameter can be
increased significantly reducing drastically the LOQ of the method as
can be seen in Fig. 2B where the signal-to-noise ratio (SNR) for the
HEDP is proportional to square root of the number of scans.

As well as the optimization of data acquisition, the post-processing
parameters are also important for improving the accuracy and precision
of the method. Each spectrum was calibrated manually previous to its
processing to the phosphate signal at 8p 3.1ppm. Before Fourier
transformation the *'P spectra were processed with a line broadening of
10Hz. The automatic baseline corrections were adjusted manually
when necessary to ensure the correct integration of the signal. With this
aim, each signal was manually integrated five times and the average of
the obtained value was used for calculations.

3.3. Method validation

The proposed method was validated considering a compilation of
different established guidelines that include the following sections and
assuring an optimal analytical validation parameters as selectivity,
working range, precision, LOQ, stability, trueness and uncertainty
[37-41].

3960 scans

3178 scans

30 40
TIME (MIN)

50 60 70

4745 scans

40
TIME (MIN)

50 60 70

Fig. 2. A) Influence of number of scans on the absolute signal integral. B) Influence of number of scans on the signal-to-noise ratio.
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Fig. 3. Stability determination plot for a 0.01% HEDP solution at 0 (black), 24 (blue), 48 (red) and 120 h (green) at ambient temperature. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3.1. Selectivity

Selectivity was studied to estimate the possible interference or im-
purities from sample solutions. With this aim, blank samples (H,0) and
industrial water samples were analyzed. Potential signals were searched
at the chemical shift dispersion of phosphorous nucleus and it was not
observed any interference that could have be confused with those ob-
tained for the studied compound or calibration standards. Therefore, a
satisfying selectivity was obtained for the proposed QqNMR method
when it was applied to the analysis of fruits and vegetable washing
waters.

3.3.2. Stability

The stability test of HEDP was conducted at 0, 24, 48 and 120 h by
measuring of 3 replicates of a standard solution (0.01% w/v) at room
temperature (25 + 2°C) and compared with initial values (Fig. 3). The
stability results were satisfactory obtaining a RSD value of 1.43% and
ensuring the stability of the target compound in aqueous solutions
during periods of at least 5 days.

3.3.3. Working range

The working range of the calibration curve for HEDP was de-
termined by triplicate using three different concentrations that ranged
from 0.01% to 0.05% w/v (Table 1). The standards were diluted with

Table 1
Validation parameters of the developed method.

Tested parameter HEDP concentration

0.01% (w/v) 0.02% (w/v) 0.05% (w/v)
Intra-day precision 1.58 0.99 0.88
(n = 3) (%)
Inter-day precision 4.30 2.22 1.19
(n = 3) (%)
Recovery (%) 94.3-105.4 - 95.0-98.4
Uncertainty (%) 8.9 - 37
LOQ 0.01% w/v (1 min, 116 scans) - 0.003% w/v (60 min, 4745
scans)
Linearity R%?=0.997
Stability 1.43% (120h)

Milli Q water. The linearity of the calibration curve was estimated by
the use of the determination coefficient (R?), showing a good linearity
(R? = 0.997) in the studied range (Fig. 4). Simple water dilutions allow
to analyse samples containing higher concentrations than the upper
level of the validated working range.

3.3.4. Precision

Precision was estimated by performing intra and inter-day experi-
ments. The precision results were expressed in terms of relative stan-
dard deviation (RSD) at two different concentration levels (0.01% and
0.05% w/v). The obtained values for precision of the present method
are in accordance with the requirements of international guidelines to
the studied concentration levels (Table 1) [37,42].

3.3.5. LOQ

The LOQ, understood as the lowest concentration of the compound
that produces an SNR of 10:1, was usually determined. Nevertheless, it
is important to indicate that the SNR is a secondary calculated value
and the quantification accuracy of the proposed NMR method must be
evaluated by the absolute integrated intensity of the signal, setting the
LOQ as the lowest concentration of HEDP that generates suitable pre-
cision and accuracy values [43]. Following the latter statement, the
calculated LOQ for a sample at 0.01% w/v concentration ranged from
0.01% w/v, for one minute of analysis (116 scans) to 0.003% w/v for
60 min of analysis (4745 scans).

An additional study for calculation of the LOQ of the method using
an Avance 111 HD 600 MHz spectrometer was performed to demonstrate
the scope of the method when a higher sensitivity equipment is used.
With this aim, a 60 min (4745 scans) analysis of a sample at 0.01% w/v
concentration was performed, obtaining in this case an improved LOQ
of 0.002% w/v.

3.3.6. Trueness and uncertainty

Trueness, defined as the agreement between the measured value
and the true value [25], was tested in blank industrial water by the
standard addition technique at the higher and lower limit of the
working range (0.01% to 0.05% w/V). The results were expressed in
terms of recovery (%). Acceptable recovery values, ranging from 95.0%
to 105.4%, were obtained for both concentrations studied (Table 1).
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Fig. 4. Calibration curve stack plot of HEDP solutions in pure D,O obtained for three replicates of 0.01, 0.02 and 0.05% (w/V), respectively.

Finally, the uncertainty (U) was estimated applying a bottom-up
approach [39]. This calculation is commonly estimated during the va-
lidation of reliable analytical methods, but it has hardly been docu-
mented in previously QqNMR published articles. For this purpose, data
obtained during validation at 0.01 and 0.05% w/v were used. For the
lowest tested concentration (0.01% w/v), U was 8.9% whereas for the
highest level (0.05% w/v), the calculated uncertainty value was 3.7%,
indicating the suitability of the proposed method for quantification
measurements.

3.3.7. Real samples

The developed method was applied for the determination of HEDP
in 10 samples of different agro-food processing industrial waters used
for the cleaning of fruits and vegetables prior to commercialization.
HEDP was found in one of the studied samples at the concentration of
0.027% w/v and also it was detected in another sample at a con-
centration below the LOQ of the method (< 0.01% w/v) although ap-
preciable signal was observed, as it can be observed in Fig. S-2, where
the spectra of the samples are shown. To achieve a quantifiable signal in
the optimized work range of this sample, a longer number of scans have
been necessary. With this objective, an analysis with 2783 scans
(40 min of acquisition) allowed us to calculate the exact concentration
of HEDP in the sample, determined at 0.008% w/v.

4. Conclusions

This paper describes for the first time the application of *'P-gNMR
to determine low concentrations of HEDP in industrial waters used for
vegetable and fruits washing processes before commercialization. The
proposed analytical method represents clear advantage in relation to
alternative techniques in terms of simplicity, speed and sensitivity and
overcome the limitations observed by LC-MS. The method was properly
validated according to different established validation guidelines and
verified the usefulness of external calibration applied to the analysis of
31-P containing compounds such as HEDP, improving the quantitative
results regarding the use of the internal standard method using
Na,HPO, as internal quantification standard. The validation showed
suitable selectivity, linearity in the working range, precision, LOQ,
stability, trueness and uncertainty.

The developed method is sensitive enough for the reliable de-
termination of HEDP at different concentration ranges, achieving sev-
eral LOQs depending on the number of scans and sensitivity required,
ranging from 0.01% w/v, for one minute of analysis (116 scans) to
0.003% w/v for 60 min of analysis (4745 scans).

A total of 10 real samples were analyzed using the developed
method, obtaining positive results for two of them (0.027% and 0.008%
w/v). For the sample with lower concentration, a larger number of
scans were applied to achieve a quantifiable signal within the working
range. Furthermore, simple water dilutions allow to analyse samples
containing higher concentrations than the validated working range.

The method has demonstrated to be appropriate for HEDP routine
determinations in different NMR spectrometers, obtaining adequate
results through a fast, reliable method and without the need for com-
plex sample treatment with the consequent reduction of time and costs.
We believe that methodologies such as the one proposed here for the
validation of QNMR methods will mark the way for the development of
new analytical alternatives.
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4 CAPITULO CUARTO. DISCUSION INTEGRADA

4.1 Introduccion

La investigacion que recoge esta Memoria sobre la caracterizacion
metabolémica de bebidas alcohdlicas y de gqNMR al control de la
seguridad en aguas se ha dividido en dos secciones diferenciadas en
funcion de los objetivos perseguidos. En la primera de ellas se estudia la
aplicacion de herramientas de la metabolomica en la clasificacion e
identificacion de marcadores quimicos de calidad en bebidas alcohdlicas
mediante GC-MS, LC-MS y NMR.

En cada uno de los estudios se han aplicado diferentes extracciones, asi
como diferentes técnicas de analisis en funcion de los analitos objetivo.
La extraccion de aquellos compuestos volatiles/semivolatiles del ron se
ha llevado a cabo mediante HS-SPME para su anélisis mediante GC-MS.
Por otro lado, para aquellos componentes no volatiles, se ha empleado la
extraccion tipo “dilute and shoot” seguida de adquisicién tipo LC-MS.
El andlisis de los rones mediante MS se ha llevado a cabo mediante full
scan, obteniéndose asi la obtencidn de la mayor cantidad de informacién

de los analitos presentes.

En cuanto a la fraccién mayoritaria del ron, ha sido analizada mediante
NMR por anélisis directo de los mismos tras adicion de disolvente

deuterado. Por ultimo, se ha aplicado la técnica de fusion de datos.

La segunda parte de la presente Tesis recoge la investigacion realizada

sobre la aplicacion de la NMR cuantitativa para la determinacion de
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compuestos toxicos en aguas. A tal fin, se han desarrollado métodos de
adquisicién basados en nucleos magnéticamente activos de boro y
fosforo respectivamente para la cuantificacion de los analitos tanto
mediante calibracion interna como externa. En ambos casos, se han
llevado a cabo tratamientos sencillos de preparacion de las muestras

basados en diluciones con agua deuterada.

La investigacion realizada en la presente Tesis ha tenido como
denominador comun la aplicacion de recursos analiticos establecidos
como nuevas estrategias para afrontar retos comunes en el &mbito de la
seguridad agroalimentaria. Los resultados obtenidos en cada una de las

partes diferenciadas se discutiran a continuacion.

4.2 Aplicacion de herramientas de la metabolémica al
estudio de ron

4.2.1 Adquisicién de rones

En primer lugar, se llevé a cabo la adquisicion de muestras de ron para
el presente estudio metabolomico. El objetivo ha sido conseguir un
conjunto de muestras representativas que aporten informacion suficiente
para obtener modelos multivariantes 6ptimos. Para ello se seleccionaron

distintas marcas de ron teniendo en cuenta las siguientes caracteristicas:

e Bebidas alcohdlicas categorizadas como ron en su etiquetado
(Figura 9)

e Estado de conservacion 6ptimo en el establecimiento (sin luz
directa, temperatura ambiente, precinto intacto, etc.)

e Comercialmente disponibles y accesibles a cualquier consumidor

e Diversidad en la procedencia de elaboracién
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e Distintas edades de maduracion entre la misma marca

e Maduracién en barricas de madera (roble francés, americano,
etc.)

e Destilacion en distintos sistemas (alambique o columnas de
cobre)

e Diferentes materias primas (azlcar de cafia 0 melazas)

——

rante mas de 150 anos, Rhum Sy X

gido St 1eputacion en el arte de (g cigngpy,
" de rones de los mas nobles origenes, ion
bara combinar sabiamente finura y persongig
senac de su identidad. unanimemente preriy ]

= 1857

Figura 9. Ejemplo de etiquetado de un ron dorado comercial

Se adquirieron un total de 33 muestras de ron correspondientes a 16
marcas diferentes. Todas las muestras se almacenaron a temperatura

ambiente antes del analisis en sus botellas de vidrio originales. La
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informacidn sobre la produccién de ron, obtenida del sitio web oficial de
los fabricantes de ron asi como de la etiqueta y los cédigos asignados
para cada ron se resume en la Tabla 11. Aquella informacion sobre el
envejecimiento, la materia prima y el barril que no era proporcionada por

los fabricantes fue clasificada como N/A.

4.2.2 Analisis de la fraccion volatil

La primera parte de la investigacion que se recoge en este capitulo se
dedico a la optimizacion de un proceso de pretratamiento y de extraccion
de la fraccion volatil/semivolatil de los rones, previo a su analisis
mediante GC-QqQ-MS.

Se usaron fibras SPME de tipo polidimetilsiloxano (PDMS) de 100 pm,
para la extraccion de compuestos volatiles/semivolatiles con un rango de
polaridad alta. La temperatura inicial del horno fue ajustada a 35°C,
permitiendo asi la elucion de los compuestos mas volatiles. Para evitar
la coelucién cromatogréfica del etanol a alta concentracion, se trabajo
con una ventana de adquisicion de 50-400 m/z (Figura 10). Se
optimizarén parametros como el volumen de muestra, tiempo de
incubacion, temperatura de extraccion, tiempo de extraccion y velocidad

de agitacion con el objetivo de obtener el mayor nimero analitos posible.
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Tabla 11. Etiquetado de botellas e informacion del fabricante para las muestras de ron analizadas

Madera del barril

Nombre Origen Edad Materia prima Método de destilacion
Havana 5 afios Cuba 5 afios Melazas Columnas de acero inoxidable Barril de roble francés
Havana 7 afos 7 afios Melazas Columnas de acero inoxidable Barril de roble francés
Legendario Afiejo Afiejo Melazas N/A Barril de roble americano
Legendario 5 Afios Young Melazas N/A Barril de roble americano
Legendario Elixir N/A Melazas N/A Barril de roble americano
Matusalem 7 Afios Republica 7 afos Melazas Columnas de acero inoxidable Barril de roble americano
Matusalem 10 Afios Dominica 10 afios Melazas Columnas de acero inoxidable Barril de roble americano
Matusalem 15 Afios 15 afios Melazas Columnas de acero inoxidable Barril de roble americano
Almirante Afejo Afiejo N/A N/A N/A
Almirante Miel N/A N/A N/A N/A
Baragua Old Antigua N/A N/A N/A
Reserve reserva
Bohio Afejo Afiejo N/A N/A N/A
Plantation Grenada Antigua Melazas N/A Mezcla (Barril de roble
reserva americano +
French oak barrel)
Plantation Trinidad & N/A Melazas Columnas de acero inoxidable Mezcla (Barril de roble
Overproof Tobago americano +
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Nombre Origen Edad Materia prima Método de destilacion Madera del barril
French oak barrel)
Botran 8 Afos Guatemala 8 afios Az(car de cafia Columnas de acero inoxidable Barril de roble americano
Botran 12 Afos 12 afios Azlcar de cafia Columnas de acero inoxidable Barril de roble americano
Botran 18 Afios 18 afios Az(car de cafia Columnas de acero inoxidable Barril de roble americano
Zacapa 6-25 afos Azucar de cafia Columnas de acero inoxidable Barril de roble americano
Appleton 5 Afios Jamaica 5-10 afios Melazas Alambiques de cobre Barril de roble americano
Appleton 7 Afios 12 afios Melazas Alambiques de cobre Barril de roble americano
Flor de Cafia 7 Nicaragua 7 afios Melazas Columnas de acero inoxidable Barril de roble americano
ARos
Flor de Cafia 12 12 afios Melazas Columnas de acero inoxidable Barril de roble americano
ARos
Flor de Carfia 18 18 afios Melazas Columnas de acero inoxidable Barril de roble americano
ARos
Negrita Miel Espafia N/A N/A N/A N/A
Negrita Afiejo Melazas N/A N/A
Artemi Dorado N/A N/A N/A
Tabay Afiejo N/A N/A N/A
Reylik N/A N/A N/A N/A
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Nombre Origen Edad Materia prima Meétodo de destilacion Madera del barril
Santa Teresa 3 Venezuela 3 aflos Melazas Mezcla (Columnas de acero Barril de roble francés
ARos inoxidable +Alambiques de
cobre)
Santa Teresa 1726 10 afios Melazas Mezcla (Columnas de acero Barril de roble francés
inoxidable +Alambiques de
cobre)
Velero 3 afios N/A N/A N/A
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GCps

1.504

1.004

Adicionalmente se desarrollé un método de confirmacion para el ron
mediante GC-Q-Orbitrap. A tal fin, se usaron las mismas condiciones de
extraccion y andlisis del método previamente descrito mediante GC-
QqQ-MS. Las condiciones y parametros del método desarrollado se

resumen en la Tabla 12.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figura 10. Cromatograma obtenido del analisis de una muestra de ron dorado mediante HS-SPME-GC-MS.
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Tabla 12. Parametros y condiciones para el analisis metaboldmico de rones mediante
HS-SPME-GC-MS

Condiciones HS-SPME-GC
Volumen de muestra | 20 mL

Tipo de fibra 100 pm PDMS

T2 agitador 65 °C

Velocidad de | 250 r.p.m.

agitacion

T2 de inyector 250°C

Split 2 min (100:1), 9 min (20:1)

Columna VF-5ms (30 m x 0.25mm, d.i. 0.25 pm)

Rampa de T? 2 min a 35 °C, 100 °C a 4°C/min, 250 °C a
20°C/min, 20 min a 250 °C

Tiempo de andlisis 43.75 min

Condiciones MS

Modo de adquisicion | Full Scan
Modo de ionizacion El

Rango de masas 50-400 m/z

4.2.3 Analisis de la fraccion no volatil

Para el analisis de la fraccion no volatil de los rones mediante LC-MS,
se llevo a cabo un pretratamiento sencillo: 1 mL de cada ron fue diluido
con 5 mL de agua Milli-Q y 10 pL de la disolucion resultante fueron

directamente inyectados en el sistema.

De nuevo, las condiciones de separacion y adquisicion aplicadas se
seleccionaron con la intencion de obtener el maximo de informacion
posible de un mismo analisis. A tal fin se aplicO una ventana de
adquisicion de hasta 1000 m/z para adquirir informacién espectral no
solo de metabolitos de baja masa molecular, sino también de otros
analitos de mayor masa molecular esperables en bebidas, como azucares.

Las condiciones aplicadas se encuentran resumidas en la Tabla 13.
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Tabla 13. Parametros y condiciones para el andlisis metaboldmico de rones mediante
LC-Orbitrap

Condiciones LC-Orbitrap

Columna Hypersil™ ODS C18
Volumen de inyeccion | 10 pL

Fase movil A Acetato amoénico (30 mM)
Fase movil B Metanol

Flujo 0.2 mL/min

Tiempo de analisis 58 min

Condiciones Orbitrap-MS
Modo de adquisicion | Alternativo: Full Scan, ESI+, ESI-

Resolucion 25000 FWHM
Tiempo de scan 0.10s
Rango de masas 50-1000 m/z

En la Figura 11 puede observarse un cromatograma tipico obtenido de
una muestra de ron dorado mediante LC-HRMS (Orbitrap-MS) en modo

de ionizacién positiva y negativa.
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Figura 11. Cromatograma obtenido del analisis de ron dorado mediante LC-HRMS (Orbitrap-MS) en modo
de ionizacion negativo (arriba) y positivo (abajo)
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4.2.4 Analisis mediante NMR

Para el analisis de los componentes mayoritarios de los rones mediante
NMR, a 0,5 mL de muestra se les afiadié agua deuterada (100 pL) con
TMSP como estandar interno de referencia (0.05 %). Los andlisis fueron
realizados en modo de adquisicion de proton (*H-NMR) en un equipo de

alta resolucion de 600 MHz equipado con criosonda.

La Tabla 14 recoge los parametros y valores usados en la adquisicién de
rones dorados mediante NMR para su analisis metabolémico.

Tabla 14. Parametros y condiciones para el anélisis metabolémico de rones mediante
NMR

Condiciones de adquisicion de NMR

Nucleo observado Hidrogeno
Frecuencia de ' 600.130 MHz
adquisicion

Disolvente DO

T2 de adquisicion 27°C
Estandar interno TMSP
Tiempo de relajacién | 2.4 segundos
Tiempo de | 2.7 segundos
adquisicion

N° de scans 32

La supresion de sefiales con pulsos selectivos a distintas frecuencias para
la eliminacion de las mismas se llevé a cabo con el objetivo de evitar las
distorsiones generadas por el agua y etanol presente en los rones.
Ademas, se realizaron analisis con desacoplamiento de carbono (*3C),
evaluando asi la posibilidad de futuros analisis multivariantes con

sefiales sin presencia de satélites procedentes de la actividad magnética
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del *C. La Figura 12 muestra un ejemplo de los espectros obtenidos de
un ron dorado en los tres distintos modos de adquisicion estudiados: a)
sin supresion de sefiales ni desacoplamiento de carbono, b) con supresion
de sefiales y sin desacoplamiento de carbono y c¢) con supresion de

sefiales y desacoplamiento de carbono.

A HRMN
AGUA ETANOL
r'd r'd

ETANOL

| SATELITE SATELITE
13c ; 13c

O I g -

Cc ~
i ZONA ZONA
DESCOPLADA | DESCOPLADA {13C}'1HRMN
N Y SUPRESION
I .

Figura 12. Espectro de NMR de un ron dorado entre 6.0-0.0 ppm: a) sin supresion ni
desacoplamiento de sefiales, b) con supresion de sefiales y sin desacoplamiento de carbono y c)
con supresioén de sefiales y desacoplamiento de carbono
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4.2.5 Estudio metaboldomico de rones

Para los datos obtenidos mediante GC-MS, se hizo uso del software
MZmine. El pretratamiento de dichos datos ha consistido en los
siguientes procesos: a) deconvolucion de picos, b) alineamiento de
sefiales, ¢) generacion de una lista de picos, d) escalado, e) filtrado de
duplicados y f) rellenado de ceros. Se estudiaron 232 variables iniciales
para los 33 rones evaluados junto a sus réplicas. Por altimo, los datos se
exportaron a una hoja de datos para su posterior procesado multivariante

mediante la herramienta informética SPSS.

Con el objetivo de realizar un analisis exploratorio de los datos obtenidos
se realiz6 primeramente un analisis HCA (Figura 13). Como resultado se
detectaron un total de 4 outliers por diferencias notorias respecto a sus
réplicas. Ademas, 5 muestras de rones fueron preliminarmente
clasificadas dadas sus condiciones especiales de ser rones con aditivos

como miel, sirope o condimentos (saborizantes de vainilla y mandarina).
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Figura 13. Dendograma obtenido mediante HCA del conjunto total de rones

Por otro lado, se aplico el PCA, seleccionando las variables con un mayor
indice de poder discriminante aportado por el software. Un total de 40

iones fueron elegidos, correspondientes a 13 compuestos diferentes.

El PCA obtenido (Figura 14) explico el 88% de la variacion total. El
PC1, PC2 y PC3 explicaron el 36%, 36% y 15% de la varianza,
respectivamente. En dicho andlisis, no se observo ningin patron ni
agrupacion de los rones destacado pese a la alta varianza obtenida,
remarcando la complejidad de las mdaltiples caracteristicas de los
procesos de elaboracion (envejecimiento, tipo de barril, método de
destilacion, materia prima, etc.). A fin de obtener modelos clasificatorios
de las distintas categorias propuestas, se llevaron a cabo analisis

supervisados.
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Figura 14. Representacion PCA del conjunto de rones basado en aquellas variables
mas discriminantes

Para llevar a cabo los analisis LDA, el método de exclusion permutada
de uno a uno (método leave-one-out) se utilizd6 como procedimiento de

validacioén cruzada.

Los resultados mostraron excelentes resultados de clasificacion mediante
modelos LDA para las distintas categorias seleccionadas: origen (R?=
0.94 y Q= 0.73), materia prima (R>= 0.97 y Q%= 0.91), método de
destilacion (R?= 0.92 y Q2= 0.87), barril (R?>= 0.95 y Q= 0.86) y edad
(R?=0.94 y Q?= 0.65). En la Figura 15 se muestran las representaciones
gréficas de los LDA obtenidos para cada una de las clasificaciones

estudiadas.
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Los resultados obtenidos demostraron la alta capacidad clasificatoria de
los modelos desarrollados, con valores obtenidos para R? entre 0.94 y
0.97, asi como valores entre 0.91 y 0.65 para Q2. Aquellos rones cuya
informacidn no es aportada en los etiquetados (rones N/A) pudieron ser
tentativamente clasificados. El parametro de envejecimiento del ron se
estudié considerando los rones de menos de 5 afios como jovenes, los de
entre 5-10 afios como medios y los rones de mayor edad como rones

viejos.

En cuanto a la materia prima, los resultados de LDA revelaron que los
rones de los que se carecia de informacion podrian estar elaborados a
partir de melaza. Se observo una clara diferenciacion entre los rones en
columnas de acero inoxidable respecto a alambique de cobre. Para las
clasificaciones acerca del tipo de barril utilizado, la proximidad en el
grafico LDA de los barriles de roble sin especificar y roble americano
podria ser una indicacién de que el roble americano es la madera tipica
utilizada cuando los fabricantes no especifican el tipo de barril. En
relacion con la edad LDA permite una buena diferenciacion de rones

jovenes, medios y viejos (Figura 15).
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Para la identificacion de aquellas variables mas discriminantes del
estudio, el andlisis mediante HS-SPME-GC-MS y HS-SPME-Q-
Exactive-GC permitié una asignacion tentativa de los analitos en base a
diferentes factores: comparacion mediante libreria NIST de alta y baja
resolucion, indice de retencién de Kovats (KI) y clasificaciones de

puntuacion HRF (filtrado de alta resolucion) aportado por el software.

De los compuestos tentativamente identificados, seis de ellos fueron
identificados como etil ésteres (Tabla 15): &cido etil éster hexadecanoico,
acido etil éster (E)-9-octadecanoico, &cido etil éster tetradecanoico, acido
3-metilbutil éster octadecanoico, acido etil éster decanoico y acido etil
éster octanoico. Este tipo de componentes son comunes como productos
de fermentacion de bebidas alcohdlicas con un papel importante en las
propiedades organolépticas de las bebidas fermentadas, debido a su

aroma afrutado.

Tabla 15. Compuestos tentativamente identificados como més discriminantes en el
estudio metabolémico de rones mediante HS-SPME-GC-MS y datos obtenidos para
su identificacién

Compuesto | TOrMula | RT | HRF® | Método de
P empirica (min) (%) | identificacion
185.2
241.2
. . 284.
Acido etil 2?3 2
éster C1sH360- 157'2 24.10 | 1993 | 100.00 | KI. Lib. HRF
hexadecanoico 115.1
88.1
55.1
180.2
. 112.2
Acido etil 999 3
éster (E)-9- | CaoHss02 264'2 25.17 | 2170 | 100.00 | KI. Lib. HRF
octadecanoico 1371
109.1
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dietoximetano

Compuesto | FOrmula | RT 1 HRF® | Método de
P empirica (min) (%) | identificacion
169.1
Acido etil 881
éster C1sH3202 55'1 23.05 | 1789 | 100.00 | KI. Lib. HRF
tetradecanoico '
Acido 3-
metilbutil 1 o L 0s | 192 | 2089 | 1441 | 99.83 | KI. Lib. HRF
ester 127.2
octadecanoico
oo ) 157.1
Acido etil 1i5 1
éster C12H2407 88'1 20.44 | 1389 | 99.50 | KI. Lib. HRF
decanoico 55 1
Acido etil 88.1
éster CioH200, | 127.2 | 18.17 | 1194 | 99.86 | KI. Lib. HRF
octanoico 57.2
131.1
159.1
144.1 .
lanona CizHis 116.1 18.4 | 1211 | 100.00 | KI. Lib. HRF
91.1
113.1
1,1-dietoxi-3- 103.1
metil CoH200, | 73.1 9.2 918 | 99.82 KI. HRF
butanona 75.1
Derivadodela | o W\ | 1591 | 195 | 1205 | 9953 HRF
ianona
Desconocido - 130.2 | 18.2 | 1197 - -
Acztt"’i‘ltgde CiHgO, | 547 | 23 | 611 | 100.00 | KI. Lib. HRF
Tetrahidro 2-
piran-2- CsH120, | 85.1 11.8 | 988 | 100.00 | KI. Lib. HRF
metanol
1.1- CsH2O, | 1031 3.3 668 - KI. Lib

KI; Indice de retencion de Kovats

HRF; Valor de filtrado de alta resolucion (High-Resolution Filtering score)
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Asimismo, se identificaron tentativamente otros componentes como
acetato de etilo, 1,1-dietoxi-3-metil butanona o 1,1-dietoximetano, con
menor poder de discriminacion. Este tipo de compuestos derivados de la
fermentacion alcoholica tienen una relacion estrecha con la preparacion
de los rones, siendo comunmente relacionados con el sabor y olor de los
mismos. Tan sélo un analito a un tiempo de retencién de 18,2 minutos e
ion 130,2 m/z no fue identificado debido a la ausencia de candidatos

estructurales en las librerias disponibles.

La Tabla 15 muestra los 13 compuestos mas discriminantes del estudio
multivariante junto a sus tiempos de retencion, masas detectadas, valor
de KI, valor HRF (%) y nombre correspondiente para aquellos

identificados.

Adicionalmente, se llevd a cabo una monitorizacion de los ésteres
etilicos detectados. Para ello, se estudiaron seis rones de marcas
diferentes y de distintas edades centrandose en la intensidad de las
sefiales detectadas para ésteres etilicos tipo C8 a C16. Los resultados
confirmaron una relacion directa entre el envejecimiento del ron y la
presencia de dichos componentes en ellos, tal como puede observarse en

la Figura 16.
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Suma de las dreas de pico de los ésteres
etilicos C8 a C16
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Rones de distintas edades dentro la misma marca

Suma del area de los picos

Figura 16. Representacion de barras de la suma de etil ésteres en rones e
indicaciones de tendencias mediante flechas

Respecto al estudio mediante LC-MS, para llevar a cabo el
pretratamiento de los datos previamente obtenidos se usé el software
Compound Discoverer. A dicho fin, se llevé a cabo la a) seleccion de
picos, b) integracion de las sefiales, c) alineamiento de los tiempos de
retencion, d) substraccion de blancos y e) exportacion a hoja de datos,
para los siguientes tratamientos multivariantes mediante el software
SIMCA. En nuestro caso, se seleccionaron un total de 1020 variables. Se
aplico la transformacion logaritmica a todos los compuestos detectados,
dando valores en un rango mas pequefio sin enmascarar el efecto de
valores pequefios dentro de los datos. Ademas, se llevo a cabo un
escalado tipo Pareto previo a los analisis multivariantes para reducir la
influencia de los picos intensos y enfatizar los picos menos intensos que

pudieran tener mayor relevancia metabolica.

El analisis mediante LC-MS de los rones proporcioné un numero

ampliamente mayor de variables respecto a las obtenidas mediante GC-
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MS. Este hecho se debi6 a dos razones principales: la menor selectividad
de la técnica de extraccion de dilute-and-shoot frente a HS-SPME, asi
como al mayor nimero de compuestos no volatiles presentes en la

composicion del ron.

El anélisis no supervisado de los datos obtenidos se llevd a cabo
mediante PCA para obtener una visualizacion general de las relaciones
entre las muestras del modelo (Figura 17). Se detectaron y eliminaron un
total de 5 outliers de los analisis multivariantes (Figura 18). Los
resultados mostraron como un total del 82% de varianza fue explicada
para el modelo propuesto para un total de 11 PCs.

A continuacion, se crearon diferentes modelos PLS-DA para cada uno
de los grupos de clasificacion: origen, envejecimiento, materia prima y
barril. EI método de destilacion no fue incluido en el estudio mediante
LC-MS debido a que los resultados obtenidos no mostraron
clasificaciones apropiadas, tal y como si sucedia con el estudio de la

fraccion volatil.
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Aplicacion de la espectrometria de masas y la resonancia magnética nuclear a la

caracterizacion metaboldémica de bebidas alcohélicas y al analisis de toxicos en aguas

VARIANZA TOTAL OBTENIDA: 82%

13)

25 20 15 10 S 0 -5 -10 -15 -20 Lf\s 0 -5 0§ 10 15 ig

t) >,
12

Figura 17. Representacion tridimensional del PCA obtenido para el conjunto de
rones mediante LC-MS

'

*| Hotelling’s T2

Figura 18. Representacién grafica de Hotelling’s T2 (arriba) y DmodX (abajo) junto
a los outliers detectados (limites de confianza= 95-99%)

El pardmetro de envejecimiento del ron para PLS-DA se estudio
considerando los rones con una edad igual o inferior a 7 afios como rones
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jévenes y envejecidos durante mas de 7 afios, a diferencia del estudio
mediante GC-MS donde la edad del ron se clasifico como joven, medio
0 viejo. De ésta forma se delimitaron las posibilidades de clasificacion
respecto a la edad, dificultadas por el proceso opcional de mezclado de
rones de distintas edades con el que cuenta su preparacion. Ademas, se
traté de mejorar la representatividad del conjunto de muestras afiadiendo
tres rones de distinta marca considerados como blancos y, por ende, no
afiejados previamente en barricas de madera. Aquellos rones con aditivos
estudiados previamente fueron descartados debido a las grandes
diferencias que mostraron respecto al resto de rones, siendo el nimero

final de muestras analizadas de 30 junto a sus réplicas.

Como mejora para la validacién de los modelos en los analisis
supervisados se introdujo la division al azar del total de muestras en dos
conjuntos. El primero de ellos, conjunto de entrenamiento, quedd
conformado por un 4/5 de las muestras, mientras el 1/5 de las muestras
restantes se reservaron como conjunto de validacion externa (conjunto
de prediccion). De esta forma se llevo a cabo una evaluacion de la
fiabilidad de los resultados de forma externa, obteniendo valores de
CC% entre 94 -100% para cada modelo propuesto.

Los resultados obtenidos para los diferentes modelos PLS-DA realizados
en base a las distintas categorias seleccionadas junto a los valores de R?
y Q? se muestran en la Figura 19. Como pudo observarse, el analisis
supervisado de los rones en base al origen de elaboracion, pese a tratarse
de un modelo intencionadamente sobreajustado en busca de tendencias,

no aportd ninguna correlacion destacable (R2Y=0.774 y Q%Y= 0.600).
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Aplicacion de la espectrometria de masas y la resonancia magnética nuclear a la caracterizacion metabolomica de bebidas alcoholicas y al analisis
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Figura 19. Representacion PLS-DA basada en LC-MS del conjunto de rones basado en: a) Origen, b) Materia prima, ¢) Barril y d) Edad
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Aquellos rones para los cuales se desconocia el uso de melaza o cafia de
azucar, se clasificaron mayormente dentro del grupo de melaza,
sugiriendo su uso durante el proceso de fermentacion. Los tres rones
blancos adicionales se diferenciaron del resto de los rones, lo que sugirié

el uso de materias primas diferentes o alternativas para su preparacion.

Tal como sucedia en el estudio metaboldmico mediante GC-MS, las
diferencias entre el tipo de barril fueron concluyentes. La distribucién
gréfica entre el conjunto de muestras indico que la madera de roble
americano parece usarse cuando los fabricantes no especifican el tipo de
barril utilizado. Ademas, para la clasificacion por edades se observo una
tendencia lineal en la representacion grafica que depende del
envejecimiento del ron. Un menor valor de Q? obtenido para las
clasificaciones por edad de los rones puede explicarse por las diferencias
en la legislacién sobre el etiquetado, donde la composicion de las

mezclas no es fidedigna a la reflejada en el mismo.

La obtencién de los espectros de masas en los modos de ionizacion
positivo y negativo dio lugar a la posibilidad de estudiar la identidad de
los analitos en ambos modos. A tal fin, se evaluo el error de masa, el
ajuste isotdpico, la evaluacion pseudo MS/MS vy la coincidencia con
bases de datos. Cuando se encontraron varios candidatos para un m/z
dado, la identificacion del metabolito se clasificd dando preferencia a los
gue normalmente se encuentran en las bebidas alcohodlicas. De nuevo, la
alta resolucion, incrementé la capacidad de identificacion de los
metabolitos con mayor capacidad discriminatoria en cada uno de los
estudios mediante PLS-DA. El analisis VIP (valor de filtrado >1.5) de

los distintos modelos supervisados propuestos permitio la seleccion de
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10 de ellos. Ademas, la alta concentracion de otros 6 analitos propicio su

seleccion para ser identificados adicionalmente (Tabla 16).

Entre los compuestos identificados tentativamente, se encontraron
diferentes derivados de azucar como los compuestos mas discriminantes.
Esto se justifica dado que tanto la melaza como el azucar de cafia
contienen altos valores de sacaridos como sacarosa, glucosa y fructosa,
los cuales tras el proceso de fermentacion y maduracion dan lugar a
dichos derivados. Ademas, la presencia de furfurales se encuentra
directamente relacionada con la composicién de los rones mediante la
descomposicion de la celulosa de las barricas en el proceso de
maduracion. Los resultados confirmaron un fuerte efecto de diferentes
productos de aztcar como la fructosilglicina (VIP 2.04) y 1- deoxy-1-
nitro-D-manitol (VIP 1.66) y de furfurales como el 5-
hidroximetilfurfural (VIP 1.79) en las categorias seleccionadas.

De igual modo, se detectaron otros derivados del azticar como 1-desoxi-
1-nitro-D-manitol,  metil  4,6-didesoxi-4-  (3-desoxi-L-glicero-
tetronamida)-2-O-metil-a- D-manopiranosida y la metil-6-desoxi-a-D-
glucopiranosida, con alta capacidad discriminante para la clasificacion
de rones. Compuestos con menor capacidad discriminante, pero
presentes en alta concentracion, como la hexosa y la galactosamina,
confirmaron la manifiesta importancia de los azlcares en el estudio

metabolémico de la fase no volatil de los rones.
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Tabla 16. Compuestos identificados tentativamente como mas discriminantes en el conjunto de rones mediante LC-Orbitrap-MS

RT , m/z m/z Amasa | Fragmento
(min) Nombre Formula |~ Aducto Teorico = Experimental = (ppm) MS/MS VIP
9.199 Fructosilglicina CeHisNO; | [M+H]" | 237.08485  237.08483 0.09 133.04954 2.04 (Barril)
115.02639
1.71 (Edad)
1-Deoxi-1-nitro-D- 1.
9.001 COLNOD | cHeNO, | [M+H]® | 21106920 21106938 | 0.84 : o
manitol (Materia
prima)
1.83
10.726 L-Prolina CsHoN  IMHHI" 0 06333 11508411 | 676 7006513 | (Materia
02 [M+Na] prima)
1.63 (Edad)
Acido 4- . 1'98.
11.797 . . CsHuNsO, | [M+H]* | 145.08513  145.08532 1.31 - (Materia
Guanidinobutanoico .
prima)
1.52
5,6-dihidro-1H-
! 115. 7 Materi
25.311 | Ciclopenta[c]furan- C7HsO4 [M+H]* | 156.04225  156.04237 0.73 50389 ( gterla
1,3(4H)-diona 129.01824 prima)
’ 1.50 (Barril)
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RT m/z m/z Amasa | Fragmento

(min) Nombre Formula Aducto Teorico = Experimental = (ppm) MS/MS VIP
; 1.91
Aci ietil ester L- +Na]* .
27500 | Acido dietil ester CoHOs | NI 506 07004 206.07906 | 0.09 i (Materia
(+)-Tartérico [M+H] .
prima)
Metil 4,6-dideoxi-4-
(3-deoxi-L-glicero- 133.04954 1.58
35.911 tetronamido)-2-O- | C1o2H:NO7; | [M+H]® | 293.14746 | 293.14752 0.21 ' (Materia
) 115.03897 .
metil-a-D- prima)
manopiranosida
o [M+Na]*
Acido-(-)-Treo- .
9200 ~ Acido-()-Treo CeH1Or | [M+H]* | 220.05830  220.05817 = 0.61 | 157.04954 | 1.57 (Barril)
isodihomocitrico [M-+NH.]*
4

16473 | Metil6-deoxialfa-D- o o NH 17808412 178.08435 | 130 | 7302841 | 151 (Barril)
glucopiranosida

[M+Na]*
23.077 | Hidroximetilfurfural CsHsO3 [M+H]* | 126.03169 & 126.03201 2.51 81.03349 1.98 (Eda(_j)
. 109.02841 | 1.79 (Barril)
[M+NH,]
N 85.02933
9.718 Hexosa CeH1206 | [M+NH4]* | 180.06338 = 180.06277 3.43 145.04954 <15
. . 127.03897
9.770 Galactosamina CeH1sNOs | [M+H] 179.07938 | 179.07947 0.52 145.04954 <15
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RT

. m/z m/z Amasa  Fragmento
. N F I Aduct . .
(min) ombre ormuta ducto Teorico = Experimental = (ppm) MS/MS VIP
9.846 Acido D-Gluconico CesH1207 [M-H]" | 196.05830 | 196.05719 4.68 89.02442 <15
30.065 | Acetato-(+)-Mentol | Ci2H220, [M-H]" | 198.16199 @ 198.16125 3.70 197.15361 <15
- . 109.06479
30.066 = Homovanillil alcohol | CgH1,03 [M+H] 168.07864 | 168.07875 0.65 154.06245 <15
Acido 5-[(4- 81 03349
30.197 | Metoxifenoxi)metil]- | Ci3H120s [M+H]* | 248.06847 = 248.06868 0.86 ' <15
2 fUroico 109.02841
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Asimismo, se identificaron tentativamente otros analitos directamente
relacionados con las bebidas alcohdlicas como agentes potenciadores de
sabor: derivados de la vanillina, como el alcohol homovanillil, o del
mentol, como el mentol acetato. La Tabla 16 muestra los 16 compuestos
mas discriminantes del estudio multivariante junto a sus tiempos de
retencion, férmula, aductos detectados, peso tedrico y experimental,
error de masa, fragmentos detectados y valor de VIP asignado.

4.2.6 Fusiény comparacion de datos multi-técnica

El conjunto de rones fue también analizado mediante NMR y como
ultimo paso se fusionaron los resultados obtenidos con los tres conjuntos
de datos (GC-MS, LC-MS y NMR). Los datos espectrales obtenidos
mediante NMR de 600 MHz fueron pretratados a través de la
herramienta NMRProcFlow previo a su tratamiento multivariante. Para
ello, se llevo a cabo el alineamiento de las sefiales respecto al estandar
interno de referencia (TMSP, 0.00 ppm), supresion de las regiones
correspondientes a las resonancias del etanol (1.17 y 3.65 ppm) y agua
(4.76 ppm), asi como la segmentacion en porciones de 0.1 ppm. De ésta
forma, se obtuvieron un total de 100 segmentos espectrales para cada una

de las muestras de ron analizadas.

Como software para la aplicacion de herramientas estadisticas se utilizo
SIMCA. El procesado aplicado a los datos fue: transformacion
matematica logaritmica y escalado tipo Pareto previo a los analisis
multivariantes. De igual forma, se realizé una evaluacion de la fiabilidad
de los resultados de forma externa, obteniendo valores de CC% de 100%
para cada modelo propuesto. Debido a la cualidad que presentan las
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adquisiciones mediante NMR, donde distintos grupos de resonancias
pueden pertenecer a un componente individual, la evaluacion inicial de
la varianza de los resultados mediante analisis no supervisado fue

fundamental.

En primer lugar, se compararon los resultados con dos modos de
adquisicion diferentes: 'H-NMR acoplada y desacoplada con 3C. A tal
fin, se evalud el rendimiento de clasificacion de los modelos PLS-DA a
través de los valores de R2X, R?Y y Q%Y obtenidos. Aunque se
obtuvieron buenos resultados para los modelos *H {3C} - NMR, se
obtuvieron mejores resultados para los modelos *H-NMR, tal como
puede observarse en la Tabla 17. Estos resultados pueden explicarse en
términos de degradacion de la resolucion espectral de las sefiales
observadas de *H-NMR debido a las supresiones, que pueden dar lugar

a pérdidas de informacion discriminante crucial en dichas regiones.

Tabla 17. Comparacion de los resultados de PLS-DA obtenidos para los distintos
tipos de adquisicién mediante NMR

Adquisicion *H-NMR

Parametro | Edad | Materiaprima | Barril | Método de destilacion

R2Y 0.934 0.927 0.870 0.747
Q%Y 0.824 0.851 0.803 0.669
NSC 6 7 5 7

Adquisicion *H{**C}-NMR

Pardmetro | Edad | Materiaprima | Barril | Método de destilacion

RZY 0.911 0.920 0.835 0.690
Q%Y 0.774 0.872 0.794 0.639
NSC 6 6 5 7

Los resultados preliminares obtenidos mediante H-NMR
unidimensional permitieron obtener una huella dactilar que corrobor¢ la

alta variabilidad de los rones, tal como sucedia mediante las técnicas
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anteriores y quedd patente en el PCA (R?= 89%) que se muestra en la
Figura 20. Pese a que dicho modelo no supervisado no contd con
informacion previa de las agrupaciones de las muestras del andlisis, tras
una inspeccién visual pudo deducirse una clara tendencia en términos de
edad.

Tras un planteamiento de 4/5 de las muestras como conjunto de
entrenamiento y 1/5 conjunto de prediccion para una validacion externa,
se llevd a cabo el analisis multivariante supervisado de los resultados
obtenidos. La Figura 21 muestra los modelos PLS-DA obtenidos
mediante adquisicion *H-NMR para el conjunto de rones basado en a)
edad, b) barril, ¢) destilacion y e) materia prima. Tal como sucediera en
el analisis metabolomico mediante LC-MS, el anélisis supervisado de los

rones en base al origen de elaboracion no mostré resultados firmes.

Los resultados obtenidos aportaron informacion acerca de las
condiciones de preparacién para aquellas muestras donde no se obtuvo
informacion en el etiquetado: uso de barricas de roble americano para el
envejecimiento y una mayor proximidad a los grupos de melazas asi
como también el uso de destilaciones mediante acero inoxidable. Estos
dos dltimos pardmetros mostraron una mayor diferenciacion en las
representaciones bidimensionales (Figura 21) respecto a los demas
grupos, sugiriendo asi ciertas diferencias de preparacion respecto a los
métodos convencionales. Finalmente, la clasificacion por edad, tal como
pudo verse en el analisis no supervisado previo, mostré una separacion

clara en términos de rones jovenes y viejos.
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Aplicacion de la espectrometria de masas y la resonancia magnética nuclear a la caracterizacion metabolomica de bebidas alcoholicas y al analisis

de toxicos en aguas
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Figura 21. Representacién PLS-DA basada en *H-NMR del conjunto de rones basado en: a) Edad, b) Barril, c) Destilacién y d) Materia prima
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A continuacion, con la informacion conjunta de las técnicas de NMR,
GC-MSy LC-MS, se procedio a la fusion de datos. Tanto en la fusion de
nivel bajo como medio, se trabajo la combinacion de bloques de datos
para obtener luego un modelo con una interpretacion conjunta mejorada.
A tal fin, la fusion de nivel bajo se realiz6 mediante la fusion de los datos
“crudos”, generando un bloque de datos global que incluyd la
informacion sin tratamiento previo obtenida por las tres técnicas. Para la
fusién de nivel medio, se trabajo con las variables resultantes, en éste
caso las mas discriminantes (mediante analisis VIP), de la reduccion de
dimensionalidad de los blogues de datos individuales ya tratados,

fusionandose e interpretandose luego conjuntamente.

El nivel bajo de fusion de datos demostré ser la aproximacion mas
apropiada para la clasificacion de los rones, tal como puede observarse
en la Tabla 18. En ella, se muestran los resultados obtenidos
individualmente para cada una de las distintas técnicas, asi como en la
fusién baja y media aplicada. El conjunto total de datos de todas y cada
una de las técnicas contd con 100 variables para NMR, 232 variables
para GC-MS y 1020 variables para LC.

Para el caso de la fusion de datos de nivel medio, la seleccion de variables
se baso en analisis VIP con filtros de discriminaciéon de VIP>1.5 para
LC-MS y VIP>1.0 para GC-MS y 'H-NMR. El valor VIP mayor para
LC-MS fue debido al mayor nimero de variables obtenidas en la
adquisicion, consiguiendo de ésta forma un volumen razonable de datos
multi-técnica. Finalmente, la fusion de datos de bajo nivel demostrd
proporcionar los mejores resultados en comparacion con las técnicas
individuales, consiguiendo el 100% de muestras clasificadas

correctamente para todas las categorias estudiadas.
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Tabla 18. Valores de validacién obtenidos por PLS-DA para el andlisis
metabolémico de las distintas técnicas individualmente y mediante fusion de datos de
nivel bajo y medio

'H-NMR
Parametro | Edad | Materiaprima | Barril | Método de destilacion
R2Y 0.934 0.927 0.870 0.747
Q%Y 0.824 0.851 0.803 0.669
NSC 6 7 5 7
GC-MS
Pardmetro | Edad | Materiaprima | Barril | Método de destilacion
R2Y 0.916 0.971 0.957 0.939
Q%Y 0.712 0.843 0.739 0.747
NSC 5 8 10 7
LC-MS
Parametro | Edad | Materiaprima | Barril | Método de destilacion
R2Y 0.928 0.977 0.977 0.975
Q%Y 0.765 0.918 0.922 0.910
NSC 3 6 6 6

FUSION DE DATOS DE NIVEL BAJO

Parametro | Edad | Materiaprima | Barril | Método de destilacion

R2Y 0.987 0.987 0.986 0.973
Q%Y 0.912 0.938 0.952 0.917
NSC 5 6 7 6

FUSION DE DATOS DE NIVEL MEDIO

Parametro | Edad | Materiaprima | Barril | Método de destilacion

R%Y 0.882 0.902 0.897 0.888

Q%Y 0.779 0.822 0.850 0.814

NSC 3 4 4 4
Variables 50 27 38 43

Tal como puede observarse en la Figura 22, los resultados obtenidos para
los modelos PLS-DA mediante fusion de datos de nivel bajo dieron lugar
a las clasificaciones mas claras mediante representaciones

bidimensionales. Los resultados descritos previamente acerca del uso de

193




barricas de roble, melazas y destilacion en alambiques de acero
inoxidable fueron confirmados para aquellos rones cuya informacion
inicial no era completa. Ademas, en la clasificacion mediante PLS-DA
en base a la edad de los rones se puede encontrar indicios de una posible

region correspondiente a rones de mediana edad (7-8 afos).

4.3 Aplicacion de la gNMR a la determinacion de
compuestos toxicos

4.3.1 Determinacioén de acido borico en biocidas comerciales

La gNMR (*!B-NMR) ha sido aplicada a la determinacion de éacido
borico (Figura 7) en formulados de biocidas que contienen esta sustancia
como procedimiento de control de calidad de producto. Los analisis de
NMR se realizaron en un espectrometro de 300 MHz equipado con una
sonda BBFOPLUS (*H, BB-'°F, SmartProbe). Los espectros obtenidos
fueron ajustados a desplazamientos de 0.00 ppm usando BFsOEt, como
patron estandar de referencia. Las condiciones de deteccion optimizadas

se encuentran resumidas en la Tabla 19.
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195



Tabla 19. Parametros y condiciones para la determinacion de acido bérico mediante

NMR

Condiciones de adquisicién de NMR

Nucleo observado
Tubos

T2 de adquisicion
Desplazamiento
guimico

Ventana

Frecuencia de
adquisicion

Angulo de pulso
Disolvente

Resolucidn espectral
Estandar interno
Tiempo de relajacion
Tiempo de
adquisicion

N° de scans

Boro

Cuarzo (5mm)
20°C

19.4 ppm

199.7 ppm
96.3 Hz

90°

D0

1.565 Hz
BF;OEt,

0.1 segundos
0.6 segundos

64

Uno de los principales problemas para la adquisicion del nicleo de boro-

11 mediante NMR fue la presencia del mismo en tubos de adquisicion

fabricados con borosilicatos. Este hecho da lugar a la presencia de

sefiales interferentes en torno a os= -6.4 ppm. Para evitarlo, se usaron

tubos cuya composicion mayoritaria era el cuarzo (contienen menos del

0.1% de boro).

Se optimizaron distintos parametros de adquisicion mediante el analisis

de muestras de agua fortificadas con acido borico, como el nimero de

scans, el tiempo de adquisicién y el tiempo de relajacion. Tal como se

puede observar en la Figura 23, la correlacion lineal encontrada dentro
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del nimero de escaneos demostré que la reproducibilidad y precision

obtenida fue dptima para el estudio.

8.0x10°

6.0 x 10°

4.0x10°

2.0x10°

T
8
2

o

w
Q

©
©

°

oo

9]
2
=

Relacion S/N

4]

10

R?= 0,9999995

20 30 40 50 60

Numero de scans

70

10

20 30 40 50 60

Numero de scans

70

©
S
=3
]
w
o
©
©
o
a0
9]
o
=

Integral absoluta

76x10°

7.1x10°

6.6x 10

6.1x10°

5.6 x 10°

5.1 x 10"

76x10°

71x10°

6.6x 10°

6.1x 10"

5.6 x 10°

5.1x10°

02 4 Y y
t de adquisicion (s)

02 04 06 0.8

t de relajacidn (s)

Figura 23. Influencia de: a) Numero de scans en la sefial absoluta, b) NUmero de
scans en la relacién S/N, ¢)Tiempo de adquisicién y d)Tiempo de relajacion en la

sefial absoluta

Por otro lado, el rango de trabajo del método de analisis propuesto fue

evaluado con concentraciones entre 0.05% y 4.10% (el méaximo valor de

solubilidad de acido borico en agua), obteniéndose una linealidad de R?=

0.9996. La Figura 24 muestra los resultados de linealidad obtenidos en

la recta de calibrado.
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Figura 24. a)Linealidad obtenida para el 4cido bérico en agua y b)Espectros de 'B-
NMR a lo largo del rango de trabajo

El método fue validado mediante establecimiento de distintos
parametros como el LOD, LOQ, recuperacion, precision intradia,
precision interdia e incertidumbre a distintos niveles de concentracion
(0.5 % p/p, 1.5 % p/p y 4.0% p/p). La Tabla 20 muestra resumidos los

valores obtenidos.

198



Tabla 20. Parametros de validacion obtenidos para el método de *B-NMR propuesto.

Parametro 0.5% (p/p) 1.5% (p/p) 4.0% (p/p)
Recuperacion (%) 106.2 93.6 101.0
Precision intradia (n=5)

. 1.2 T
(%) 0.9 0
Precision interdia (n=5)
(%) 2.0 15 1
Incertidumbre (%0) 4.4 3.9 3.7
LOD (%) 0.02
LOQ (%) 0.04
Linealidad R?=0.999

Finalmente, se analizaron un total de 5 muestras de formulados
comerciales de biocidas en pastillas que contenian acido bdrico para
control de aguas de piscinas y embalses agricolas. La preparacion de las
muestras consistio en la adicion de 150 mg de las mismas en 1 mL de
D20, seguido de agitacion durante 10 minutos, centrifugacion durante
otros diez minutos adicionales, y anélisis de 0.5 mL del sobrenadante

resultante.

Las concentraciones encontradas variaron significativamente entre los
diferentes tipos de productos investigados, obteniendo concentraciones
desde <LOQ al 10% (p/p). Los valores de concentracion obtenidos se
compararon con los de la técnica de ICP-MS como método externo de
referencia, encontrando diferencias siempre menores que el 6% respecto
a los obtenidos mediante 'B-NMR.

4.3.2 Determinacion de acido etidronico en aguas de lavado
de vegetales
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Asimismo se ha empleado la gNMR para la cuantificacion de HEDP
(Figura 8), aditivo antioxidante adicionado a aguas para el lavado de
frutas y hortalizas. Con el objetivo de desarrollar el método analitico, se
optimizaron diversos parametros de adquisicion mediante 3P-gNMR.
Las condiciones de deteccidn optimizadas para el método de adquisicién
de HEDP en agua mediante NMR se encuentran resumidas en la Tabla
21.

Tabla 21. Parametros y condiciones para la determinacion de &cido etidronico
mediante NMR

Condiciones de adquisicion de NMR

Nucleo observado Fosforo
Tubos Borosilicato (5mm)
T@ de adquisicion 20°C
Desplazamiento 20.1 ppm
quimico

Ventana 395.7 ppm
Frecuencia de | 121.5 Hz
adquisicion

Angulo de pulso 90°
Disolvente D0
Resolucion espectral | 1.467 Hz
Estandar interno Na;HPO4
Tiempo de relajacién | 0.05 segundos
Tiempo de ' 0.68 segundos
adquisicion

N° de scans 116

Inicialmente, se tratd6 de desarrollar una estrategia de cuantificacién
basada en la calibracion interna, haciendo uso de un IS del nicleo
observado (Na;HPOg4, 6p 3.1 ppm). Se llevd a cabo un analisis de los
tiempos de relajacion necesarios para asegurar una Optima relajacion de

los ndcleos de fésforo-31 tanto del HEDP como del 1S. Como puede
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observarse en la Figura 25, se requeria un minimo D1 = 10 s para HEDP
y un minimo de D1=60 s para el IS, obteniendo asi una relajacion dptima.
Debido a los resultados obtenidos y a la ausencia de patrones primarios
con tiempos de relajacion menores, se opto por llevar a cabo el desarrollo
del método en base a una calibracion externa, al igual que sucedio en el

estudio del acido borico.
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Figura 25. Determinacién del tiempo de relajacién 6ptimo mediante las sefiales de
fosforo-31 del acido etidrénico y del IS
Se optimizd un valor 6ptimo entre el nUmero de scans y la intensidad de
la sefial obtenida. La Figura 26Figura 26 muestra como se obtiene una
adecuada linealidad a medida que se aumenta el nimero de adquisiciones

para una muestra de agua fortificada al 0.02% con HEDP.
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Figura 26. Influencia del nimero de scans sobre la integral absoluta del &cido
etidrénico

El método propuesto fue validado mediante el estudio de su selectividad,
rango de trabajo, precision, LOQ, estabilidad, veracidad e incertidumbre.
Los parametros de validacion obtenidos para el método desarrollado de
analisis de acido etidronico mediante S3!P-gNMR se encuentran
resumidos en la Tabla 22.

Tabla 22. Parametros de validacién obtenidos para el método de 31P-NMR
propuesto.

Parametro 0.01% (p/p) 0.02% (p/p) = 0.05% (p/p)
Recuperacion (%) 99.9 - 96.7
Precision intradia (n=5)

1. . .
(%) 58 0.99 0.88
Precision interdia (n=5)

4.30 2.22 1.19
(%)
Incertidumbre (%) 8.9 - 3.7
LOQ (%) 0.01 (116 scans) — 0.003 (4745 scans)
Linealidad R2=0.997
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El método desarrollado fue aplicado a 10 muestras reales de aguas
previamente utilizadas en industrias para el lavado de vegetales. Se
detectd HEDP en dos de las muestras estudiadas a una concentracion de
0.027% y 0.008%, respectivamente. EI método analitico propuesto
presentd una clara ventaja en relacion otros métodos utilizados en

términos de simplicidad, velocidad y sensibilidad.
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5 CAPITULO QUINTO. CONCLUSIONES

En la presente Tesis se ha hecho uso de recursos analiticos para el

desarrollo de nuevas estrategias para afrontar retos comunes en el &mbito

de la seguridad agroalimentaria. A tal fin se han desarrollado estudios

metaboldmicos para la compresion y clasificacion de ron mediante GC-
MS, LC-MS y NMR. Por otro lado, se han desarrollado, validado y

aplicado métodos analiticos basados en gNMR para la determinacion de

acido borico y acido etidronico en biocidas comerciales y aguas de

lavado de vegetales, respectivamente.

En base a los resultados obtenidos en los estudios experimentales

Ilevados a cabo, se destacan las siguientes conclusiones:

Los resultados obtenidos mediante analisis fingerprinting de
compuestos volatiles/semivolatiles, no volatiles y mayoritarios a
través de GC-MS, LC-MS y NMR han demostrado un excelente
comportamiento en las distintas categorias seleccionadas,
asegurando resultados fiables y validados: R?Y > 0.90 y Q%Y >
0.70 en todos los casos para la clasificacién de materias primas,
tipo de barril y método de destilacion. Aquellos rones cuya
informacion inicial no era completa han sido asociados al uso de
barricas de roble, melazas y destilacion en alambiques de acero
inoxidable. Ademéas, se han determinado un total de 29
compuestos como los més discriminantes para las clasificaciones
propuestas, destacando entre ellos los &cidos de ésteres etilicos,
derivados azucarados y furfurales. La simpleza de los protocolos

de tratamiento de muestra (HS-SPME, dilute and shoot y
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disolucién en disolventes deuterados) han supuesto una
reduccion de tiempo y costes importante, minimizando ademas
errores humanos y contaminaciones.

La fusion de datos multi-técnica (GC-MS, LC-MS y NMR),
realizada por primera vez con las técnicas descritas en bebidas,
ha dado lugar a resultados de clasificacion significativamente
mejores que con las técnicas individuales. De ésta forma se han
obtenido R?Y superiores a 0,97 para las categorias propuestas y
se obtuvo con éxito un valor de clasificacion del 100% de CC%
para todas las muestras analizadas. La estrategia de fusion de
datos de bajo nivel ha aportado los mejores resultados, indicando
que la pérdida de informacién en las reducciones de
dimensionalidad puede empeorar los resultados de un modelo.
Los dos métodos desarrollados y validados para la determinacion
de analitos con ndcleos magnéticamente activos de boro y fosforo
mediante la aplicacion de la técnica de qgNMR han sido aplicados
con excelentes resultados al andlisis de muestras. En concreto, la
cuantificacion mediante *B-NMR supone un modo de trabajo sin
precedentes en compuestos borados a traves de gNMR. Las
validaciones realizadas (selectividad, rango de trabajo, precision
interdia e intradia, LOQ, recuperacion e incertidumbre) han
demostrado la total aptitud de la técnica como alternativa a

métodos mas tediosos ampliamente extendidos hoy en dia.
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