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Resumen

La metabolémica consiste en un analisis exhaustivo y cuantitativo de todos los
metabolitos de un sistema, siendo los metabolitos aquellas moléculas que presentan
una masa molecular inferior a 1500 Da. Las aplicaciones de la metaboldmica al analisis
de alimentos se conocen como “fooddémica”, una ciencia que permite monitorizar los
cambios de la composicién de los alimentos en términos de analisis composicional,
seguridad alimentaria, clasificacion de alimentos y trazabilidad.

El desarrollo de métodos eficientes que permitan una evaluacion fiable de las
sustancias o componentes peligrosos que pueden poner en peligro la seguridad y la
calidad de los alimentos ha constituido recientemente un importante reto en el ambito
de la Quimica Analitica. En este sentido, la foodéomica se ha consolidado como una
disciplina reconocida para elevar y asegurar los estandares de seguridad alimentaria,
destacando sus aplicaciones en el control de micotoxinas en alimentos.

Las micotoxinas son compuestos toxicos resultantes del metabolismo secundario
de varios hongos filamentosos, principalmente las especies Fusarium, Aspergillus,
Penicillium vy Alternaria. Estos compuestos pueden aparecer de forma natural en
cereales, frutos secos, especias, cacao, café, frutas y verduras susceptibles de
contaminacion fungica, afectando a la salud de los humanos y de los animales. Por
tanto, sus niveles en alimentos estan estrictamente restringidos por la legislacion
europea. Sin embargo, existe un grupo de micotoxinas denominadas emergentes, sobre
las cuales no hay legislacion establecida, siendo de gran importancia aportar estudios
de ocurrencia sobre ellas para facilitar su futura legislaciéon. Considerando los bajos
niveles de concentracion a los que se encuentran estas toxinas y el efecto matriz debido
a las muestras, es fundamental desarrollar nuevos métodos analiticos de gran
sensibilidad y selectividad.

El tratamiento de la muestra es una etapa trascendental en el desarrollo de un
método analitico. Por este motivo, la investigacion en el campo de la Quimica Analitica
en los ultimos tiempos se ha centrado en el desarrollo de técnicas miniaturizadas de
preparacion de muestras. Estas técnicas tienen como objetivo conjunto lograr la
preconcentracion de los analitos de interés y simplificar la matriz, lo cual va en
consonancia con los principios de la Quimica Analitica Verde. Las técnicas de
microextraccién surgen al desarrollar técnicas miniaturizadas que permitan la extraccién
y preconcentracién de los analitos. En ellas, las cantidades utilizadas de fase extractante
son del orden de microgramos o microlitros, segun tengan lugar en fase sélida o liquida.

En esta Tesis Doctoral se han desarrollado tratamientos de muestras
miniaturizados para el control de micotoxinas, principalmente micotoxinas emergentes,
en muestras poco exploradas hasta la fecha, incluyendo pimentdn, paté y muestras
para alimentacién animal.



2 Resumen

Inicialmente, para estudiar en detalle la problematica de los métodos analiticos
actuales para el control de micotoxinas emergentes, se ha llevado a cabo una revision
bibliografica de los diferentes tratamientos de muestra aplicados en alimentos para la
determinacién de micotoxinas emergentes (enniantinas principales y beauvericina)
utilizando métodos cromatograficos (Capitulo 1).

En el Capitulo 2, se describe el método analitico desarrollado para la
determinacién de las enniantinas A, A1, B, B1 y beauvericina mediante microextraccion
dispersiva en fase sdélida magnética (DMSPE) y cromatografia de liquidos acoplada a
espectrometria de masas de alta resolucidon (LC-HRMS) en muestras de diferentes tipos
de pimentén. También se ha caracterizado el nanomaterial magnético empleado como
adsorbente y se ha planteado un estudio no dirigido de las muestras orientado a la
busqueda de compuestos analogos de las micotoxinas emergentes.

En el Capitulo 3 se propone una nueva metodologia empleando DMSPE como
tratamiento de muestra para la determinacién de micotoxinas emergentes (ENNA,
ENNA1, ENNB, ENNB1, BEA) en muestras de paté utilizando también LC-HRMS. En este
caso, se emplea como fase adsorbente un novedoso polimero de impresién molecular
magnético (MMIP), el cual fue sintetizado y caracterizado. Ademas, se ha estudiado la
reutilizacion del material magnético de impresidn molecular y se ha evaluado la
presencia de metabolitos derivados de las enniantinas y beavericina.

En el Capitulo 4, y siguiendo con el empleo de la DMSPE como técnica de
tratamiento de muestra, se ha propuesto un nuevo método analitico para la
determinacion de las aflatoxinas principales (AFB1, AFB2, AFG1, AFG2) en muestras de
pimentén mediante LC-HRMS.

Ademas, en el Capitulo 5 se explora el potencial de la DMSPE para monitorizar
simultdneamente micotoxinas de diferente naturaleza. Concretamente, se describe un
método multiclase para la determinacion de 13 micotoxinas (aflatoxinas B1, B2, G1 y
G2, deoxinivalenol, ocratoxina A; toxinas T-2 y HT-2 y enniantinas A, Al, B, Bl y
beauvericina) en muestras de hierba natural destinado a la alimentacidon animal. Para
ello, se ha utilizado LC acoplada a espectrometria de masas en tdndem (MS/MS) con el
objetivo de desarrollar un método dirigido que permite mejorar los limites de
cuantificacion del método. Ademas, se llevdé a cabo un andlisis no dirigido de las
muestras mediante LC-HRMS, para evaluar la presencia de otros metabolitos derivados
de las micotoxinas estudiadas.

Otro objetivo significativo dentro del ambito de la metabolémica y foodémica es la
exploracion de compuestos bioactivos. Por ello, en esta Tesis Doctoral las estrategias
dirigidas y no dirigidas han permitido evaluar la metabolizacion del propil propano
tiosulfonato (PTSO), y el comportamiento de otros compuestos bioactivos presentes en
citricos y aguacate.



Resumen

En el Capitulo 6 se desarrolla una plataforma analitica para dilucidar la ruta de
metabolizacién del PTSO, un compuesto organosulfurado aplicado en nutricién animal y
humana debido a sus buenas propiedades, incluyendo propiedades antimicrobianas y
antioxidantes. Para ello, se ha utilizado la cromatografia de gases (GC) acoplada a MS y
la LC-HRMS para monitorizar los compuestos volatiles y no volatiles derivados del PTSO
en muestras de orina, plasma e higado de ratas a las que se les habia suministrado este
compuesto. Ademas, se desarrollaron dos tratamientos de muestra diferentes,
extraccion liquido-liquido (LLE) y extraccion liquido-liquido asistida por sales (SALLE),
con el objetivo de monitorizar una amplia variedad de compuestos derivados.

En el Capitulo 7 se describe un estudio metaboldmico para la caracterizacion
espacial de los compuestos bioactivos de citricos tales como limones, limas y
mandarinas mediante LC-HRMS. En concreto, se han analizado el zumo, albedo, flavedo
y gajos de estos y se ha descrito su composicion en flavonoides, limonoides, fenoles
simples y acidos carboxilicos. Ademas, se ha correlacionado la composicién de los
diferentes tejidos con su actividad antioxidante empleando el método de captacion de
radicales libres 2,2-difenil-1-picrilhidrazilo (DPPH) y el ensayo B-caroteno.

En el Capitulo 8 se ha llevado a cabo una comparacién de distintos tratamientos
de muestra para estudiar el perfil de compuestos bioactivos en las semillas de aguacate.
Para ello, se han realizado distintos pretratamientos empleando la semilla tras su
fermentacion o fresca, a diferentes temperaturas. El efecto de estos pretratamientos se
ha evaluado agrupando los metabolitos identificados mediante LC-HRMS en Aacidos
fendlicos, procianidinas, flavonoides y acetogeninas.

Finalmente, la foodomica se emplea como herramienta para establecer similitudes
y diferencias entre productos alimentarios, proporcionando de esta manera informacion
primordial sobre las propiedades sensoriales y nutricionales de los alimentos, asi como
para determinar la huella espectral y autenticidad de los mismos. En este sentido, en
los ultimos Capitulos de esta Tesis, se han aplicado estrategias de foodémica para la
monitorizacion de compuestos organicos volatiles que permitan estudiar y establecer la
calidad de ciertos alimentos como el aceite de oliva o la miel. Para ello se han acoplado
detectores como MS o la espectrometria de movilidad iénica (IMS) a la GC empleando
inyeccién en espacio de cabeza (HS) para minimizar el tratamiento de muestra,
permitiendo la caracterizacidon del perfil de compuestos organicos volatiles con gran
selectividad y sensibilidad.

En el Capitulo 9 se ha empleado la HS-GC-IMS para caracterizar el origen
boténico de distintas mieles. Se ha estudiado la composicién de compuestos organicos
volatiles de las muestras de miel empleando un enfoque dirigido y mediante un enfoque
no dirigido, es decir empelando todo el perfil de volatiles de las muestras, se han
construido modelos quimiométricos que permiten diferenciar atendiendo al origen
botanico.
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En el Capitulo 10 se ha comparado el detector IMS con otro detector ampliamente
usado en la industria alimentaria, el MS. Concretamente, se ha investigado la capacidad
de ambos detectores para la clasificacion del aceite de oliva segun su calidad (virgen,
extra o lampante). Para ello, se han optimizado y validado dos métodos analiticos
basados en HS-GC acoplada a IMS o MS y se ha comparado su sensibilidad, selectividad
y efectividad para determinar los compuestos organicos volatiles de muestras de aceite
de oliva y clasificarlas en funcién de su calidad.

Por ultimo, en el Capitulo 11 se ha seguido investigando y comparando ambos
detectores, en esta ocasion aplicadndolos en el seguimiento del comportamiento de dos
microorganismos en cremas cosmeéticas, Candida albicans y Staphylococcus aureus. La
monitorizacion de los metabolitos volatiles producidos por estos microorganismos
permite desarrollar un método rapido y preciso para evaluar el estado de las colonias
microbianas en cremas cosméticas, como alternativa a la técnica mas usada hasta
ahora y que se basa en el recuento en placas.
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Summary

Metabolomics consists of an exhaustive and quantitative analysis of all
metabolites in a system, metabolites being those molecules with a molecular mass of
less than 1500 Da. The applications of metabolomics to food analysis are known as
"foodomics”, a science that allow the monitoring of changes in food composition in
terms of compositional analysis, food safety, food classification and traceability.

The development of efficient methods that allow a reliable assessment of
hazardous substances or components that may endanger the safety and quality of food
has recently been a major challenge in the field of analytical chemistry. In this sense,
foodomics has established itself as a recognized discipline to raise and ensure food
safety standards, highlighting its applications in the control of mycotoxins in food.

Mycotoxins are toxic compounds resulting from the secondary metabolism of
several filamentous fungi, mainly Fusarium, Aspergillus, Penicillium and Alternaria
species. These compounds can occur naturally in cereals, nuts, spices, cocoa, coffee,
fruits and vegetables susceptible to fungal contamination, affecting the health of
humans and animals. Therefore, their levels in food are strictly restricted by European
legislation. However, there is a group of mycotoxins known as emerging mycotoxins, for
which there is no established legislation, and it is of great importance to provide studies
on their occurrence in order to facilitate their future legislation. Considering the low
concentration levels at which these toxins are found and the matrix effect due to the
samples, it is essential to develop new analytical methods of high sensitivity and
selectivity.

Sample treatment is a crucial step in the development of an analytical method.
For this reason, research in the field of analytical chemistry has recently focused on the
development of miniaturized sample preparation techniques. These techniques are
jointly aimed at achieving preconcentration of the analytes of interest and simplifying
the matrix, which is in line with the principles of Green Analytical Chemistry.
Microextraction techniques arise from the development of miniaturized techniques that
allow the extraction and preconcentration of analytes. In these techniques, the
quantities of extractant phase used are of the order of micrograms or microliters,
depending on whether they take place in solid or liquid phase.

In this Doctoral Thesis, miniaturized sample treatments have been developed for
the control of mycotoxins, mainly emerging mycotoxins, in samples little explored to
date, including paprika, paté and animal feed samples.

Initially, to study in detail the problems of current analytical methods for the
control of emerging mycotoxins, a literature review of the different sample treatments
applied in foods for the determination of emerging mycotoxins (major enniantins and
beauvericin) using chromatographic methods has been carried out (Chapter 1).
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In Chapter 2, the analytical method developed for the determination of enniantins
A, Al, B, Bl and beauvericin by dispersive magnetic solid phase microextraction
(DMSPE) and liquid chromatography coupled to high resolution mass spectrometry (LC-
HRMS) in samples of different types of paprika is described. The magnetic nanomaterial
used as adsorbent has also been characterized and an untargeted study of the samples
has been proposed to search for analogous compounds of the emerging mycotoxins.

Chapter 3 proposes a new methodology using DMSPE as sample treatment for the
determination of emerging mycotoxins (ENNA, ENNA1, ENNB, ENNB1, BEA) in paté
samples also using LC-HRMS. In this case, a novel magnetic molecularly imprinted
polymer (MMIP), which was synthesized and characterized, is used as adsorbent phase.
In addition, the reusability of the magnetic molecular imprinting material was studied,
and the presence of metabolites derived from enniantins and beavericin was evaluated.

In Chapter 4, following the use of DMSPE as a sample treatment technique, a new
analytical method for the determination of the main aflatoxins (AFB1, AFB2, AFG1,
AFG?2) in paprika samples by LC-HRMS has been proposed.

Moreover, in Chapter 5 the potential of DMSPE to simultaneously monitor
mycotoxins of different nature is explored. Specifically, a multiclass method is described
for the determination of 13 mycotoxins (aflatoxins B1, B2, G1 and G2, deoxynivalenol,
ochratoxin A; T-2 and HT-2 toxins and enniantins A, Al, B, B1 and beauvericin) in
natural grass samples intended for animal feed. For this purpose, LC coupled to tandem
mass spectrometry (MS/MS) was used to develop a targeted method to improve the
quantification limits of the method. In addition, a non-targeted analysis of the samples
was carried out by LC-HRMS to evaluate the presence of other metabolites derived from
the mycotoxins studied.

Another significant objective within the field of metabolomics and foodomics is the
exploration of bioactive compounds. Therefore, in this PhD Thesis, targeted and
untargeted strategies have allowed to evaluate the metabolization of propyl propane
thiosulfonate (PTSO), and the behavior of other bioactive compounds present in citrus
and avocado.

In Chapter 6, an analytical platform is developed to elucidate the metabolization
pathway of PTSO, an organosulfur compound applied in animal and human nutrition due
to its good properties, including antimicrobial and antioxidant properties. For this
purpose, gas chromatography (GC) coupled to MS and LC-HRMS have been used to
monitor volatile and non-volatile compounds derived from PTSO in urine, plasma and
liver samples from rats that had been given this compound. In addition, two different
sample treatments, liquid-liquid extraction (LLE) and salt-assisted liquid-liquid
extraction (SALLE), were developed to monitor a wide variety of derived compounds.

Chapter 7 describes a metabolomic study for the spatial characterization of
bioactive compounds in citrus fruits such as lemons, limes and mandarins by LC-HRMS.
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Specifically, their juice, albedo, flavedo and segments have been analyzed and their
composition in flavonoids, limonoids, simple phenols and carboxylic acids has been
described. In addition, the composition of the different tissues has been correlated with
their antioxidant activity using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical
scavenging method and the B-carotene assay.

In Chapter 8, a comparison of different sample treatments has been carried out to
study the profile of bioactive compounds in avocado seeds. For this purpose, different
pretreatments have been carried out using the seed after fermentation or fresh, at
different temperatures. The effect of these pretreatments was evaluated by grouping
the metabolites identified by LC-HRMS into phenolic acids, procyanidins, flavonoids and
acetogenins.

Finally, foodomics is used as a tool to establish similarities and differences
between food products, thus providing essential information on the sensory and
nutritional properties of foods, as well as to determine the spectral fingerprint and
authenticity of the same. In this sense, in the last chapters of this Thesis, foodomics
strategies have been applied for the monitoring of volatile organic compounds to study
and establish the quality of certain foods such as olive oil or honey. For this purpose,
detectors such as MS or ion mobility spectrometry (IMS) have been coupled to GC using
headspace injection (HS) to minimize sample treatment, allowing the characterization of
the profile of volatile organic compounds with high selectivity and sensitivity.

In Chapter 9, HS-GC-IMS has been used to characterize the botanical origin of
different honeys. The composition of volatile organic compounds in honey samples has
been studied using a directed approach and by means of a non-directed approach, i.e.
using the entire volatile profile of the samples, chemometric models have been
constructed that allow differentiation according to the botanical origin.

In Chapter 10, the IMS detector was compared with another detector widely used
in the food industry, the MS detector. Specifically, the ability of both detectors to
classify olive oil according to its quality (virgin, extra or lampante) has been
investigated. For this purpose, two analytical methods based on HS-GC coupled to IMS
or MS have been optimized and validated, and their sensitivity, selectivity and
effectiveness have been compared to determine the volatile organic compounds of olive
oil samples and classify them according to their quality.

Finally, in Chapter 11 we have continued investigating and comparing both
detectors, this time applying them to monitor the behavior of two microorganisms in
cosmetic creams, Candida albicans and Staphylococcus aureus. The monitoring of the
volatile metabolites produced by these microorganisms makes it possible to develop a
fast and precise method for evaluating the state of microbial colonies in cosmetic
creams, as an alternative to the technique most commonly used up to now, which is
based on plate counting.
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Los objetivos de esta Tesis Doctoral se enmarcan en las diferentes lineas de
trabajo que el grupo de investigacion “Métodos Instrumentales Aplicados (E044-03)” ha
ido desarrollando en los Ultimos afos en el Departamento de Quimica Analitica de la
Universidad de Murcia.

El objetivo principal de la tesis es la aplicacion de estrategias metabolémicas o
foodomicas tanto dirigidas como no dirigidas que permitan la monitorizacion de ciertos
metabolitos de gran interés actualmente. Concretamente, se aplican para el control y
monitorizacion de micotoxinas, debido a sus efectos téxicos tanto en humanos como en
animales, y priorizando las micotoxinas emergentes, ya que se ha recomendado evaluar
su ocurrencia para establecer una futura legislaciéon. También se evaluaran compuestos
bioactivos con propiedades antimicrobianas y/o antioxidantes, y compuestos organicos
volatiles (VOCs) que permiten el control de calidad de alimentos como el aceite y la miel
o el control microbiano en otras matrices como los cosméticos.

Para ello serd necesario el desarrollo de una plataforma analitica combinada con
tratamientos de muestra miniaturizados que permita analizar y determinar la gran
variedad de matrices y analitos objeto de estudio. Como tratamiento de muestra se
investigara principalmente la utilizacién de la extraccion en fase sélida magnética
dispersiva (DMSPE) por sus multiples ventajas como la reduccion del tiempo al
disminuir el nimero de etapas implicadas, y la reduccién de disolventes organicos
empleados y, por tanto, la generacién de residuos toxicos, trabajando en la linea de los
principios de la Quimica Analitica Verde. Como técnicas de separacion y deteccion se
estudiaran la cromatografia liquida (LC) acoplada a triple cuadrupolo (QgQ) o
espectrometria de masas de alta resolucion (HRMS), concretamente un analizador
hibrido cuadrupolo - tiempo de vuelo (QTOF), y la cromatografia de gases (GC)
acoplada a espectrometria de masas (MS) o la espectrometria de movilidad idnica
(IMS). Se estudiaran también estrategias dirigidas que permitan la cuantificacién de los
analitos objeto de estudio, pero también estrategias no dirigidas que permitan
monitorizar compuestos derivados o desconocidos de los que no se dispone de
estandares analiticos y también el perfil global de ciertas muestras con el objetivo de
relacionarlo con la calidad o caracterizacion de la muestra.

Los objetivos especificos de esta Tesis Doctoral se describen a continuacion:

1. Realizar una revisién bibliografica actualizada de los métodos analiticos
empleados para la determinacidon de micotoxinas emergentes en matrices alimentarias.

2. Evaluar la viabilidad y eficacia de la DMSPE como método de extraccién de
micotoxinas legisladas y no legisladas en muestras de alimentos y alimentaciéon animal.

3. Investigar el potencial de los polimeros de impresion molecular (MMIPs) para
aumentar la selectividad de la DMSPE.

4. Estudiar la reutilizacion de los materiales magnéticos utilizados.
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5. Implementar métodos de separacion basados en LC-HRMS para la
determinacidon de micotoxinas, permitiendo la aplicacién de estrategias metabolémicas
no dirigidas para la monitorizacion de metabolitos derivados, desconocidos o poco
explorados.

6. Desarrollar una plataforma analitica combinando GC-MS y LC-HRMS que
permita estudiar la ruta metabdlica del PTSO.

7. Analizar la distribucion espacial de compuestos bioactivos en citricos, como
limén, lima y mandarina, para identificar los flavonoides, acidos carboxilicos, limonoides
y fenoles en albedo, flavedo, gajos y zumo de estos. Estudio de su actividad
antioxidante.

8. Investigar la influencia de la temperatura en el tratamiento de muestra en la
semilla de aguacate.

9. Evaluar el potencial del HS-GC-IMS para la separacion y deteccion de VOCs en
muestras de miel y aceite de oliva, para su control de calidad, y la clasificacion segun
origen floral en el caso de la miel y la categoria en el caso del aceite de oliva.

10. Desarrollar un método alternativo al recuento en placas basado en la
monitorizacion de VOCs, que permita establecer la contaminacion microbiana de
muestras cosméticas.

11. Comparar los resultados obtenidos mediante HS-GC-IMS y HS-GC-MS para la
clasificacion de muestras de aceite en funcion de su calidad y la discriminacién de
muestras de crema facial con o sin contaminacién microbiana.

12. Contrastar la capacidad de identificacion y cuantificacion entre HS-GC-IMS y
HS-GC-MS, empleando ambas para la identificacion de compuestos en aceite de oliva y
cremas faciales.
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The objectives of this Doctoral Thesis are framed within the different lines of work
that the research group "Applied Instrumental Methods (E044-03)" has been developing
in recent years in the Department of Analytical Chemistry of the University of Murcia.

The main objective of the thesis is the application of metabolomic or foodomic
strategies, both targeted and untargeted, that allow the monitoring of certain
metabolites of great current interest. Specifically, they are applied for the control and
monitoring of mycotoxins, due to their toxic effects in both humans and animals, and
prioritizing emerging mycotoxins, since it has been recommended to evaluate their
occurrence in order to establish future legislation. Bioactive compounds with
antimicrobial and/or antioxidant properties, and volatile organic compounds (VOCs) that
allow quality control of foods such as oil and honey or microbial control in other
matrices such as cosmetics have also been evaluated.

This will require the development of an analytical platform combined with
miniaturized sample treatments to analyze and determine the wide variety of matrices
and analytes under study. As sample treatment, the use of dispersive magnetic solid
phase extraction (DMSPE) will be investigated mainly due to its multiple advantages
such as the reduction of time by reducing the number of steps involved, and the
reduction of organic solvents used and, therefore, the generation of toxic waste,
working in line with the principles of Green Analytical Chemistry. As separation and
detection techniques, liquid chromatography (LC) coupled to triple quadrupole (QqQ) or
high resolution mass spectrometry (HRMS), specifically a hybrid quadrupole-time-of-
flight (QTOF) analyzer, and gas chromatography (GC) coupled to mass spectrometry
(MS) or ion mobility spectrometry (IMS) will be studied. Targeted strategies that allow
the quantification of the analytes under study will also be studied, but also non-targeted
strategies that allow the monitoring of derived or unknown compounds for which
analytical standards are not available and also the global profile of certain samples with
the aim of relating it to the quality or characterization of the sample.

The specific objectives of this Doctoral Thesis are described below:

1. To carry out an updated bibliographic review of the analytical methods used for
the determination of emerging mycotoxins in food matrices.

2. To evaluate the feasibility and efficacy of DMSPE as a method for the extraction
of regulated and non-regulated mycotoxins in food and feed samples.

3. Investigate the potential of molecularly imprinted polymers (MMIPs) to increase
the selectivity of DMSPE.

4. To study the reusability of used magnetic materials.
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5. Implement separation methods based on LC-HRMS for the determination of
mycotoxins, allowing the application of non-targeted metabolomic strategies for the
monitoring of derived, unknown or little explored metabolites.

6. Develop an analytical platform combining GC-MS and LC-HRMS to study the
metabolic pathway of PTSO.

7. Analyze the spatial distribution of bioactive compounds in citrus fruits, such as
lemon, lime and mandarin, to identify flavonoids, carboxylic acids, limonoids and
phenols in albedo, flavedo, segments and juice. Study of their antioxidant activity.

8. Investigate the influence of temperature on sample treatment in avocado seed.

9. To evaluate the potential of HS-GC-IMS for the separation and detection of
VOCs in honey and olive oil samples, for quality control, and classification according to
floral origin in the case of honey and category in the case of olive oil.

10. To develop an alternative method to plate counting based on VOCs
monitoring, which allows establishing the microbial contamination of cosmetic samples.

11. To compare the results obtained by HS-GC-IMS and HS-GC-MS for the
classification of oil samples according to their quality and the discrimination of face
cream samples with or without microbial contamination.

12. To contrast the identification and quantification capacity between HS-GC-IMS
and HS-GC-MS, using both for the identification of compounds in olive oil and face
creams.
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1. Principios y conceptos basicos de la metabolémica

A\ 4

o6ma”, surge el término

A\ P4

Del sufijo latino omica” que significa conjunto o masa y
se utiliza para diferenciar los estudios que implican un gran nimero de parametros
medidos, relacionados con el funcionamiento de un organismo. De manera que existen
tantas disciplinas émicas como elementos biolégicos o moleculares susceptibles de ser
estudiados, tales como genes (gendomica), ARN (transcriptémica), proteinas

(protedmica) o metabolitos (metabolémica). La Figura I.1. muestra la cascada émica.
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Figura I.1. Cascada émica: de los genes a los metabolitos.

En concreto, el término metabolémica fue definido por Fiehn como un analisis
exhaustivo y cuantitativo de todos los metabolitos de un sistema, siendo los metabolitos
aquellas moléculas que presentan una masa molecular inferior a 1500 Da. Ademas,
sefald que "los enfoques metaboldomicos deben tener como objetivo evitar la exclusion
de cualquier metabolito utilizando procedimientos de preparacion de muestras vy
técnicas analiticas" [1]. Por lo que, en un analisis metabolémico no sdlo se estudia el
metaboloma sino también la dinamica, composicion, interacciones y respuestas a
cambios en el entorno de los productos finales e intermedios del metabolismo de un
amplio rango de sistemas bioldgicos como células, tejidos, érganos, fluidos bioldgicos u
organismos. Los metabolitos producto del metabolismo generados durante la fase de
crecimiento de un organismo son conocidos como metabolitos enddégenos primarios,
mientras que los metabolitos secundarios son los productos finales del metabolismo
primario, sintetizados después de la fase de crecimiento y de importancia en actividades
celulares.

Dentro de las aproximaciones de la cascada dmica, los metabolitos son
consecuencia de todos los procesos implicados desde la expresién génica hasta la
manifestacidon del fenotipo, en la que cada paso hacia el mismo representa un aumento
en las cifras de las entidades de interés. Ademas, se puede apreciar en la Figura 1.1 que
el flujo de la informacidn es unidireccional, yendo desde los genes a su transcripcion en
ARN y de ahi a las proteinas, macromoléculas encargadas de catalizar las reacciones
metabdlicas que afectan al metaboloma. Finalmente, el metaboloma es el nivel de esta
cascada funcional que mejor refleja el estado fisiolégico de un organismo, siendo el mas
sensible a cualquier cambio interno o externo, ya que los metabolitos son los
verdaderos agentes reguladores de la homeostasis [2,3]. Si bien los genes, los
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transcriptores y las proteinas son especie-especificos y, por lo tanto, tienen que ser
disefiados diferentes estudios para cada especie, la mayor parte de los metabolitos son
comunes a todas las especies, y sélo una parte del metaboloma es especifica de una
especie determinada [4].

La definicion de los términos metabolémicos mencionados fue propuesta por Fiehn
y Nicholson [1,5], y se resumen en la Tabla I.1.

Tabla I.1. Definiciones relacionadas con la metabolomica.

Término Definicion

Analisis del conjunto completo de todos los metabolitos presentes
Metabolémica en un organismo o un sistema bioldgico, en unas condiciones
determinadas.

Pequenas moléculas, sustancias con un bajo peso molecular
(<1500 Da), base fundamental de otros componentes bioldgicos,
esenciales para la regulacién, el crecimiento y funcionamiento
normal de la célula.

Metabolito

Conjunto de metabolitos de bajo peso molecular (<1500 Da)
Metaboloma presentes en un fluido bioldgico, en una célula u organismo, dadas
unas condiciones fisioldgicas determinadas.

Dada la utilidad de la metaboldmica para dar una perspectiva global del estatus
metabdlico y de los procesos bioquimicos globales asociados a un sistema celular o
biolégico en la investigacion de la salud y la enfermedad de los seres humanos, asi
como de su estilo de vida, en los Ultimos afios, de manera conjunta con el
perfeccionamiento de la tecnologia analitica, se ha incrementado el niumero de estudios
que abordan el analisis del metaboloma.

2. Foodémica

En relacion con el campo de la alimentacion [6], las aplicaciones de la
metabolémica al andlisis de alimentos se conocen como “fooddmica”. El término
fooddmica surgio por primera vez en 2009 y se definié como "una disciplina que estudia
los ambitos de la alimentacién y la nutricion mediante la aplicacién e integracion de
tecnologias dmicas avanzadas para mejorar el bienestar, la salud y la confianza de los
consumidores". Dado que hace apenas una década que se acufid este término, estas
tecnologias 6micas han atraido enormemente la atencion en las investigaciones
recientes sobre alimentacion, nutricion y salud [7].

La foodomica permite monitorizar los cambios de la composicion de los alimentos
en términos de analisis composicional, seguridad alimentaria, clasificacién de alimentos
y trazabilidad. Asi pues, hace posible hacer frente a grandes problemas de la industria
alimentaria como: la optimizacién de los procedimientos de procesado para obtener
productos de mejor calidad [8]; el estudio de compuestos potencialmente nocivos del
procesado y la produccion de alimentos, como las toxinas alimentarias y los residuos de
medicamentos [9]; y la falsificacion del origen y adulteracién de los mismos [10].
Ademads, como el metaboloma de los alimentos incluye una gran variedad de macro- y
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micronutrientes como proteinas, lipidos, carbohidratos, vitaminas, minerales vy
antioxidantes, la fooddmica se emplea tanto en los aspectos metabolémicos
relacionados con la nutricién como con el metaboloma de los alimentos, aunque las
muestras serian diferentes.

A continuacién, se describen algunas de las aplicaciones mas importantes de la
foodomica.

2.1. Fooddémica para la seguridad alimentaria

La globalizaciéon de la industria alimentaria conduce a un aumento de la
contaminaciéon alimentaria asociada a diferentes agentes medioambientales vy
antropogénicos que deben ser cuidadosamente investigados y controlados. Este hecho
ha provocado el desarrollo de numerosas normativas y directrices publicadas por
diferentes instituciones de renombre para controlar la alimentacién. Ademas, también
estd aumentando la preocupacién de los consumidores sobre la relevancia de los
productos alimentarios en la salud y, en consecuencia, su interés por conocer y
comprender informacion sobre la dieta y los productos alimentarios.

El desarrollo de métodos eficientes que permitan una evaluacion fiable de las
sustancias o componentes peligrosos que pueden poner en peligro la seguridad y la
calidad de los alimentos ha constituido recientemente un importante reto en el ambito
de la Quimica Analitica. En este sentido, la foodémica se ha consolidado como una
disciplina reconocida para elevar y asegurar los estandares de seguridad alimentaria,
mediante la aplicacion de tecnologias de alto rendimiento, como la gendmica, la
transcriptomica, la protedmica y la metaboldmica, que constituyen las principales
herramientas para alcanzar dichos objetivos.

La mayoria de las aplicaciones foodémicas desarrolladas en los ultimos afos se
han centrado en la evaluacion o el estudio de la influencia de patégenos en matrices
alimentarias, seguido en menor medida de la evaluaciéon de contaminantes quimicos. En
este sentido, se han realizado diferentes tipos de estudios destinados a la evaluacion del
efecto de patdgenos especificos en el deterioro de matrices alimentarias, asi como el
estudio de marcadores relevantes durante el almacenamiento del producto en
determinadas condiciones [11,12].

2.2. Fooddémica para la calidad alimentaria

Con frecuencia, los consumidores juzgan la calidad de los alimentos basandose en
multiples aspectos relacionados con su aspecto, origen, composicion, gusto, sabor o
propiedades nutricionales. De manera que existe una clara necesidad de desarrollar
nuevos métodos analiticos para cumplir las normas de calidad mas estrictas.

Las metodologias analiticas disponibles para la validacion de la calidad de los
alimentos suelen basarse en el uso de biomarcadores y técnicas de elaboracién de
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perfiles para la caracterizacidén de las materias primas alimentarias y la identificacién de
adulterantes.

En este contexto, la fooddmica se emplea como herramienta para establecer
similitudes y diferencias entre productos alimentarios, proporcionando de esta manera
informacion primordial sobre las propiedades sensoriales y nutricionales de los
alimentos, asi como para determinar la huella espectral y autenticidad de los mismos.

Estas metodologias basadas en perfiles o huellas espectrales para la
caracterizacion y/o autentificacion de alimentos, se han empleado para diferenciar
bebidas de diferentes calidades [13] o determinar el grado de adulteracién de alimentos
como la miel entre otros [14]. Los resultados obtenidos al aplicar estas metodologias
requieren de herramientas quimiométricas para desarrollar modelos de reconocimiento
de patrones, clasificacién/discriminacion y prediccién.

2.3. Fooddomica para la trazabilidad y el procesado de alimentos

La trazabilidad de los alimentos es una cuestion fundamental en el dmbito de la
foodémica. Proporciona informacion precisa acerca del origen y la composicién de los
alimentos a lo largo de todas las etapas de la cadena de suministro alimentario
(produccion primaria, transformacion, distribucién, almacenamiento y venta). Por ello,
es necesario establecer sistemas de trazabilidad precisos y fiables para analizar los
cambios moleculares durante estas etapas, con el fin de asegurar su calidad y
seguridad.

Por ejemplo, el analisis foodomico ha servido para obtener el perfil de compuestos
tanto volatiles como no volatiles de diversos productos de alimentacién durante su
almacenamiento en periodos prolongados, para garantizar la trazabilidad [15,16].

2.4. Foodomica para la bioactividad de los alimentos

Otro objetivo significativo dentro del ambito de la foodémica es la exploracion de
compuestos bioactivos. Estos compuestos, que suelen encontrarse en pequefas
cantidades en los alimentos, son componentes no esenciales capaces de modular uno o
mas procesos metabdlicos, lo que conduce en Ultima instancia a la mejora de las
condiciones de salud en general, dada su amplia variedad de estructuras quimicas.
Ademads, estos compuestos ofrecen diversos beneficios para la salud a través de
distintos mecanismos moleculares. La foodomica desempena un papel crucial en la
comprension de estos procesos e investiga la presencia, biodisponibilidad vy
caracteristicas bioldgicas, como toxicidad, propiedades antioxidantes, antiproliferativas
o antiinflamatorias, de estas moléculas en diferentes matrices alimentarias.

Explorar los mecanismos moleculares responsables de las propiedades
beneficiosas de los compuestos bioactivos es una tarea compleja debido a la multitud de
interacciones que pueden producirse entre estos componentes y los sistemas bioldgicos.
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Por tanto, la metabolémica es la tecnologia mas utilizada en los Ultimos afios para la
interpretaciéon de estos procesos junto con el uso de modelos in vitro e in vivo menos
complejos [17,18].

3. Enfoques analiticos en metabolomica

El andlisis metabolémico engloba diferentes estrategias, que dependen de la
informacion que se requiera del sistema objeto de estudio. Las dos estrategias analiticas
que se aplican principalmente se diferencian, segin su enfoque, en dirigidas y no
dirigidas (Figura 1.2). Cada una de estas estrategias tiene sus propias ventajas e
inconvenientes inherentes, pero pueden ser altamente complementarias cuando se
utilizan de forma combinada.

3.1. Enfoque dirigido

El analisis metaboldmico mediante enfoque dirigido tiene como objetivo el estudio
cualitativo y cuantitativo de uno o un pequefio grupo de metabolitos quimicamente
similares.

Los métodos de separacion y deteccion empleados en este enfoque deben ser
especificos, precisos y exactos para cuantificar adecuadamente los metabolitos.
Normalmente, la cromatografia de gases (GC) o liquida (LC), suelen utilizarse como
métodos de separacidn en estos andlisis selectivos acoplados a espectrometria de
masas (MS), técnica de deteccién mas comun en metabolémica por su alta precisidon en
la medida de la relacidn masa/carga (m/z) y su alta sensibilidad. La cuantificacion
precisa del compuesto deseado se efectla mediante la inclusidn de estandares internos
adecuados y utilizando curvas de calibracién previamente elaboradas.

Como se puede observar en la Figura 1.2, en el enfoque dirigidido el proceso se
inicia seleccionando los metabolitos especificos de interés para el estudio que se vaya a
llevar a cabo. Como segundo paso, se recogen las muestras y se realiza su
procesamiento, que dependera de la naturaleza de la muestra y de la plataforma
analitica a utilizar posteriormente.

Para analizar los datos obtenidos y cuantificar los metabolitos objetivo, se
construyen curvas de calibrado con los estdndares apropiados. Como Ultimo paso, se
realiza la interpretacion bioldgica de los resultados y la obtencién de la cantidad
absoluta de cada metabolito en el set de muestras analizado de manera especifica,
precisa y exacta.
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Figura I.2. Enfoques analiticos en metabolomica.

3.2. Enfoque no dirigido

El analisis metabolémico no dirigido, también conocido como perfil metabolémico
global, permite la deteccion de una amplia gama de metabolitos utilizando una Unica
técnica analitica o una combinacién de técnicas analiticas complementarias para obtener
un perfil completo del metaboloma [19,20]. Por lo tanto, la técnica de deteccidon debe
permitir un analisis directo y rapido de la muestra. La espectroscopia de resonancia
magnética nuclear (RMN), la MS o la espectrometria de movilidad iénica (IMS) y, en
menor medida, las espectroscopias infrarroja y Raman, son las principales herramientas

utilizadas en este contexto.
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En el enfoque no dirigido, los metabolitos a identificar no se conocen previamente
al analisis, por lo que este tipo de investigaciones no parten de una hipétesis concreta,
encontrando asi en este proceso una fase de descubrimiento con el objetivo de definir
nuevos cambios en el metaboloma que no se hayan descrito con anterioridad. Esto
puede relacionarse con el funcionamiento bioldgico de un organismo y con los
mecanismos que estan detras de los cambios metabdlicos alterados relacionados con el
desarrollo de un estado de enfermedad. Este enfoque conduce a la generacion de una
nueva hipoétesis que debera ser validada en un estudio posterior, empleando un enfoque
dirigido.

Cabe mencionar que ambos enfoques, dirigido y no dirigido, han sido empleados
durante el desarrollo de la presente Tesis Doctoral.

4. Flujo de trabajo en metabolémica

En términos generales, el proceso de analisis metaboldémico puede dividirse en
cinco etapas: recogida de muestras (muestreo) y almacenamiento, preparacion de
muestras, deteccidn, tratamiento de datos y analisis estadistico. La Figura 1.3 ilustra el
flujo de trabajo general de los experimentos en metabolémica con estrategias no
dirigidas. Debe tenerse en cuenta, que la identificacion de metabolitos no se lleva a
cabo en los estudios dirigidos, ya que esta informacidn se conoce a priori.

Flujo de trabajo en metabolomica

Muestreo y ~ Preparacion de Separacion y
 almacenamiento | muestras deteccidn
- n % .
| — N
-3 4
Identificacion de - Tratamiento de
metabolitos : datos

Y
B e Buce iEsansys | J |
= i p ML LI
% 1

| 1 ‘ !

Figura I.3. Flujo de trabajo en metabolémica.
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4.1. Muestreo y almacenamiento

4.1.1. Seleccion de Ila muestra como punto de partida del analisis
metabolémico

Uno de los pasos criticos en metaboldmica es la seleccion de la muestra, ya que
los resultados generados dependeran de su idoneidad. Esta informacion ayuda a disefiar
un protocolo analitico adecuado en funcién de la naturaleza y las caracteristicas
particulares de la muestra.

En cuanto a las muestras bioldgicas mas estudiadas en metaboldmica, el plasma,
el suero y la orina son las que se utilizan con mayor frecuencia para el prondstico o
diagndstico de muchas enfermedades. Esto es debido a que son muestras que se
recogen con facilidad y ademas reflejan directamente el estado global de un individuo.
Concretamente, el plasma y el suero ofrecen informacion del metabolismo sistémico, es
decir, es una lectura “instantanea” del estado metabdlico de un individuo en el
momento de la toma de la muestra [21]. Sin embargo, la orina proporciona un registro
promedio de los metabolitos polares excretados por un organismo como resultado de los
procesos catabdlicos, dando informacidon del metabolismo exdégeno y enddgeno. Las
muestras fecales aportan informacién del estado del sistema digestivo [22]. Por otro
lado, las heces se han utilizado para obtener informacion acerca del estado digestivo de
los individuos. También existen otros biofluidos que pueden proporcionar informacion
valiosa, especialmente en el descubrimiento de biomarcadores para determinadas
enfermedades tales como la saliva [23], el liquido amnidtico [24], el liquido
cefalorraquideo [25], la leche materna [26], el liquido sinovial, el plasma seminal [27],
la bilis, lagrimas [28], sudor [29] o la condensacidon de la respiracidon exhalada [30].

Dentro del campo de la metaboldémica, el andlisis de tejidos ofrece ventajas con
respecto a los biofluidos, ya que se puede lograr la distribuciéon espacial de metabolitos
[31]. Entre los tipos de tejidos y érganos mas estudiados destacan higado, cerebro,
corazon, rifones y pulmones. Sin embargo, el analisis de tejidos en metabolomica
presenta inconvenientes como su escasa disponibilidad, la heterogeneidad de las
muestras y que es un proceso invasivo.

Por otro lado, el estudio de cultivos celulares es uno de los enfoques mas
extendidos en metabolémica. El analisis metaboldmico de las células suele distinguir
entre metabolitos extracelulares e intracelulares, que constituyen el endometaboloma y
el exometaboloma, respectivamente [32]. Asi, las muestras se separan en dos
fracciones, normalmente mediante una etapa de filtracion. El analisis de la fraccion
liguida permite obtener el perfil de metabolitos extracelulares; mientras tanto, las
células separadas, que contienen los metabolitos intracelulares, se someten a diferentes
etapas de extraccion.
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Asi mismo, dada la gran variedad de muestras derivadas de las plantas como las
hojas, savia, raices, frutos, flores o tallos, se han descrito numerosos trabajos en
metaboldmica aplicada a muestras de origen vegetal [33].

En relacion con las aplicaciones de la metaboldmica en el campo de la
alimentaciéon o fooddmica, las muestras mas analizadas abarcan desde productos
derivados de alimentos en forma de bebidas o productos liquidos (leche, bebidas
alcohdlicas, zumos, aceites) hasta alimentos sélidos primarios (carne, pescado, marisco
o cereales) o productos de alimentacion procesados como conservas, alimentos
infantiles o especias.

4.1.2. Almacenamiento y operaciones preliminares

El almacenamiento de las muestras es un factor clave en metabolémica ya que
puede ser una fuente critica de errores en los analisis cuando no es adecuado. En
foodémica, dependiendo del alimento serad precisa su conservacion en frio o en cambio
sera suficiente con un almacenamiento a temperatura ambiente. En el caso de muestras
desecadas como especias, legumbres o cereales, un almacenamiento a temperatura
ambiente, en condiciones de humedad y oscuridad apropiadas para evitar su
degradacion, es suficiente. En cambio, las muestras de alimentacion frescas como
muestras carnicas o de pescado, frutas, vegetales u otros derivados de animales
precisan de una conservacién en frio aplicando refrigeracion (temperaturas entre 0 y 10
0C) o congelacién (-20 °C). Esta ultima presenta una serie de efectos a tener en cuenta,
tales como: el grado de congelacién, los ciclos de congelacidon-descongelacion y la
duracion de los tiempos de analisis [34].

En cuanto al grado de congelacion, se refiere a la rapidez con la que una muestra
se enfria y la temperatura a la que se congela después de ser recolectada. Un
enfriamiento rapido es esencial para preservar la integridad de los metabolitos en la
muestra. En cambio, un proceso de congelacion lento o a temperaturas inadecuadas
puede provocar la degradacién de los metabolitos y, por lo tanto, la introduccién de
errores en los analisis posteriores [35].

Por otro lado, se debe prestar especial atencién a los ciclos de congelacion-
descongelacion de las muestras ya que cada ciclo puede provocar la ruptura de las
membranas celulares y la liberacidon de enzimas y metabolitos intracelulares, afectando
a la composicion original de la muestra. El efecto de estos ciclos se ha investigado
ampliamente en muestras bioldgicas (orina, plasma y suero) mediante analisis basados
en espectrometria de masas o resonancia magnética nuclear, demostrando que podian
provocar cambios de concentracidn en diversos grados en muchos metabolitos
detectables, aunque sdélo un pequefo numero de metabolitos presenté cambios
superiores a 1,5 veces [36,37]. En el caso de la metaboléomica vegetal, se han
estudiado los efectos de llevar a cabo 5 ciclos de congelacion-descongelacion y se ha
demostrado que estos ciclos pueden dar lugar a que una pequefia fraccion de los
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biomarcadores se identifiquen de manera errénea [38]. En fooddmica, la temperatura
en el almacenamiento y distribucién de los alimentos es crucial, ya que esta desempena
un papel importante en la formaciéon de poros que afectan a la textura. Los ciclos de
congelacion-descongelacién provocan cambios estructurales en los alimentos que
afectan a la calidad de los alimentos congelados. Un alicuotamiento de las muestras
previo a su almacenamiento en condiciones adecuadas, ayuda a minimizar los efectos
adversos de estos ciclos.

En cuanto a la duracién de los tiempos de analisis, este es un factor crucial en el
analisis metaboldmico ya que cuanto mayor es el tiempo entre la descongelacién de la
muestra y su analisis, mayores seran las posibilidades de que los metabolitos sufran
degradacidon o cambios no deseados. Por lo que es recomendable analizar las muestras
lo mas rapido posible después de la descongelacidon para minimizar los efectos negativos
del almacenamiento.

En resumen, el adecuado almacenamiento de las muestras en metaboldémica es
esencial para garantizar la precision y la fiabilidad de los resultados. Se deben seguir
practicas cuidadosas de congelacidén, evitar ciclos de congelacidon-descongelacion
innecesarios y reducir al minimo la duracién de los tiempos de analisis después de la
descongelaciéon para mantener la integridad de los metabolitos en las muestras y
minimizar los errores en los analisis siguientes.

4.2. Preparacion de muestras

La etapa de tratamiento de la muestra constituye un proceso fundamental en el
desarrollo de técnicas analiticas, particularmente cuando la muestra presenta una
matriz compleja. Un tratamiento inapropiado de la muestra puede dar lugar a la pérdida
de analitos, contaminacién y otros inconvenientes que impactan en el resultado final. Se
ha documentado que aproximadamente el 80% del tiempo dedicado al analisis se
consume en la toma y preparacion de la muestra [39].

La separacidon y concentracion de compuestos organicos e inorganicos a partir de
muestras en estado liquido y sélido se ha logrado mediante diversas técnicas, que
incluyen la precipitacion, floculacién, filtracidn, ultrafiltracion y extraccion, entre otras.
Los métodos tradicionales de preparacion de muestras a menudo involucran el uso de
grandes voliumenes de disolventes organicos y reactivos, lo que conduce a la generacién
de residuos toxicos. Por consiguiente, la Quimica Analitica Verde (QAV) [40], disefiada
con la finalidad de minimizar o eliminar los efectos adversos de las practicas analiticas
en el entorno, ha suscitado un notable interés entre los profesionales de la quimica.
Esto ha transformado las operaciones de laboratorio en practicas mas respetuosas con
el medio ambiente, al mismo tiempo que se mejora la calidad de los resultados
obtenidos.

Por lo que respecta a la QAV, la adecuada puesta en marcha de sus fundamentos
implica la aplicacién de medidas tales como la reduccién del consumo de reactivos, la
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optimizacion del consumo energético, la minimizacidon de la generacion de subproductos
residuales, la eliminacion de potenciales riesgos para el analista y el fomento del
aumento en la integracidén, automatizacién, miniaturizacion y portabilidad de las
técnicas y procesos analiticos. Los 12 principios de la QAV se detallan en la Tabla 1.2
[41].

Tabla I.2. Los 12 principios de la Quimica Analitica Verde

Namero Principio

1 Aplicar técnicas analiticas directas para evitar el tratamiento de la muestra
2 Minimizar el tamano y el nUmero de muestras
3 Realizar medidas in situ

Integrar operaciones y procesos analiticos para ahorrar energia y reducir el uso

4 .
de reactivos

5 Seleccionar métodos automatizados y miniaturizados

6 Evitar etapas previas de derivatizacion siempre que sea posible

7 Evitar la generacion de un gran volumen de desechos y gestionar de forma
adecuada los residuos generados

8 Aplicar métodos multianaliticos o multiparamétricos frente a métodos que solo
determinan analitos de uno en uno

9 Minimizar el uso de energia

10 Priorizar el uso de reactivos procedentes de fuentes naturales

11 Eliminar o reemplazar los reactivos toxicos

12 Incrementar la seguridad del operador

4.2.1. Pretratamiento de muestra

La cuantificacion de cantidades minimas de sustancias en matrices complejas
requiere una cuidadosa extraccién y tratamiento previo de las muestras antes de su
analisis instrumental. El procedimiento de preparaciéon de la muestra esta sujeto a las
propiedades inherentes de la matriz y a las concentraciones de los analitos que se
pretenden cuantificar. Los pasos convencionales en el proceso de preparacion de
muestras engloban la recoleccién y homogeneizaciéon de las mismas, la extraccién y
purificacion de los componentes de interés, asi como la preconcentracién de los analitos
previa al analisis final. Se pueden encontrar matrices de diversa naturaleza, abarcando
desde muestras secas hasta matrices bioldgicas, y cada una requiere un tratamiento
especifico acorde a sus caracteristicas particulares.

El estado de agregacién de las muestras desempeia un papel fundamental, ya
gue los analitos pueden estar presentes tanto en muestras en estado sélido como en
muestras liquidas. Otro aspecto relevante a tener en cuenta es el posible efecto matriz
que estas muestras puedan presentar. En el caso de las muestras en estado soélido, es
necesario llevar a cabo un proceso de preparacidn que incluye la molienda, antes o
después del proceso de deshidratacién. Posteriormente, se realiza una extraccién liquida
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que requiere un posterior procedimiento de limpieza y preconcentracion de los analitos.
Por otro lado, en el caso de las muestras liquidas, se pueden someter directamente a
métodos de preconcentracién liquido-liquido o liquido-sélido.

Atendiendo a los métodos de extraccién utilizados para la extraccion de muestras
solidas, se describen a continuacidn la extraccion asistida por ultrasonidos (UAE), la
extraccion asistida por microondas (MAE) y la extraccién en fluidos supercriticos (SFE).

- En el proceso de UAE, se emplea una frecuencia sonora que oscila entre 18 y
100 kHz, superando asi la capacidad de percepcién auditiva del oido humano. Esta
técnica se caracteriza por prescindir de la necesidad de equipos de laboratorio
altamente especializados, lo que la convierte en una alternativa relativamente
econdmica en comparacion con la mayoria de los métodos de extraccion mas avanzados
disponibles en la actualidad. Ademas, en la UAE se puede seleccionar el tipo de
disolvente o una combinacién adecuada para lograr una extraccidn altamente eficiente y
selectiva.

- La MAE es un método avanzado de preparacion de muestras que utiliza
microondas para acelerar y mejorar la extraccién de compuestos de interés de muestras
sdlidas. En este procedimiento, la muestra se calienta y agita mediante la energia de
microondas que aceleran la extraccion de los compuestos y los disuelven. La técnica
s6lo es aplicable a compuestos estables térmicamente debido al ascenso de la
temperatura que tiene lugar. En este proceso, se tiene que utilizar algun disolvente de
naturaleza polar (como el agua), ya que los disolventes no polares no absorben la
energia de las microondas [42].

- En la SFE se emplea un fluido supercritico, que se encuentra en un estado
intermedio entre un gas y un liquido en términos de presion y temperatura, como el
dioxido de carbono (CO,) en condiciones supercriticas, como disolvente para extraer
compuestos de interés de una muestra. Este procedimiento es respetuoso con el medio
ambiente ya que el CO; utilizado como disolvente es un gas presente en la atmadsfera no
inflamable, se reduce el uso de disolventes organicos y se elimina facilmente de la
matriz de la muestra al reducir la presién.

En cuanto a los métodos empleados para la extraccién de muestras liquidas, la
extraccion liquido-liquido (LLE), la LLE asistida con sal (SALLE), la extraccién en fase
solida (SPE), la extraccién dispersiva en fase sdlida (DSPE) y la metodologia QUEChERs
son las mas empleadas en la actualidad.

- La extraccion LLE es una de las técnicas mas aplicadas en el pretratamiento de
muestras liquidas, y se consigue al aislar los analitos de interés en un disolvente de
naturaleza apolar. Esta técnica posibilita el aislamiento de los analitos de potenciales
interferencias presentes en la matriz, al mismo tiempo que mejora la sensibilidad
mediante la preconcentracion de los analitos originalmente presentes en grandes
volumenes de muestra [43]. En la LLE, los analitos en disolucion se trasladan desde la
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muestra acuosa hasta otra inmiscible con el agua. Sin embargo, la LLE tiene como
principal limitacion el empleo de volimenes grandes de disolventes organicos y la
tendencia en ocasiones a la formacion de emulsiones que dificultan la separacion de las
fases.

- La extraccion SALLE es un tipo de LLE en que se emplea el efecto conocido como
salting-out, que consiste en afiadir una sal inorganica, como NaCl, a la muestra liquida,
ademas de un disolvente miscible en ella que da lugar a un sistema bifasico al separar
las dos fases. Cominmente se emplean metanol, acetonitrilo, etanol o acetona como
disolventes. Esta técnica presenta las ventajas de un menor consumo de disolventes
extractantes y la eliminacién de la etapa de agitacion intensa para facilitar la
recuperacion de los analitos. Esto se logra debido a que el disolvente organico utilizado
es completamente miscible en agua.

- La SPE es una técnica en la que la fase extractante es un adsorbente sdlido, lo
gue implica una particion liquido-soélido, que permite la elucién posterior de los analitos
lavando con un pequefio volumen de disolvente. Actualmente, se emplean diversos
materiales como fases adsorbentes, consiguiendo diferentes interacciones como enlaces
de hidrégeno, exclusion por tamafio e intercambio anidnico o catiénico e interacciones
polares y no polares. Entre los materiales mas utilizados destacan las fases enlazadas
Cs y Cis sobre resinas poliméricas como poliestireno, resinas, Florisil, alimina o carbon
activo. La SPE requiere de un empaquetamiento uniforme para conseguir extracciones
eficientes, por eso se encuentran cartuchos ya empaquetados comerciales que
presentan una gran fiabilidad pero que a veces dan problemas de reproducibilidad.

- En la DSPE, a diferencia de la SPE, el material adsorbente no estd empaquetado
en una columna, sino que se pone en contacto directamente con la muestra liquida. Por
lo que el material adsorbente se dispersa sobre la muestra directamente, favoreciendo
asi el contacto entre adsorbente y analitos [44]. La separacion del material de la
muestra tiene lugar de forma mecanica una vez finaliza el proceso de dispersion y el
adsorbente se ha enriquecido con los analitos. Al contrario que en la SPE, en la DSPE el
contacto entre las dos fases es inmediato y mas efectivo.

- La metodologia QUEChERS (quick, easy, cheap, effective, rugged and safe)
cuyas siglas significan rapida, facil, barata, efectiva, robusta y segura, es un método
eficaz de preparacion de muestras basado en la dispersidn de sales para extraer (efecto
salting-out), aislar una amplia gama de analitos de matrices muy complejas y limpiar el
extracto [45]. Las sales utilizadas habitualmente en QUEChERS son sulfato de magnesio
(MgS04) y NaCl en proporcion 2:1 o 4:1 (MgSO4:NaCl, m/m). De manera que los
analitos de interés se extraen de la matriz de la muestra acuosa utilizando disolventes
miscibles en agua (normalmente acetonitrilo) y elevadas concentraciones de las sales
mencionadas para conseguir una particién liquido-liquido. Posteriormente, se realiza
una limpieza mediante DSPE utilizando como adsorbentes Cis, una mezcla de aminas o
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carbon negro grafitizado para eliminar componentes polares de la muestra como
azUcares, esteroles, lipidos o proteinas antes del analisis instrumental.

En esta Tesis Doctoral se han utilizado algunas de las técnicas descritas en
solitario o acopladas a otras técnicas de microextraccion.

4.2.2. Tratamiento de muestra empleando técnicas de microextraccion

En la actualidad, los nuevos métodos de analisis tienden a la miniaturizacion,
simplificacion y automatizacion con el propdsito de lograr un gran enriquecimiento del
analito y una buena eficiencia en el proceso de extracciéon desde la matriz [46]. De esta
manera, las técnicas de microextraccion responden a los inconvenientes derivados de
los métodos clasicos de analisis. En concreto, en el ambito de la Quimica Analitica, el
término microextraccidn hace referencia a los procedimientos de preparacidon de
muestra caracterizados por extraer y concentrar los analitos en volimenes o masas de
fase extractante (de naturaleza liquida o sdlida) minimos. Se consigue asi una reduccion
del tamafio de los sistemas analiticos, lo cual presenta las ventajas que se muestran en
la Figura I1.4. Entre las numerosas ventajas que presentan las técnicas de
microextraccion, destacan su alta capacidad de extracciéon, que mejora la sensibilidad
de los métodos de andlisis, su aplicacion rapida y sencilla con bajos costes, la capacidad
de automatizacién y su menor impacto ambiental [47].

Figura I.4. Ventajas de la miniaturizacion de los sistemas analiticos.

Las técnicas de microextraccion pueden dividirse en dos grandes grupos
dependiendo de si los compuestos de interés se aislan en una fase liquida o sélida. Asi,
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hablamos de microextraccion en fase liquida y microextraccion en fase sdlida,
respectivamente. Dentro de las técnicas de microextraccion en fase soélida, las técnicas
mas representativas se clasifican segln la fase sélida sobre la que se realiza la
adsorcién: la microextracciéon en fase sélida (SPME) desarrollada por Pawliszyn [48], en
la que se emplea una fibra de silice fundida recubierta con una fase estacionaria
adecuada unida a una microjeringa; la extraccidon por adsorcion sobre barras agitadoras
(SBSE) en la que se emplea un “twister” que contiene una pelicula de un material
adsorbente y es capaz de extraer y preconcentrar los compuestos directamente desde
las matrices liquidas sin usar disolventes; y la microextraccién dispersiva en fase sélida
magnética (DMSPE) en la que la fase sélida adsorbente es un nanomaterial magnético.

A continuacion, se explica en detalle esta Ultima técnica mencionada, la DMSPE, al
tratarse de una de las metodologias mas aplicadas en esta Tesis Doctoral.

4.2.2.1. Microextraccion dispersiva en fase sélida magnética (DMSPE) empleando
nanoparticulas magnéticas

Los nanomateriales magnéticos como fase sélida adsorbente en la DMSPE se
conocen como nanoparticulas magnéticas (MNPs). Las MNPs han resultado ser un
material muy interesante para la comunidad cientifica debido a su naturaleza
superparamagnética, asi como sus propiedades fisicas y quimicas Unicas, tales como
dispersabilidad, gran area superficial relativa y elevada relacién area/volumen, que se
traducen en altas capacidades de adsorcion. La simplicidad de los procesos de
producciéon de MNPs en grandes cantidades, asi como la facilidad de modificacién de su
superficie las hace aplicables en muy diversas disciplinas, como por ejemplo, fluidos
magnéticos, analisis, catalisis o remediacién ambiental. Ademas, las MNPs pueden
reutilizarse [49].

La DMSPE se basa en la incorporacion de una cantidad determinada de MNPs en la
disolucion acuosa de la muestra para permitir la adsorcion de los analitos en la
superficie del nanomaterial adsorbente. Este proceso se realiza bajo una agitacion
continua para favorecer la adsorcidon. Posteriormente, las MNPs con los analitos
retenidos se separan mediante la aplicacién de un campo magnético externo generado
por un iman. En la etapa de desorcién, las MNPs se dispersan en el disolvente de
desorcion adecuado, lo que permite la liberacion de los analitos para su posterior
determinaciéon [50]. En la Figura 1.5 se presenta un esquema del procedimiento de
aplicacién de la DMSPE con MNPs.
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Figura I.5. Esquema del procedimiento DMSPE.

La seleccién del adsorbente mas apropiado para los analitos debe considerar
varios factores, entre ellos la estructura quimica de los analitos, asi como la polaridad,
solubilidad y la complejidad de la matriz de la muestra. Ademas, es esencial considerar
la concentracion prevista de los analitos y la posible presencia de sustancias
interferentes en el medio de extraccidon, dado que todo ello puede influir en la
intensidad de la interaccion entre los analitos y el adsorbente. De manera similar a la
técnica SPE tradicional, el proceso de separacién de los analitos que quedan retenidos
en la superficie de las MNPs depende tanto de las propiedades del disolvente organico
utilizado en la etapa de desorcion como de la naturaleza de la interaccién que se
establece entre las moléculas de los analitos y los grupos funcionales presentes en el
material adsorbente. Estas interacciones pueden ser por puentes de hidrégeno, dipolo-
dipolo, dipolo-dipolo inducido, interacciones de Van der Waals y de caracter idnico,
como se ha descrito previamente.

El empleo de materiales magnéticos ofrece multiples ventajas en comparacion con
la aplicaciéon convencional de la técnica SPE. Una de estas ventajas radica en la
capacidad de funcionalizacién de los nucleos magnéticos, lo que posibilita la ejecucién
de una extraccién altamente selectiva de los analitos de interés. Ademas, debido a que
la fase extractante se puede separar de manera sencilla, incluso cuando se manejan
voliumenes de muestra considerables, mediante la utilizacion de un campo magnético
externo, no es necesario mantener la fase adsorbente empaquetada.

Por otro lado, gracias a la naturaleza superparamagnética de las MNPs, estas no
retienen magnetismo residual después de retirar el campo magnético externo, lo que
aporta otra ventaja destacada. Ademas, la alta relacion entre la superficie de las MNPs y
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el volumen de muestra resulta en una mayor eficiencia en el proceso de extraccidon en
comparacion con el uso de materiales adsorbentes no magnéticos.

Sin embargo, el uso de estos materiales también conlleva ciertos inconvenientes.
Uno de los principales problemas es la tendencia de las MNPs a formar aglomerados
debido a su intrinseca inestabilidad, que busca reducir la energia asociada a la relacién
entre su volumen y su extensa darea superficial. Ademdas, debido a su elevada
reactividad quimica, las MNPs son propensas a oxidarse cuando estan expuestas al aire,
lo que provoca una pérdida de magnetismo. En consecuencia, es necesario recubrir las
MNPs con un material adecuado en la mayoria de las aplicaciones analiticas. Este
recubrimiento no solo estabiliza el nucleo de las MNPs, sino que también puede ofrecer
una capacidad de adsorcién selectiva. A continuacién, se van a describir en detalle los
aspectos mas importantes relacionados con la sintesis y funcionalizacidon de las MNPs.

(a) Sintesis de MNPs

Los métodos de sintesis quimica de MNPs abarcan tres etapas principales tales
como la sintesis del nlicleo magnético, su recubrimiento y la posible modificacion de la
estructura obtenida mediante un recubrimiento. A continuacion, se ofrece una
descripcidn exhaustiva de algunos métodos comunes ampliamente utilizados para
sintetizar MNPs.

Método de coprecipitacion

La coprecipitaciéon es el método mas utilizado para producir MNPs de tamafio
controlado y propiedades magnéticas [51]. Concretamente, la coprecipitacion es la via
mas sencilla para sintetizar MNPs de 6xidos de hierro (tanto FesOs como y-Fe,0s3) vy
consiste en afiadir una base a una disolucidon acuosa conteniendo sales de Fe?* y Fe3*
(generalmente cloruros, sulfatos o nitratos) en proporcidon 1:2 molar, a temperatura
ambiente o a altas temperaturas (70-100 ©°C), bajo agitacion continua y atmosfera
inerte, para evitar la oxidacion de Fe?* [52]. En la sintesis de magnetita, la adicion de
una disolucién basica (NH4OH, NaOH o KOH) produce la precipitacion de los iones de
hierro segun la siguiente reaccién quimica:

2 Fe3* + Fe?* + 8 OH" — 2 Fe(OH)s + Fe(OH). — Fe304(s) + 4 H20

Durante el proceso de coprecipitacion, diferentes factores como el pH, los iones
metalicos y sus concentraciones, la naturaleza de la sal o la temperatura de reaccion
pueden afectar a la composicion de las MNPs, el tamafio de particula y la forma [53].

Las ferritas son compuestos quimicos de férmula quimica MeFe,04, donde Me
puede ser Mn, Mg, Zn, Cu, Ni o Co. La ferrita de cobalto (CoFe;04) se emplea como
alternativa a la magnetita por su mayor estabilidad frente a la oxidacién, mayor dureza
quimica y posibilidad de controlar el tamafio de particula. Su sintesis por coprecipitacion
quimica se basa en la mezcla de disoluciones acuosas de FeCl; y CoCl, en medio
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alcalino. Ademas, la adicion de &cido oléico, como surfactante y material de
recubrimiento, protege los nlcleos magnéticos del oxigeno atmosférico e impide su
aglomeracion [54,55].

En definitiva, la sintesis de MNPs mediante coprecipitacion es bastante sencilla
para obtener NPs de pequefio tamafio uniformemente dispersas. Ademas, se prefiere
este método por su simplicidad, pero, a veces, es dificil controlar la forma de las MNPs
mediante coprecipitacion.

Método de descomposicidon térmica

En este método se utilizan precursores organometdlicos para producir NPs
monodispersas a temperaturas extremas. Las NPs preparadas por este método tienen
una alta cristalinidad, un tamafio controlado y una forma bien definida. El proceso de
descomposicidon de los precursores organometalicos se lleva a cabo bajo la presencia de
tensioactivos organicos para producir MNPs de tamafio y forma deseados [56]. Los
agentes estabilizantes utilizados para la sintesis de MNPs incluyen acidos grasos,
hexadecilamina y acido oleico. Los estabilizadores utilizados en el proceso de
descomposicién pueden ralentizar la nucleacién de NPs que controlan el crecimiento de
MNPs y ayudan en la produccion de una forma esférica y un tamafio deseable de menos
de 30 nm. Se ha descrito la sintesis de nanoparticulas de FesOs y compuestos
magnéticamente activos de hierro mediante este enfoque [57]. La descomposicion
térmica del precursor metalico cero-valente Fe(CO)s conduce a la formacién de NPs
metalicas, pero si se produce oxidacién puede formar MNPs de 6xido de hierro de alta
calidad. Mientras que por otro lado si la descomposicion de los precursores se produce
con centros metalicos catidnicos puede dar lugar a la formacion directa de NPs de dxido
metalico [56]. Los requisitos de temperatura dependen del tipo de precursor utilizado.
Ademads, el grado de temperatura, el tiempo de reaccion, el tipo de tensioactivos y
disolventes y el periodo de envejecimiento se ajustan en funciéon de la forma y el
tamafio deseados [58]. Hasta la fecha, este método ha sido reportado como uno de los
mejores métodos para producir MNPs a gran escala en tamano uniforme y forma
homogénea [59]. El factor de riesgo asociado a este método es la produccién de
disolventes organicos solubles toxicos, lo que limita su aplicacion [60]. La
descomposicion térmica es comparativamente mas (til que la coprecipitacion para
sintetizar particulas magnéticas de menor tamano.

Método de sintesis de microemulsiones

Las microemulsiones son sistemas turbios de fases lipofilicas e hidrofilicas en los
gue intervienen tensioactivos o, a veces, cosurfactantes. Se trata de un sistema liquido
transparente isétropo de agua, aceite y anfifilo. En este proceso, el aceite se mezcla con
un tensioactivo y el agua se agita magnéticamente a temperatura ambiente. Hay tres
tipos de microemulsiones: 1) aceite en agua, fase acuosa con algunas gotitas de aceite;
2) agua en aceite, aceite como fase dominante con algunas gotitas de agua; 3) tanto el
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aceite como el agua estan presentes en una cantidad comparable. La forma y el tamafio
de las MNPs preparadas mediante este método dependen del tipo de surfactante
utilizado [61]. Algunas MNPs de oOxido de hierro se han preparado a través de la
microemulsidén de tipo agua en aceite, en la que se utilizaron dos microgotas, una con
precursor metalico y otra con un agente precipitante [62]. Ademas, este método se ha
seguido para preparar MNPs con recubrimiento de silice modificadas en segunda
instancia con aminas y que resulté de gran utilidad para la separacién de células
tumorales [63]. Las MNPs preparadas por microemulsion se obtienen en poca cantidad y
dispersas uniformemente.

Método de sintesis hidrotérmica

Este método se utiliza para preparar NPs en una disolucion acuosa, a alta presion
y temperatura [63,64]. El método hidrotérmico, también conocido como solvotérmico,
es uno de los enfoques basados en la reaccién en disolucidn mas exitosos, a través del
cual se producen las NPs a alta presidon y temperatura. En el proceso hidrotérmico, la
hidrélisis y la reaccion de oxidacién tienen lugar para producir MNPs y en la misma, la
formacidon de cristales depende del grado de solubilidad de los minerales en el agua.
Mediante este método se obtuvieron particulas de diversos nanomateriales magnéticos
de tamafio uniforme como, por ejemplo, NPs esféricas de ferrita de cobalto con un
tamafio medio de cristalizacion en el rango de 3,6-12,9 nm mediante un procedimiento
facil y ecoldgico [65]. La morfologia y la cristalinidad de las NPs sintetizadas dependen
de la mezcla adecuada de disolvente, tiempo, condiciones de presién y temperatura.
Siguiendo este enfoque se pueden obtener mas NPs en comparacién con el método de
microemulsion. Pero este proceso necesita alta temperatura y presion, por lo que se
realiza con mucho cuidado y se lleva a cabo en un equipo especial. Comparativamente,
el método hidrotérmico se prefiere a otros métodos debido a sus ventajas de producir
NPs de forma y tamano apropiados, con alta cristalinidad y composicidn consistente
[66].

(b) Funcionalizacion de MNPs

La estabilizaciéon de las MNPs representa un paso critico una vez acabada su
sintesis, dado que en los casos en los que el nlcleo es de caracter metadlico como hierro,
cobalto, niquel y sus aleaciones metalicas, dado que puede ocurrir su oxidacién al entrar
en contacto con el oxigeno del aire. Para prevenir este proceso, la principal estrategia
implica la aplicacion de un recubrimiento protector sobre la superficie de las MNPs. Este
recubrimiento puede ser de naturaleza inorganica, como silice, carbono u 6xidos, o de
naturaleza organica, y se lleva a cabo mediante la utilizacion de surfactantes o
polimeros. A continuacién, se describen algunas de las estrategias mas comunes
utilizadas para estabilizar el nicleo magnético de las MNPs [67].
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MNPs basadas en carbono

La estabilizacion de MNPs utilizando materiales basados en carbono ha sido
empleada con frecuencia en los Gltimos afios, junto con los recubrimientos poliméricos o
de silice, ya que estos compuestos presentan una gran estabilidad quimica y térmica,
porosidad elevada, un area superficial considerable y una buena biocompatibilidad.
Ademas, se pueden emplear en amplios rangos de pH y permiten extraer una extensa
variedad de compuestos organicos.

Las formas alotrépicas de carbono mas utilizadas incluyen el grafito, nanotubos de
carbono (CNTs), fullerenos, grafeno (G) y 6xido de grafeno (GO) entre otras [68]. Las
estucturas de las tres primeras formas mencionadas se muestran en la Figura 1.6 y
corresponden a las estructuras uni, cero y bidimensionales, respectivamente.

Figura I.6. Nanoestructuras de fullereno, CNTs y G.

El principal inconveniente de las MNPs recubiertas de carbono es que tienden a
aglomerarse cuando se sintetizan.

MNPs recubiertas de silice

Las MNPs recubiertas de silice (MNP@SiO;) exhiben una notable estabilidad en
medios acuosos y permiten un control eficaz de las interacciones entre particulas. Por
consiguiente, el recubrimiento con SiO, emerge como uno de los métodos mas
empleados, no solo debido a su asequibilidad, sino también a su capacidad para brindar
una elevada estabilidad quimica y térmica. Este material no solo estabiliza el nucleo
magnético, sino que también incrementa su area superficial gracias a su caracter
mesoporoso. Ademas, sirve como plataforma para la adhesidn de otros agentes
funcionales, los cuales, si se aplicaran directamente sobre el nucleo magnético,
generarian interacciones no deseadas. De esta manera, una vez que se han revestido
con silice, estas particulas pueden ser posteriormente modificadas con diversos
materiales, tales como octadecilsilano (ODS), C18, grupos amino, (3-aminopropil)-
trimetoxisilano (APTS), ciclodextrinas (CD), polimeros e incluso liquidos iénicos (ILs)
[69].

MNPs recubiertas de polimeros

El recubrimiento con polimeros surge con el propdsito de prevenir la aglomeracion
de las MNPs al ocasionar una pasivacion de la superficie de estas, tanto después de su
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sintesis como durante la misma. A pesar de que existe la posibilidad de que los
polimeros se adsorban fisicamente en la superficie de las MNPs, en términos generales,
se produce una unién quimica entre los polimeros y las MNPs. Esta union mayormente
genera fuerzas de repulsidon estérica que contrarrestan las fuerzas de atraccion
magnéticas y de Van der Waals, que tienden a provocar la agregacion de las MNPs. El
aumento del interés en la aplicacion de polimeros se justifica por su notable estabilidad
y la facilidad de sintesis a partir de mondmeros. Estos polimeros incluyen grupos
funcionales como acidos carboxilicos, fosfatos y sulfatos, que pueden enlazarse a la
superficie de las MNPs de Fe3;04. Algunos ejemplos de polimeros utilizados como
recubrimientos son el polipirrol (PPy), la polianilina (PANI), los polialquilcianoacrilatos y
los poliésteres, como el acido polilactico, el acido poliglicélico y sus copolimeros.
Generalmente, cuando se emplea PPy, su unidn a la superficie de las MNPs ocurre
mediante enlaces covalentes, mientras que las interacciones electrostaticas tienen lugar
con biopolimeros como el chitosan o el alginato [70,71].

MNPs recubiertas de surfactantes

Al igual que los polimeros, los surfactantes se utilizan para pasivar la superficie de
las MNPs y evitar su aglomeracion [72]. La unidn del surfactante a la superficie de las
particulas puede llevarse a cabo mediante enlaces quimicos o adsorcidn fisica, lo que da
lugar a la formacién de una capa simple o doble. Estas capas generan fuerzas de
repulsidon que contrarrestan las fuerzas de atraccion magnéticas y de Van der Waals, lo
que resulta en la estabilizacion de las MNPs en suspensiéon debido a repulsiones
estéricas. La adsorcion de ciertos surfactantes idnicos, como el dodecilsulfato sodico
(SDS) o el bromuro de hexadeciltrimetilamonio (CTAB), cloruro de cetilpiridinio o cloruro
de dioctadecildimetilamonio, sobre 6xidos como la alimina o la silice, puede derivar en
la formacidén de hemimicelas normales o mixtas [73]. Ademas, se ha observado que los
acidos grasos (como el decanoico, el undecanoico u oleico) y los carboxilatos de alquilo
(sales de acidos grasos) también pueden actuar como surfactantes, y han demostrado
ser efectivos en la determinacidn de diversos analitos [74].

MNPs recubiertas de liquidos idnicos

Los ILs son fluidos compuestos exclusivamente por cationes organicos y aniones
organicos o inorganicos, caracterizados por su condicién de sales con puntos de fusion
cercanos o inferiores a la temperatura ambiente. Su interés ha experimentado un
notable aumento en los Ultimos afos debido a sus propiedades, que incluyen baja
volatilidad, alta estabilidad térmica y quimica, elevada conductividad eléctrica, polaridad
ajustable y capacidad de disolver sustancias tanto de naturaleza organica como
inorganica. El recubrimiento de MNPs con ILs ha demostrado proporcionar propiedades
altamente adecuadas para la preconcentracion de especies quimicas especificas,
destacando asi las ventajas inherentes a ambos tipos de extractantes [75,76].
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(c) Factores que afectan al procedimiento DMSPE

Para conseguir una aplicacion éptima de la DMSPE y lograr preconcentraciones
eficaces, es primordial evaluar los factores que influyen en este proceso [77-79]. Por
consiguiente, a continuacion, se van a describir estos factores, los cuales han sido
estudiados en varios de los trabajos de esta Tesis Doctoral.

Naturaleza de la fase adsorbente: Para conseguir un proceso de microextraccion

eficaz, se requiere que los analitos muestren una afinidad significativa hacia la fase
extractante, y la eleccion de esta se basa principalmente en las caracteristicas vy
propiedades fisicoquimicas de los analitos de interés. Las interacciones primordiales que
influyen en el aislamiento de los compuestos incluyen las fuerzas idnicas, las fuerzas de
Van der Waals, las interacciones dipolo-dipolo, las interacciones dipolo-dipolo inducidas
y la formacién de puentes de hidréogeno. El tipo especifico de interaccion que se
manifieste dependera de los grupos funcionales presentes en la superficie de las MNPs.

Masa de MNPs y volumen de la fase dadora. Estos dos factores estan

estrechamente vinculados entre si. Los resultados de investigaciones experimentales
indican que, por lo general, cuando se emplea una menor cantidad de nanoparticulas,
es mas efectivo incorporarlas en forma de suspensién a la fase de origen, lo que
favorece una mayor repetibilidad en el proceso. Ademas, es importante considerar que,
dado que el equilibrio del sistema esta relacionado con el area superficial de las MNPs, a
medida que esta aumenta, disminuye la cantidad requerida de MNPs que debe
agregarse a la fase de origen para lograr dicho equilibrio.

Efecto del pH. El pH es un parametro que influye significativamente en la

capacidad de adsorcion de los compuestos analizados, especialmente cuando su forma
quimica se modifica en respuesta a las variaciones del pH o cuando se emplean
materiales adsorbentes sensibles a este factor.

Efecto salino. El porcentaje de recuperacion de los compuestos de interés puede
verse afectado por la adicion de sal en la disoluciéon de extraccidn. A modo de ejemplo,
su presencia puede afectar en algunas situaciones adversamente a la eficiencia de la
extraccion, ya que incrementa la viscosidad de la disolucién, disminuyendo asi la
transferencia de sustancias hacia la superficie adsorbente. En cambio, en otros casos, la
adicion de sal puede disminuir la solubilidad de los analitos de naturaleza polar en la
fase acuosa, lo que resulta en una mejora en su capacidad de adsorcidn.

Tiempo de adsorcidn. El tiempo en el que estdan en contacto los analitos de la

disolucion de muestra y las MNPs adsorbentes es determinante, ya que la DMSPE se
basa en el equilibrio. Por consiguiente, el area de las MNPs influye en este tiempo de
adsorcién, el cual sera menor cuanto mayor area superficial de adsorbente se encuentre
en contacto con la muestra. De igual modo, el porcentaje de extraccién aumentara con
el tiempo de extraccion hasta alcanzar el equilibrio.
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Naturaleza del disolvente de desorcién. El primer paso de la etapa de desorcidn es

elegir el disolvente adecuado para lograr una desorcion adecuada de los analitos
retenidos en las MNPs. Los disolventes organicos mas comunmente utilizados son
acetona, acetonitrilo y metanol. Atendiendo a la polaridad de los analitos, cuando esta
es baja, se emplean mezclas de disolventes polares y apolares. Por otro lado, cuando
tienen caracter acido, los disolventes preparados en medio alcalino han dado buenos
resultados en otros estudios [80].

Volumen de disolvente de desorcidn. Para cumplir con los principios de la QAV, se

intenta usar siempre el minimo volumen posible de disolvente para conseguir la maxima
desorcion.

Tiempo de desorcién. El tiempo durante el cual las MNPs con los analitos de

interés retenidos estan en contacto con el disolvente de desorcién es un factor crucial
para conseguir resultados satisfactorios. Para no alargar los tiempos de analisis, se
intenta obtener la mayor eficacia en el menor tiempo posible, de ahi que se haya
propuesto la aplicacién conjunta de ultrasonidos para acortar este tiempo.

Reutilizacion de las MNPs. Una vez se han desorbido los analitos en el disolvente

de desorcidn y se lleva a cabo su analisis, las MNPs utilizadas quedan como residuo. La
reutilizacion de las mismas en posteriores experiencias, tras un lavado apropiado,
representa una gran ventaja para este tipo de materiales. A lo largo de esta Tesis
Doctoral se ha demostrado la posibilidad de reutilizacion de los nanomateriales
empleados.

4.2.2.2. DMSPE empleando polimeros de impresion molecular (MIPs)

Los polimeros de impresidon molecular (MIPs) han surgido en los Ultimos afios para
solventar algunos de los incovenientes del uso de nanomateriales como su
inespecificidad. Estos MIPs son materiales con alta selectividad y especificidad y se
describen como materiales hechos a medida.

El esquema de la preparacion de los MIPs se resume en la Figura 1.7. Los
principales componentes que intervienen en su sintesis son las moléculas plantilla, los
mondmeros funcionales y los reticulantes. Las plantillas de impresién y los mondémeros
funcionales pueden unirse mediante enlaces covalentes reversibles, enlaces no
covalentes o enlaces semicovalentes [81,82], en los que la interacciéon no covalente se
considera la mas flexible. A continuacidon, la copolimerizacion entre mondmeros
funcionales y reticulantes puede inmovilizar estos polimeros tridimensionales. Tras
eliminar las plantillas, los MIPs resultantes pueden proporcionar sitios de unidn con
tamafios, formas y grupos funcionales complementarios a los analitos diana [81,83].
Hoy en dia, los MIPs se han utilizado para la separacion, limpieza y/o preconcentracion
de analitos a partir de distintas muestras [84-86].



44 | Introduccidn
Ensamblaje ~  Polimerizacién st "
s~ \ — B EmeJﬂé-Cir(‘J..fjr Sy
P 1 4 S [_..-"" —= ' >
W P | plantilla
” ” \\'\ Reticulante

Molécula Monémeros )
plantilla funcionales Palimero de

impresién molecular
Figura I.7. Representacion esquematica del proceso de polimerizacién por impresion
molecular.

Sin embargo, algunos inconvenientes, como la escasa accesibilidad al sitio de
reconocimiento, la lenta transferencia de masa, la eliminacion incompleta de la plantilla
y la baja capacidad de unién, han restringido la amplia aplicacién de los MIPs. En este
sentido, se ha dedicado mucho esfuerzo a desarrollar estrategias mas inteligentes para
resolver los obstaculos mencionados.

Recientemente, la combinacién de nanoparticulas magnéticas y MIPs ha recibido
una dgran atencién. Los MIPs magnéticos (MMIPs) resultantes poseen varias
caracteristicas prometedoras en comparacion con otros medios utilizados para la
separacion y la adsorcion. En primer lugar, las nanoparticulas magnéticas tienen
grandes areas superficiales, buena biocompatibilidad, manipulacién conveniente y facil
funcionalizaciéon, como se ha descrito en el apartado anterior. Las MMIPs, obtenidas
fabricando MIP en la superficie de materiales magnéticos de manera uniforme, tienen
una alta capacidad de adsorcidon y una rapida tasa de transferencia de masa [87].
Ademas, la caracteristica de respuesta magnética también convierte a los MMIPs en una
estrategia potente y eficaz para facilitar la preconcentracion, separacion y manipulacion
de analitos.

Como los MMIPs pueden separarse facilmente de la matriz de la muestra con la
ayuda de un campo magnético externo, se evitan las etapas de centrifugacion y
filtracién requeridas adicionalmente cuando se utilizan los MIPs sin magnetizar.

Por lo tanto, los MMIPs, caracterizados por tener las ventajas de una buena
estabilidad quimica/fisica, alta especificidad, baja pérdida y facil sintesis, han sido
ampliamente utilizados en la DMSPE [88,89]. Sin embargo, a pesar de que los MMIPs
obtienen una tasa de adsorcién mas rapida y refuerzan la capacidad de reconocimiento
del analito diana, presentan algunos inconvenientes como la fuga y la eliminacion
incompleta de plantillas o la adsorcidn inespecifica durante las etapas de sintesis vy
adsorcion.

Los MMIPs se desarrollan fabricando sustratos magnéticos con MIPs. Este proceso
consta de cuatro pasos: preparacion de sustratos magnéticos, funcionalizaciéon de
sustratos magnéticos, sintesis del MIP y eliminacion de la plantilla, los cuales se
describen a continuacién.
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Preparacion de sustratos magnéticos. Hay varios materiales que tienen la

capacidad de respuesta magnética, como los metales, las aleaciones metalicas y los
oxidos metalicos; entre ellos, las nanoparticulas de Fes;04 se utilizan ampliamente como
sustratos magnéticos debido a sus ventajas, como su preparacion sencilla, su tamafio
uniforme y su baja toxicidad bioldgica [90]. Para proteger los sustratos magnéticos vy
facilitar su posterior fabricacion, se utilizan dos estrategias. Una de ellas consiste en
encapsular los sustratos magnéticos en una matriz polimérica o de silice durante el
proceso de sintesis para formar un recubrimiento in situ. La otra forma consiste en
recubrir los sustratos magnéticos con polimeros o sustancias inorganicas (por ejemplo,
silice [91], carbono [92], metales nobles [93], etc.). Los materiales core-shell
modificados pueden poseer diversos grupos funcionales (por ejemplo, grupos -OH, -
COOH, -NH;) en las superficies, u obtener una alta hidrofobicidad, hidrofilicidad y/o
afinidad. Ademas, los CNTs, los marcos organicos covalentes (COF) y los marcos
organicos metalicos (MOF) [94-96] también se combinan con el sustrato magnético
para proporcionar estructuras porosas y sitios de unién funcionales.

Seleccién de la molécula plantilla. En el protocolo tipico de sintesis de MMIPs, el

analito diana se utiliza como plantilla para crear productos con sitios de unién vy
cavidades de impresion de tamafio exacto [81]. Sin embargo, algunos analitos son muy
toxicos y caros, como las aflatoxinas, y utilizarlos como moléculas plantilla no es seguro
ni rentable. Ademas, puede resultar dificil lavar completamente las moléculas plantilla,
lo que a su vez puede dar lugar a errores en los resultados analiticos [97]. Por lo tanto,
la estrategia de la plantilla falsa o pseudoplantilla, se ha convertido en una alternativa
atractiva para resolver los inconvenientes anteriores. En esta estrategia de impresién
simulada, se aplica en el proceso de sintesis una molécula sustitutiva similar en
términos de forma, tamafio y funcionalidad a los analitos diana [98]. Este tipo de MMIPs
tienden a mostrar afinidad a mas de un tipo de moléculas de caracteristicas
estructurales similares, de manera que el principal reto de los MMIPs multiplantilla es
combatir la reduccidn de la selectividad causada por la competencia de diferentes
plantillas.

Seleccién de mondmeros funcionales. En los MMIPs, el papel de los mondémeros

funcionales es proporcionar funcionalidad de enlace de hidrégeno o sustituyentes
reactivos que formaran enlaces covalentes con las moléculas plantilla. Los mondmeros
funcionales utilizados habitualmente pueden dividirse en 3 tipos: compuestos acidos
(acido acrilico (AA), acido metacrilico (MAA), acido itacénico, compuestos alcalinos (2-
vinilpiridina, 4-vinilpiridina, 1-vinilimidazol) y compuestos con valor de pH neutro
(estireno, 4-etilestireno o acrilamida (AM)).

Seleccién del reticulante. Los reticulantes tiene la funcion de fijar las orientaciones

y posiciones relativas de los mondmeros funcionales. Los tres reticulantes mas
utilizados son el trimetacrilato de trimetilolpropano (TRIM), el divinilbenceno (DVB) y el
dimetacrilato de etilenglicol (EGDMA). El grado de reticulaciéon y la naturaleza de los
reticulantes influyen mucho en las propiedades fisicas y quimicas de los materiales de
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impresién molecular. Un mayor numero de reticulantes favorece la formacién de
estructuras porosas estables [99]. Sin embargo, afadir una sobredosis masiva de
reticulantes no aumentard el rendimiento de adsorcion, e incluso lo disminuirad. Es
importante elegir la proporcién adecuada entre reticulantes y mondémeros funcionales.
Los mondmeros funcionales reticulantes pueden actuar como mondmeros funcionales y
reticulantes al mismo tiempo, por lo que no es necesario calcular la proporcion de
ambos, lo que simplifica el proceso de sintesis.

Seleccidn del pordgeno. El tipo y la cantidad de porégeno desempefian un papel

importante en la determinacién de la morfologia de la superficie del polimero impreso y
afectan a las interacciones intermoleculares [100]. El pordgeno seleccionado debe
mostrar una alta afinidad con las plantillas, de modo que pueda obtenerse una buena
solubilizacién. El cloroformo, el tolueno, el dimetilsulféxido (DMSO), el acetonitrilo, el
metanol y sus mezclas son disolventes pordgenos de uso comun. Recientemente, los
fluidos supercriticos, los disolventes eutécticos y los liquidos idnicos [101-103],
respetuosos con el medio ambiente, han encontrado un uso intensivo en la impresion de
polimeros. Estos disolventes ecoldgicos presentan las caracteristicas de estructuras y
propiedades a medida, buena solubilidad y excelente estabilidad [104]. Debido a estas
ventajas, se han utilizado como disolventes pordgenos para sustituir a los disolventes
organicos tradicionales.

A la hora de llevar a cabo el procedimiento DMSPE con los MMIPs sintetizados, la
optimizacion de las etapas del proceso se realiza de la misma manera que cuando se
emplean MNPs.

4.2.2.3. Caracterizacion de nanomateriales magnéticos

Los nanomateriales magnéticos como las MNPs y los MMIPs se caracterizan
mediante diferentes técnicas para examinar sus propiedades fisicoquimicas y asi
relacionar su comportamiento con sus propiedades morfoldogicas, que pueden modularse
durante la etapa de sintesis.

Algunas de las técnicas utilizadas para su caracterizacidon son la espectroscopia de
rayos X (EDX), la microscopia electrénica de barrido (SEM), la microscopia electrénica
de barrido de emision de campo (FESEM), espectroscopia infrarroja por transformada de
Fourier (FT-IR) y la espectroscopia de dispersion de luz dinamica (DLS), entre otras.

Las técnicas de microscopia FESEM y SEM permiten determinar el tamano y la
forma del material magnético. La FESEM ofrece una amplia variedad de informacion
procedente de la superficie de la muestra, pero con mayor resolucién y con un rango de
energia mucho mayor a la procedente de un SEM.

Por otro lado, el microanalisis de los elementos presentes en los nanomateriales
sintetizados se lleva a cabo mediante la técnica EDX. Esta técnica es implementada en
un FESEM o SEM vy analiza los rayos X caracteristicos generados a partir de la
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interaccion del haz de electrones y las muestras proporcionando la composicion
elemental de la muestra en forma de espectros en los que se pueden identificar
elementos individuales, y caracterizando quimicamente la muestra.

La técnica espectroscépica conocida como DLS proporciona informacién de gran
interés en el estudio de MNPs. Valiéndose de una instrumentacién relativamente
sencilla, se puede medir la distribucién promedio del tamano de particula y el potencial
zeta.

A lo largo de la presente Tesis Doctoral se han utilizado algunas de estas técnicas
para caracterizar los nanomateriales seleccionados como 6ptimos.

4.3. Plataformas analiticas

En la actualidad se utilizan diversas plataformas analiticas para el anélisis
metabolomico que alnan técnicas de separacidon y deteccién, como la resonancia
magnética nuclear (RMN), la infusidn directa en espectrometria de masas (DI-MS), la
cromatografia de gases acoplada a espectrometria de masas (GC-MS) o espectrometria
de movilidad i6nica (GC-IMS), la cromatografia liquida acoplada a MS (LC-MS) vy la
electroforesis capilar acoplada a MS (CE-MS) [105]. En los siguientes apartados se
detallan las técnicas de separacién y deteccién utilizadas en el desarrollo de la Tesis,
concretamente GC y LC acopladas a detectores MS o IMS.

4.3.1. Técnicas de separacion

La abundancia de metabolitos presentes en cualquier tipo de muestra impone la
necesidad imperativa de llevar a cabo una separacién adecuada de sus componentes
antes de someterlos a procesos de deteccion en métodos dirigidos y no dirigidos. La
implementacion de técnicas de separacién conlleva varios beneficios clave, como la
mejora de la sensibilidad y la capacidad de resolucion en el analisis. Ademas, la
cromatografia brinda informacién adicional de la separacién, como el tiempo de
retencion (RT), que resulta especialmente valioso en enfoques metaboldmicos no
dirigidos.

En metaboldmica, las técnicas de separacion mas prevalentes son LC y GC,
elegidas en funcién de la naturaleza de los metabolitos bajo estudio. En la LC, el
elemento mas critico es la columna analitica, cuyas caracteristicas definen el modo
cromatografico. Las columnas de fase reversa, principalmente las basadas en silice (Cis
o Cg), exhiben una especial afinidad por compuestos de baja polaridad, mientras que las
columnas de fase normal, como las empleadas en LC de interaccién hidrofilica (HILIC),
son mas eficaces en la separaciéon de compuestos polares, abarcando asi una amplia
variedad de metabolitos con propiedades distintivas. A pesar de esto, la mayoria de las
aplicaciones metaboldmicas hacen uso de columnas de fase reversa [105]. Por otro
lado, la GC permite la separacién de compuestos volatiles, incluyendo aquellos que
pueden volatilizarse tras someterse a un proceso de derivatizacion. Este proceso de
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derivatizacidon se realiza en funcidén de la estructura quimica de los metabolitos en
cuestion. La GC desempefia un papel esencial en la determinacion de diversas familias
de metabolitos, como aminoacidos, acidos grasos, acidos carboxilicos y carbohidratos.

4.3.2. Sistemas de introduccion de muestra

En GC es necesario que la muestra se encuentre en estado gaseoso antes de su
entrada en la columna para proceder a su separaciéon. Por ello, es necesaria la
vaporizacion de la muestra liquida en el inyector aplicando temperaturas elevadas para
su posterior transferencia a la columna. Este proceso se consigue con un inyector
con/sin divisién de flujo (split/splitless). Por otro lado, se encuentran otros sistemas de
inyeccion acoplados a los equipos de GC como el inyector de desorcién térmica, los
inyectores de vaporizacién de temperatura programable o los inyectores de espacio de
cabeza. El inyector de desorcidon térmica es un sistema de introduccion de la muestra
para GC formado por una unidad de desorcion térmica (TDU) y un inyector de
temperatura programada (PTV) o también llamado sistema de inyeccién en frio (CIS),
formando el inyector TDU/PTV que asegura la transferencia de la muestra entre ambos
y limita cualquier posible contaminacién del exterior.

El muestreo de espacio de cabeza (HS) constituye una técnica de introduccion de
muestras en GC que implica el andlisis de la fase gaseosa situada por encima de la
muestra en un vial, en lugar de extraer un volumen de la muestra misma (Figura I.8).

- Fase gaseosa
(espacio de cabeza)

Calentamiento
del vial

—*

® 09 ®
Analitos ®g_ 0 Fase liquida
itiles o @® - (muestra)
volatiles .. ®
L IS
@ = |

Muestra, disolvente y
matriz modificada

Figura I.8. Proceso que tiene lugar en el muestreo en espacio de cabeza.

Esta metodologia se utiliza cuando los compuestos de interés exhiben una alta
volatilidad, mientras que el resto de la muestra es considerablemente menos volatil o
incluso no volatil. El HS resulta especialmente beneficioso como alternativa a
procedimientos laboriosos de extraccion, sobre todo cuando se analizan muestras
solidas o liquidos viscosos, como es el caso de la sangre o la orina, muestras
ampliamente estudiadas en investigaciones metaboldmicas. El proceso implica transferir
la muestra a un vial adecuado para la técnica de HS y sellarlo de inmediato para
minimizar la pérdida de los componentes volatiles. Una vez que el vial esta sellado, los
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compuestos de bajo punto de ebullicidn comienzan a migrar entre la muestra y la capa
de espacio de cabeza, alcanzando finalmente el equilibrio (Figura I1.8). El tiempo
necesario para alcanzar este equilibrio varia segln la naturaleza de la muestra y se
determina experimentalmente. Para optimizar este tiempo, se puede incubar el vial en
un horno u otro entorno con control de temperatura. En el marco de esta Tesis Doctoral
se ha empleado un muestreador automatico con inyeccidon en espacio de cabeza.

4.3.3. Técnicas de deteccion empleadas en metabolémica
4.3.3.1.  Espectrometria de masas

Dado que el analisis metaboldmico exige detectores con alta sensibilidad, amplio
rango dindmico para detectar metabolitos presentes a bajas concentraciones en
matrices complejas y con potencia de alta resolucion para identificarlos, la MS es una
técnica que cumple con estos requisitos permitiendo el analisis cualitativo y cuantitativo
y la determinacion de estructuras organicas. La MS esta basada en la obtencién de
iones a partir de moléculas organicas en fase gaseosa y la separacion de éstos en
funcién de su masa y su carga (m/z) para ser finalmente detectados. Por tanto, un

espectro de masas nos da informacién bidimensional relacionando la abundancia de los

distintos iones en funcidn de la relacidn m/z de cada uno de ellos.

Un MS esta formado por las siguientes cuatro partes (Figura 1.9):

Sistema de vacio

-,

istem :
lntsrc;séﬁcc?é?\ede Fuente de Analizador de
la muestra ionizacion masas

Figura I.9. Diagrama de flujo de los elementos constituyentes de un MS.

1. Sistema de introduccidn de la muestra: dependerd de la naturaleza de la

muestra, de su estado sdlido, liquido o gas y de su complejidad. Puede introducirse
mediante un sistema cromatografico LC o GC o directamente en la fuente de ionizacion.
La introduccion a partir de un sistema cromatografico presenta la ventaja de que la
introduccién de las moléculas en el MS se produce de manera secuencial, al haber sido
previamente separadas en la columna.

2. Fuente de ionizacién: sistema encargado de generar los iones a partir de

moléculas neutras en fase gaseosa. La ionizacion requerida de los analitos antes de la
deteccion por MS puede ser producida por diferentes dispositivos. En el caso de un
acoplamiento GC-MS, las fuentes de ionizacidn mas comunes en metaboldomica son la
ionizaciéon por impacto electrénico (EI) y la ionizacidn quimica (CI). En el caso de un
acoplamiento LC-MS, las fuentes de ionizacion empleadas con mas frecuencia son la
ionizacion por electrospray (ESI) y la ionizacién atmosférica (APCI) [19]. A
continuacion, se describen las cuatro fuentes de ionizacién (Figura I1.10).
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Figura I.10. Aplicabilidad de las fuentes de ionizacidon en funcion del peso molecular y la

polaridad.
(a) Ionizacion por impacto electrénico (EI)

La EI se utiliza ampliamente en MS para muestras relativamente volatiles que son
térmicamente estables y tienen un peso molecular relativamente bajo. Las muestras
suelen presentarse en el efluente de un GC o se volatilizan a partir de una sonda de
solidos insertada en la fuente de alto vacio.

La ionizacion se efectlia mediante la interaccion entre las moléculas de analito en
fase gaseosa y una corriente de electrones de alta energia. Los electrones, procedentes
de un filamento incandescente, son emitidos por efecto termoeléctrico y acelerados
mediante una diferencia de potencial variable de 5 a 70 eV entre el filamento y la fuente
de iones. Para enfocar los electrones en una trayectoria especifica, se recurre a la
aplicacion de un campo magnético presentado de manera paralela a la direccién de
desplazamiento de los electrones. Esto resulta en la generacién de una trayectoria
helicoidal que conduce a su recoleccidén en un anodo [106]. La Figura I.11. muestra una
representacion de una fuente de ionizacidn por medio del proceso de impacto

electronico.
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Figura I.11. Fuente de ionizacion por impacto electréonico [106].
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Cuando las moléculas entran en contacto con electrones de alta energia, la
ionizacion se produce por la eliminacion de un electrén para formar un ion de electrones
impares. El impacto electrénico generalmente genera un ion positivo con carga Unica, y
cualquier ion con carga doble o triple es muy poco abundante. La EI es también un
proceso de alta energia y el exceso de energia que queda tras la ionizacidon puede
disiparse por fragmentacion (posiblemente con reorganizacién) de enlaces covalentes
en el ion molecular, para perder un radical (p. €j., CH3) o una especie neutra (p. €j.,
H,O o CHs0H). La fragmentacidn observada durante la EI viene definida por la
estructura quimica del analito y el patron de fragmentacién resultante, altamente
reproducible, puede utilizarse para la elucidacidon estructural y la identificacién de
desconocidos [106]. Estos procesos pueden verse definidos en las siguientes

ecuaciones:
(1) Eliminacion de un electrén: M+e — M+ 2e
(2) Eliminacion de dos electrones: M+e — M2+ 3e
(3) Fragmentacion: M+e — [M-RI"+R+e

La fragmentacion observada durante la EI viene definida por la estructura quimica
del analito y el patron de fragmentacion resultante es altamente reproducible y puede
utilizarse para la elucidacién estructural y la identificacion de desconocidos [106,107].
Esta reproducibilidad se ha explotado para desarrollar bibliotecas de espectros
comerciales y generadas por el usuario en las que se pueden buscar rapidamente
espectros comparables. Para algunos compuestos, la fragmentacién puede ser tan
exhaustiva que el ion molecular no aparece en el espectro EI. Si se necesita esta
informacion sobre la masa molecular, se debe recurrir a uno de los procesos de
ionizacion mas suaves o menos energéticos, como la CI o la ESI, como se describe a
continuacion.

(b) Ionizacion quimica (CI)

Al igual que la EI, la CI también suele aplicarse a muestras presentadas a través
de una interfaz GC o volatilizadas a partir de una sonda de sdlidos. Se trata de una
forma de ionizacidn menos enérgica o suave y estd disefiada para minimizar la
fragmentacion. La CI se realiza normalmente en una fuente similar a la utilizada para la
EI, salvo que se afade un gas reactivo, normalmente metano, isobutano o amoniaco, a
una presién de 0,3-1 torr. A continuacién, el haz de electrones interactia con el gas
reactivo para producir iones reactivos y electrones térmicos, y las moléculas neutras del
analito se ionizan mediante reacciones ion-molécula para producir iones de analito
positivos y negativos. Los electrones térmicos también estan disponibles para la captura
de electrones por analitos electréfilos, produciendo iones analitos negativos [106].
Todas estas reacciones se producen simultdneamente en la fuente y los iones positivos
0 negativos pueden extraerse selectivamente de la fuente hacia el analizador de masas
estableciendo los voltajes adecuados en las lentes de extraccién y enfoque.
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De esta manera, los electrones ionizan las moléculas de metano, generando asi
iones metonio, los cuales interactian con las moléculas presentes de la muestra:

CH4t + CH4 — CHs*™ + CHs3
CHs"+ M — CH4 + [|V|+H:|Jr

Al ion originado, con una unidad de masa mas que el ion molecular, se le
denomina ion cuasimolecular y no tiene apenas tendencia a descomponerse, dado que
se origina sin exceso de energia. Por tanto, el ion cuasimolecular serda el ion
mayoritario.

(c) Ionizacion por electrospray (ESI)

La ESI es la fuente mas ampliamente usada en LC-MS. Consiste en un proceso de
transferencia de iones en disoluciéon, normalmente moléculas polares grandes y no
volatiles, como proteinas, péptidos y carbohidratos, a la fase gaseosa mediante
desorcidn idnica o evaporacién idnica [105].

Las muestras se suministran a la fuente directamente, habitualmente como
eluyente de una columna de LC. La nebulizacion de un liquido se produce como
resultado de la interaccion conjunta entre la aplicacién de un campo eléctrico y la
nebulizacién neumatica. En este proceso, se introduce una corriente de nitrégeno (Nz)
que provoca la evaporacién gradual del disolvente contenido en las gotas liquidas. A
medida que este proceso avanza, las gotas experimentan una reduccién progresiva en
su volumen hasta que alcanzan un punto critico en el cual la fuerza de repulsion
electrostatica supera la tension superficial del liquido. En este punto, las gotas
experimentan una desintegracion electrohidrodindmica, que es inducida por el campo
eléctrico o una explosion de Coulomb, resultando en la formacién de microgotas
altamente cargadas. Estas microgotas pueden dar lugar a la generacion de iones en la
fase gaseosa de dos formas posibles. Por un lado, esto puede ocurrir debido a la
emisidn o desorcion de iones que se encuentran preformados en la superficie de la gota,
siguiendo el modelo de evaporacion de iones. Por otro lado, la generacion de iones en la
fase gaseosa puede deberse a la desolvatacién suave de iones previamente formados,
siguiendo el modelo de carga-residuo [108]. A continuacion, estos iones son atraidos
hacia la entrada de muestra fuera del eje (contraelectrodo) del MS. Esta geometria
ortogonal tiene la ventaja de excluir las moléculas neutras y los cimulos de disolvente
del MS.

El proceso descrito para la formacidon de iones mediante ESI se muestra en la
Figura I.12.
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Figura I.12. Representacion de la formacion de iones con ESI.
(d) Ionizacién atmosférica (APCI)

La fuente de APCI tiene un disefio similar al de la fuente ESI, pero el proceso de
ionizacién es bastante diferente [107]. La disolucion de muestra liquida se pulveriza a
través de un nebulizador calentado en la fuente a presidon atmosférica. Una descarga de
corona ioniza los gases atmosféricos y las moléculas de disolvente para generar una
serie de iones reactivos, de forma similar a la IC. La ionizacion de las moléculas de
analito se produce por reacciones ion-molécula, con una fragmentacion minima. En la
mayoria de los casos, sblo se generan iones de carga Unica, que se extraen de la fuente
y se introducen en el analizador MS. A diferencia de la ESI, la APCI genera activamente
iones a partir de compuestos neutros, lo que hace que los analitos pequefios (hasta
1000-2000 Da) y de polaridad baja a media puedan ser analizados por MS. Sin
embargo, APCI no se adapta tan facilmente a condiciones de bajo flujo como ESI, ya
que depende de una nube concentrada de moléculas de disolvente para generar los
iones reactivos necesarios.

3. Analizador de masas: una vez ionizada la muestra es transportada al analizador

de masas, el sistema encargado de separar los iones en funcidn de su relacién m/z. Esta
es la parte mas importante y, segun el analizador utilizado, se establecen las
clasificaciones de los distintos espectrometros de masas. Los analizadores mas
empleados son el cuadrupolo simple (Q), la trampa de iones (IT), el triple cuadrupolo
(QgQ), Orbitrap, tiempo de vuelo (TOF) o las hibridaciones cuadrupolo - tiempo de
vuelo (QTOF) o cuadrupolo - Orbitrap (Q-Orbitrap). El Q o QgQ estdn considerados
analizadores de baja resolucion (LRMS) mientras que el TOF, QTOF y Q-Orbitrap se
clasifican como analizadores de masas de alta resolucién (HRMS). A continuacion, se
describen aquellos utilizados en esta Tesis Doctoral.
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(a) Cuadrupolo simple (Q)

En este analizador (Figura 1.13), los iones provenientes de la fuente de ionizacién,
colimados y acelerados por medio de una serie de electrodos (potencial de aceleracién,
generalmente bajo, 5-100 V) ingresan al espacio entre las cuatro barras metalicas que
conforman el cuadrupolo. Estas cuatro barras de seccién circular o hiperbdlica estan
dispuestas de forma precisa, perfectamente paralelas y rectas para que los iones
incidan sobre el centro del dispositivo y estan conectadas eléctricamente. Al aplicar
entre los dos pares de barras un campo eléctrico con voltaje de corriente continua (DC),
corriente alterna de alta frecuencia o radiofrecuencia (RF), los iones de diferentes
masas (m/z) se separan con la ayuda del campo eléctrico aplicado.

Detector

Ion con trayectoria Ion con trayectoria
estable (detectado) inestable (no detectado)

Figura I.13. Esquema de un analizador de masas de cuadrupolo simple.

Los Q son compactos, robustos y tienen un precio razonable, lo que hace que se
utilicen ampliamente. Tienen propiedades de alta transmision idnica y, dado que el
barrido se consigue mediante potenciales eléctricos, el rango de masas puede
monitorizarse rapidamente. Esta capacidad de cambiar rapidamente los potenciales
eléctricos en la fuente posibilita el cambio de polaridad entre el andlisis de iones
positivos y negativos en barridos alternos. Este analizador se conecta facilmente a una
gran variedad de fuentes de iones y métodos de ionizacidon. Sin embargo, el rango de
masas es limitado (2000-4000) y generalmente no son capaces de conseguir una alta
resolucion de masas, ya que la resolucion del instrumento viene dada por el rango de
my/z capaz de atravesar el cuadrupolo a unos valores de DC y RF especificos. De manera
que, en analisis de trazas, es recomendable trabajar en modo de Monitorizacién de
Iones Seleccionados (SIM) para aumentar la sensibilidad del método. En este caso, los
potenciales RF y DC se mantienen constantes y asi solo pasa a través del Q una relacién
m/z especifica.

El Q es uno de los analizadores mas utilizados en el acoplamiento con GC, sin
embargo, dada la ausencia de iones fragmentados, la cuantificacion en LC usando este
tipo de analizador se hace muy complicada. Para confirmacion, deberia usarse un
analizador triple cuadrupolo o una IT.
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(b) Triple cuadrupolo (QqQ)

El analizador QgQ (Figura 1.14) se utiliza habitualmente para el analisis
cuantitativo en metaboldmica dirigida [109]. Este detector consta de las partes que se
muestran en la Figura I.14: una fuente de iones seguida de un conjunto de lentes para
la transferencia de iones al primer cuadrupolo (Q1l), consistente en cuatro barras
paralelas a las que se aplican valores especificos de DC y voltajes de RF para filtrar los
iones con uno o varios valores m/z. El voltaje aplicado es variable, de modo que
secuencialmente pueden filtrarse algunos iones y soélo estos pasan a la célula de colisién
en la que se fragmentan.

Esta célula, que generalmente se denomina segundo cuadrupolo (g2), es en
realidad un hexapolo lleno con un gas inerte, nitrogeno o argon, en el que el ion se
fragmenta mediante la aplicacion de un voltaje determinado, y los fragmentos se envian
al tercer cuadrupolo (Q3) en donde una segunda etapa de filtrado permite aislar los
iones producto fijos. Dado que los fragmentos son partes de la molécula precursora,
representan fracciones de su estructura global. Este modo se denomina Monitorizacion
de Reacciones Multiples (MRM) y es el modo comuUnmente utilizado para el analisis
cuantitativo y de confirmacion de un conjunto de metabolitos.

La adquisicion en este modo MRM ofrece una excelente selectividad (minimiza las
interferencias), ya que tiene la posibilidad de aislar un ion en la celda de colisidn,
eliminando otros iones o fragmentos que puedan interferir. De igual modo, gracias a
esta selectividad, ofrece una alta sensibilidad, al reducir en gran medida el ruido de
fondo de los analisis (mejor relacion sefial/ruido, S/N). Por todo ello, la informacion
proporcionada por los sistemas QqQ aumenta la selectividad y la informacion generada
para la elucidacidn estructural.

Célula de colisién

Cuadrupolo, Q1 cuadrupolar, q2 Cuadrupolo, Q3
Hudsya [‘-‘O - ) {3@ = : l“)(-) - Detector
— ) ) | ™ ) %) ) —
@ ) Q ) Q )
i Seleccién de iones

Fuente de Seleccién de iones Fragmentacién producto m/z
ionizacién precursores m/z
(ESI, APCI)

Figura I.14. Esquema de un analizador de masas de triple cuadrupolo.

El QgQ puede funcionar en otros modos, algunos de los cuales también se utilizan
para la confirmacion en andlisis dirigidos mediante el desarrollo de Métodos
Dependientes de los Datos (DDM). Estos otros modos de funcionamiento del QgQ son
los siguientes (Figura 1.15) [110]:
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- Modo Full Scan. Este modo proporciona un espectro completo con compuestos
conocidos o desconocidos. Asi, sélo funciona Q3 y el analizador de masas escanea un
rango concreto de masas sin interrupcién en un segmento de tiempo determinado. Los
experimentos de barrido completo se utilizan para determinar el m/z del ion precursor
de un compuesto o de una mezcla de compuestos.

- Modo de Escaneo de Iones Precursores (PrIS). Este modo de adquisicidon se
utiliza para controlar la presencia de compuestos con un patrén de fragmentacién
comun. Para ello, el Q3 se ajusta para uno o varios valores de m/z especificos, que se
producen por la fragmentacion de estos compuestos en gq2. Complementariamente, Q1
funciona en modo de barrido. Asi, los cromatogramas obtenidos en modo PrIS son
representativos de todos los iones precursores que producen un ion producto
seleccionado por activacion.

- Modo de Escaneo de Iones de Producto (PIS). Al contrario que en el modo PrIS,
los iones formados en la fuente de iones entran en Q1, que filtra los iones precursores
con determinados m/z especificos. A continuacion, los iones precursores seleccionados
se fragmentan en la célula de colision (gq2) para producir iones producto por
descomposicion de iones metaestables o por disociacion inducida por colisién. Estos
iones entran en Q3, que funciona en modo de barrido. Como resultado, los
cromatogramas PIS son Utiles para optimizar los métodos MRM y para obtener
informacion MS/MS para una lista de iones precursores.

- Modo Neutral Loss Scan (NLS). En este caso, tanto Q1 como Q3 se sintonizan
filtrando sobre una diferencia de masa fija entre los iones precursores y los iones
producto. Esta diferencia de masa corresponde a las pérdidas neutras producidas en la
fragmentacion de los iones precursores en q2. Asi, los cromatogramas adquiridos en
este modo contendran picos correspondientes a iones precursores que pierden una
determinada masa neutra por fragmentacién en g2 vy, por tanto, generan iones producto
especificos que se filtran en Q3.

- Modo de Monitorizacion de Reaccidon Seleccionada (SRM). Un ion seleccionado en
Q1 se fragmenta y un fragmento especifico se registra después de la selecciéon por Q3.
La SRM se utiliza habitualmente en el trabajo cuantitativo para mejorar la selectividad y
la sensibilidad del ensayo.
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Figura I.15. Modos de trabajo de un instrumento triple cuadrupolo (QqQ). A) Modo Full
Scan, B) Modo de escaneo de iones producto (PIS), C) Modo de escaneo de iones
precursores (PrIS), D) Modo Neutral Loss Scan (NLS), E) Modo de monitorizacidén de reaccion

seleccionada (SRM). (Figura adaptada de [107])
(c) Hibrido Cuadrupolo-Tiempo de vuelo (QTOF)

La Figura I.16 muestra el esquema de un analizador de masas QTOF. Como se
puede observar, la configuracién del QTOF es la misma que el QqQ, pero el tercer
cuadrupolo se ha sustituido por un tubo de tiempo de vuelo. De este modo el QTOF es
un instrumento "hibrido" que combina tecnologias cuadrupolares con un analizador de
masas de tiempo de vuelo. En resumen, el Q1 funciona como filtro de masas para la
seleccion de iones especificos en funcion de su relacién m/z, o s6lo en modo de RF, en
el que todos los iones se transmiten a través del cuadrupolo. El g2 actia como una
célula de colision en la que los iones son bombardeados por moléculas de gas neutro,
como nitrégeno o argén y da lugar a la fragmentacion de los iones mediante un proceso
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conocido como disociacién inducida por colisién (CID). El g2 también puede funcionar en
modo sélo RF sin fragmentacion adicional de los iones. Tras abandonar el cuadrupolo,
los iones se aceleran en la regién del modulador de iones del analizador de tiempo de
vuelo, donde son impulsados por un campo eléctrico y acelerados ortogonalmente a su
direccién original [111]. Todos los iones que han adquirido la misma energia cinética
entran ahora en el tubo de vuelo, que es una region de deriva libre de campo donde se
produce la separacion de masas. Los iones con una masa mas ligera tendran un tiempo
de vuelo mas corto, mientras que los iones mas pesados tardaran mas en atravesar la
trayectoria de vuelo hacia el detector.

El QTOF puede funcionar en modo MS con el TOF como herramienta de barrido o
en modo MS/MS para elucidacion estructural, en ambos casos aprovechando la alta
precision de masa. Este analizador de masas hibrido ofrece mejor selectividad que los
cuadrupolos triples, aunque la sensibilidad es considerablemente menor. Por otro lado,
gracias a la buena precision de masa (por debajo de 2 ppm), se puede conseguir una
identificacion altamente fiable, permitiendo asi su uso para el perfilado metabolémico
global [111].

Célula de colision Tubo de tiempo
Cuadrupolo, Q1 cuadrupolar, g2 de vuelo, TOF
. & Impulsor Detector
Muestra é;) T } é‘) T ) II' B
§! ) Q ) 1

Fuente de Seleccidn de iones Fragmentacion
ionizacion precursores my/z
(ESI, APCI)

Figura I.16. Esquema de un analizador de masas QTOF

4. Detector: dispositivo encargado de recoger y caracterizar los fragmentos
iénicos generados al salir del analizador y chocar con él. De manera que el espectro de
masas es generado a partir de esa informacion recopilada y muestra los iones presentes
en la muestra. Esta representacién en forma de espectro representa en el eje de
abscisas los valores de m/z y en el eje de ordenadas la intensidad o abundancia de los
iones que impactaron con el detector (con una determinada relacién m/z).

5. Sistema de vacio: dispositivo fundamental del MS que genera un ambiente de

alto vacio (107 torr) que permite que tengan lugar los procesos en el interior del
instrumento. Este dispositivo habilita el recorrido libre medio de los iones formados sin
colisiones en su camino, el cual estd directamente relacionado con la longitud que
recorren hasta llegar al detector.
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4.3.3.2.  Espectrometria de movilidad iénica (IMS)

La IMS es una técnica de determinacidn de compuestos volatiles y semivolatiles
gue se aplica a muestras en estado sélido, liquido y gaseoso. Su principio de operacion
se basa en la diferente movilidad de diferentes iones a presion atmosférica al aplicarse
un campo eléctrico bajo la influencia de un gas inerte [112]. En un IMS, la velocidad de
desplazamiento de los iones es directamente proporcional al campo eléctrico aplicado
(E), y medido en V/cm. En este contexto, cada ion presente en el tubo de deriva
experimenta colisiones con las moléculas de gas de deriva y su velocidad queda
determinada por la cantidad y la frecuencia de estas colisiones de los iones con las
moléculas de gas deriva que tienen lugar en el tubo de deriva:

V=K-E

La constante de movilidad idnica (K) es una magnitud intrinseca de cada ion y se
expresa en unidades de cm2/V-s. Su definicidn se basa en la relacién entre la longitud
del tubo de deriva (I) en centimetros, la velocidad de desplazamiento (V) en cm/s, y el
tiempo de deriva (t) en segundos.

K=P/-t

Con el objetivo de estandarizar los valores de K, se realiza una correccion
teniendo en cuenta la presién y la temperatura. Para ello, se introduce la constante de
movilidad reducida Ko, la cual también se expresa en unidades de cm?/V-s. El calculo de
esta constante Ko, es factible Unicamente en condiciones de campo eléctrico bajo o
moderado, debido a que, para valores elevados de campo eléctrico, la movilidad idnica
deja de ser constante y comienza a depender de manera significativa del campo
eléctrico aplicado. Esta constante se calcula utilizando la siguiente expresion [14,113]:

Ko = K (273/T) (P/101)

El IMS consta de cuatro componentes principales (Figura 1.17):

Presion atmosferica

Sistema de
introduccién de la
muestra

Fuente de
ionizacion

1
]
]
H
Tubo de deriva Detector E

Figura I.17. Diagrama de flujo de los elementos constituyentes de un IMS.
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1. Sistema de introduccion de muestra: actualmente se utiliza una amplia

variedad de dispositivos para introducir muestras gaseosas, liquidas y sdlidas en los
instrumentos IMS. Entre ellos destacan muestreadores de espacio de cabeza,
pirolizadores, unidades de SPME o SBSE [114,115]. Estos son los sistemas de
introduccidon de muestras mas utilizados para convertir sustancias liquidas o sdlidas en
analitos volatiles antes de su determinaciéon por IMS en virtud de su bajo coste y facil
funcionamiento.

2. Fuente de ionizacidén: dispositivo encargado de ionizar las moléculas que entran

en estado gaseoso en el IMS arrastradas por un gas inerte. Las utilizadas mas
frecuentemente son fuentes radiactivas, fuentes de fotoionizacion (lamparas de
fotodescarga y laseres), fuentes de descarga corona (CD) y fuentes ESI.

(a) Fuentes de ionizacién radiactiva

De entre los diferentes tipos de fuentes de ionizacion, las radiactivas son las mas
utilizadas debido a su estabilidad y confiabilidad operativa inherentes. Estas fuentes no
requieren de una fuente de energia externa, aunque en ocasiones precisan de
autorizaciones especiales que cumplan con la legislacidon. Entre las mas empleadas se
encuentran aquellas basadas en el niquel (53Ni), aunque también son comunes el tritio,
un emisor de particulas beta (3H) y el americio, un emisor de particulas alfa (***Am). En
el marco de esta Tesis Doctoral, se utilizdé 3H como fuente radiactiva, cumpliendo con los
requisitos establecidos en el Real Decreto 783/2001 sobre proteccion sanitaria contra
radiaciones ionizantes [116].

La ionizacion a través de una fuente radiactiva de tritio consiste en la emision de
electrones primarios, los cuales interactian con los iones primarios positivos de
nitrégeno (N.*), empleado como gas inerte. Tras una secuencia de reacciones quimicas
consecutivas, que se detallan a continuaciéon, se originan los iones reactantes o
hidratados [H+(H>0)"], dando lugar al pico de iones reactantes (RIP). El RIP representa
la suma total de iones generados por la fuente de tritio, utilizados para ionizar los
compuestos neutros que se introducen en la cdmara de ionizacion del IMS.

3H* + N — N>t + e primario + e secundario
Not + 2N —  Nst + Nz
Nst + H:O — 2N, + HO*
HO* + H.O — H30* + OH
Hs0* + H:0 + N2 5 H*(H20)2 + N

H*(H:0)> + H,O + N> & H*(H20)s + N>
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Estos iones desempefian un papel fundamental en la ionizacion de sustancias
antes de su introduccion en el tubo de deriva. De manera que la ionizacién quimica del
analito se produce mediante la interaccién con los iones reactantes, dando como
resultado la generacion de iones especificos del producto, siempre y cuando la afinidad
protonica del analito sea mayor que la del agua. Las reacciones que conducen a la
formacién de iones de productos, incluyendo mondmeros, dimeros y algunas ocasiones
incluso trimeros idnicos de los compuestos volatiles protonados, se describen de la
siguiente manera:

M + H*(H:0), & MH*"(H20),x + xH20
Muestra + Proton hidratado - Mondmero protonado + Agua
M + MH*(H20)n-x & M2H*(H20)nxy + yH20
Protén hidratado + Muestra - Dimero protonado + Agua

Como se puede apreciar en las reacciones anteriores, las moléculas de la muestra
colisionan con los iones reactantes y, a través de la transferencia de protones, se
originan intermediarios de reaccién inestables que posteriormente se estabilizan
mediante la pérdida de agua, dando lugar a productos idnicos.

Una vez que las muestras han sido ionizadas, la separacion de los iones se efectua
a presion atmosférica en el interior del tubo de deriva bajo la aplicacion de un campo
eléctrico. Previo a la regién de deriva, generalmente se incorpora una puerta de iones o
un obturador de iones. Estos dispositivos estan compuestos por rejillas de alambre u
otros materiales metalicos grabados, y regulan la entrada de iones a la regién de
deriva. Los iones atraviesan estas estructuras cuando se aplica un pulso breve, que
oscila entre 10 y 1000 s, conocido como la anchura de pulso de rejilla (grid pulse
width). Esta anchura de pulso de rejilla influye en la forma y amplitud de los picos en
los espectros de movilidad. Un valor elevado de la anchura de pulso de rejilla aumenta
la sensibilidad de las medidas, aunque a expensas de la resolucion [117].

3. Tubo de deriva: los tubos de deriva consisten en dispositivos compuestos de

anillos de deriva dispuestos de forma apilada o alterna, intercalados con anillos aislantes
en una estructura de tipo tubular, que se conectan por una cadena de resistencias. La
fabricacion de estos tubos es un proceso costoso y laborioso, dado que la precisién en el
ensamblaje de sus componentes es esencial. Para lograr la separacién de iones en el
tubo de deriva, se establece un campo eléctrico utilizando un divisor de tensién. La
separacion de los iones se basa en sus dimensiones y forma, mientras que interactdan
con las particulas en el flujo de gas de deriva, que fluye en sentido contrario al flujo de
la muestra. Los iones mas pequenos se desplazan mas rapidamente que los mas
grandes a través del tubo de deriva hacia el detector.
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Los parametros criticos que influyen en las separaciones IMS en el tubo de deriva
son la temperatura, la pureza y composiciéon de la atmdsfera de gas inerte, el campo
eléctrico y la longitud del tubo de deriva. En primer lugar, la temperatura del tubo de
deriva afecta a la movilidad de los iones y a su tendencia a formar agregados. A
temperaturas bajas, las moléculas de agua neutra de la muestra y el gas de deriva
pueden unirse a los iones en fase gaseosa en la region de deriva, lo que influye en la
sensibilidad, la resolucion y la movilidad de los iones. En este caso, la movilidad de los
iones es reducida. Por otro lado, el aumento de la temperatura del tubo de deriva
desagrega los iones de agua, lo que minimiza las variaciones en la humedad y, en
consecuencia, las fluctuaciones en la movilidad de los iones. Ademas, la movilidad de
los iones de la muestra aumenta con la temperatura del tubo de deriva. Sin embargo,
trabajar a alta temperatura puede ser costoso en términos de energia y podria dar lugar
a reacciones o fragmentacion de iones no deseadas [118].

Otro parametro relevante es la pureza y composicidén de los gases utilizados como
portador y de deriva. El gas portador se emplea para transportar las moléculas de la
muestra desde la entrada hasta la region de reaccidon y proporcionar la atmosfera
necesaria para la ionizacion. Por su parte, el gas de deriva tiene la funcién de mantener
un ambiente de gas limpio en la regién de deriva, libre de impurezas indeseables. En
términos de pureza, cuando se utiliza aire ambiente como gas portador o de deriva, se
debe someter a un proceso de filtracién con tamices moleculares para eliminar o reducir
la humedad y otras impurezas gaseosas que puedan estar presentes, con el fin de
prevenir reacciones no deseadas en los dispositivos IMS. Aunque el aire puro es el gas
mas comunmente utilizado, se deben tomar precauciones similares con otros gases,
como nitrégeno o helio, entre otros. En cuanto a la composicidn de los gases portadores
y de deriva, se ha concluido en investigaciones previas, como las realizadas por Gunzer
[119] y Kirk [120] que, en la mayoria de los compuestos, no se esperan diferencias
significativas en los valores de movilidad entre nitrégeno y aire puro sintético,
considerando las constantes de polarizabilidad y las masas de N, y O, junto con sus
respectivas abundancias en el aire.

Asimismo, la intensidad del campo eléctrico aplicado en la region de deriva influye
en la separacién de iones en el tubo de deriva, ya que un aumento en este parametro
mejora la capacidad de resolucién [121,122]. Por ultimo, la longitud tipica del tubo de
deriva oscila entre 5 y 10 cm, y se ha demostrado que una mayor longitud mejora la
resolucion, ya que se reduce la formacién de agregados y las reacciones de
fragmentacién en dicho tubo.

4. Detector: dispositivo con el que finalmente los iones experimentan colisiones,
que tipicamente consiste en una placa de Faraday. Estas colisiones generan una
corriente idnica, la cual, a través de un amplificador, se transforma en una sefal de
voltaje correspondiente. El registro de la corriente de iones amplificada en funcién del
tiempo produce el espectro de movilidad iénica de una determinada medicién [113].
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La Figura I.18 presenta un esquema del dispositivo de IMS.
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Figura I.18. Esquema general de un IMS.

Existen distintas variantes de espectrometros de movilidad idnica cuyos principios
de funcionamiento difieren del procedimiento descrito [123]. La espectrometria de
movilidad idnica asimétrica de campo (FAIMS), también conocida como espectrometria
de movilidad idnica diferencial (DIMS), y la espectrometria de movilidad idnica de onda
viajera (TWIMS) son dos ejemplos de esas variaciones.

En el caso de la FAIMS, la separacion de los iones se basa en la variacion de las
movilidades idnicas durante la influencia de campos eléctricos asimétricos. Una vez
concluido el proceso de ionizacion, los iones son transportados por el gas portador a
través de dos electrodos de placa paralelos existentes en la regiéon de separacién. Aqui
se aplica una forma de onda eléctrica asimétrica de alta frecuencia transversalmente a
la direccion del gas portador. Esta forma de onda asimétrica estd compuesta por un
componente de alta tensiéon y un componente de baja tension de polaridad opuesta. Los
distintos iones presentan comportamientos diferentes una vez expuestos a estos
componentes alternantes del campo eléctrico y, como consecuencia del campo eléctrico
oscilante, tenderan a desplazarse hacia una de las paredes. Si los iones alcanzan las
paredes se vuelven indetectables, por lo que, para evitar la pérdida de los analitos
diana, se aplica también a los iones una tension de compensacién baja con una
magnitud y polaridad especificas. Este procedimiento permite la deteccion de los iones.

En el FAIMS, las movilidades idnicas dependen del campo y no son constantes,
como en el caso del IMS de tubo de deriva, es decir, el FAIMS tiene algunas dificultades
para asignar propiedades estructurales debido a los diversos factores que pueden
contribuir a la variacién de las movilidades finales [124-127]. La Figura I.19.A.
esquematiza el principio de funcionamiento del IMS asimétrico de campo.



64 | Introduccion
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Figura I.19. Esquema de los IMS del tipo A) FAIMS y B) TWIMS (Figura adaptada de [128]).

El TWIMS (Figura 1.19.B) presenta similitudes tanto con el IMS de tubo de deriva
estandar como con el FAIMS. Su principio de funcionamiento se basa en la utilizacién de
formas de onda periddicas, como en el FAIMS, pero la separacién de los analitos se
basa en la movilidad absoluta de los iones, como en el IMS de tubo de deriva. Una vez
ionizada la muestra, los iones se exponen a una secuencia de ondas de potencial
simétricas que se propagan en régimen continuo por el interior del tubo. Estas ondas
estan formadas por electrodos circulares, cominmente conocidos como electrodos de
anillo, montados paralelamente a través de todo el tubo. Para ello, se aplica un impulso
transitorio de tensidon continua en los electrodos con el fin de generar una fuerza
electromotriz a través de los anillos de polaridad secuencialmente opuesta. La fuerza
electromotriz generada a través de la pila de electrodos es responsable de la creacién
de las ondas viajeras. Dado que las ondas son de naturaleza viajera, propulsan los iones
a lo largo de toda la region de separacién a velocidades especificas. Al igual que en los
IMS de tubo de deriva estandar, las velocidades dependen de la movilidad intrinseca de
cada ion. Como resultado, los distintos iones llegan al final del tubo en momentos
diferentes, lo que permite su identificacion. De forma similar a lo que ocurre con el IMS
de tubo de deriva, el TWIMS también dispersa los iones seguin su tipo, por lo que es
adecuado para el analisis de mezclas complejas. Por otro lado, el IMS de tubo de deriva
suele presentar mayores niveles de resolucion que los dispositivos TWIMS [129-131].

A pesar de que la IMS se utiliza ampliamente debido a sus caracteristicas, en los
ultimos afos se ha combinado con técnicas cromatograficas como la GC con el propdsito
de separar previamente los componentes de la muestra mediante una columna capilar.
Esto facilita la cuantificacién de compuestos volatiles y semivolatiles, aumentando la
selectividad del método.

El principio de funcionamiento es idéntico, pero al realizar esta combinacién se
genera un espectro tridimensional, donde el eje X representa el tiempo de deriva (ms),
el eje Y indica el tiempo de retencién (s) y el eje Z refleja la intensidad (Figura 1.20).
Estos espectros proporcionan informacidn tanto cuantitativa (el area bajo el pico se
relaciona con la concentracidn) como cualitativa (la posicidon de la sefial se relaciona con
la forma y el tamano) de los compuestos analizados. Ademas, la sefial del RIP se reduce
cuando se detecta un analito, ya que el analito se ioniza consumiento el RIP, de manera
gue a mayor concentracion del analito menor sera el RIP.
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La combinacion de GC e IMS aprovecha las ventajas de la separacion
cromatografica de gases junto con la alta sensibilidad y rapidez de respuesta de la
espectrometria de movilidad idnica. Este instrumento analitico permite la deteccién de
una amplia variedad de compuestos en muestras bioldgicas, ambientales o alimentarias
[132-134].

. , [
Intensity (V):  p.osp

Retention time (s)

Drift time (ms)

Figura I.20. Ejemplo de espectro de GC-IMS [135].

Dada la complejidad inherente a las mediciones tridimensionales obtenidas con
GC-IMS, es esencial recurrir a herramientas que faciliten la organizacién y simplificacion
de estos datos para su posterior analisis. En el ambito de la quimica, una de las
practicas mas comunes para llevar a cabo este proceso es la quimiometria. Esta
disciplina se fundamenta en la aplicacidon de técnicas matematicas, estadisticas y logica
formal con el fin de obtener una informacidon optima a partir de los datos quimicos
utilizados.

4.4. Tratamiento de datos

La investigacién en metabolomica produce conjuntos de datos de gran
complejidad que involucran cientos o, en algunos casos, miles de metabolitos. El
adecuado procesamiento de estos datos representa una fase crucial con un impacto
significativo en la amplitud y calidad de los resultados metaboldmicos. Una vez se han
generado los datos brutos de los analisis, el flujo de tratamiento de datos se va a dividir
en tres etapas que se muestran en la Figura I.21: preprocesamiento de datos,
pretratamiento de datos y tratamiento de datos. Los enfoques de tratamiento de datos
empleados en metaboldmica se disefan segun la estrategia seleccionada, siendo
ligeramente diferentes entre analisis dirigidos y no dirigidos.
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Flujo del procesamiento de datos

o Reduccidn del ruido
o Deteccion y deconvolucion

o o Analisis estadistico
o Normalizacién

f univariante y
de picos o Transformacién i Ca e e
o Alineamiento I :
i ; o Escalado o Identificacién de
o Extraccion recursiva

‘o Filtrado de datos . . metabolitos

Figura I.21. Flujo del procesamiento de datos en metaboldmica.
4.4.1. Preprocesamiento de datos

Esta etapa es la mas critica, ya que a partir de ella se conseguira extraer de los
archivos brutos las sefiales correspondientes a todos los metabolitos potenciales,
también conocidos como entidades moleculares. Por ello, el proceso se divide en los
siguientes pasos: reduccion del ruido, deteccion y deconvolucion de picos, alineamiento,
extraccion recursiva vy filtrado de datos.

-Reduccién del ruido. Etapa empleada para corregir artefactos de baja frecuencia
y la variacién instrumental. Un menor ruido de fondo reduce los falsos positivos y
facilita la deteccién de picos.

-Deteccidon y deconvolucion de picos. El paso de deteccién consiste en identificar
los posibles metabolitos presentes en el cromatograma. Este proceso puede realizarse
mediante la deteccidn y extraccién de posibles entidades moleculares a partir de datos
LC-MS y GC-MS. Una tarea critica es la deconvoluciéon, encargada de separar
computacionalmente componentes coeluyentes y crear un espectro puro para cada
componente a través de la extraccion de iones de un cromatograma de iones totales.
Tras este proceso, se obtienen listas de entidades moleculares caracterizadas por su RT,
su m/z y su abundancia.

-Alineamiento. Tras la extraccién de todas las entidades moleculares en el
conjunto de muestras, es necesario llevar a cabo una alineacion de las sefales entre las
muestras, para corregir la posible variabilidad entre las muestras analizadas, puesto
que puede afectar considerablemente a la calidad del estudio.

-Extracciéon recursiva. La matriz obtenida tras la alineacion de picos
cromatograficos podria mejorarse mediante la implementacién de un paso adicional
para la extraccion de metabolitos potenciales en muestras en las que no se detectaron
inicialmente. Este tratamiento permite reducir los valores perdidos, que es una tarea
crucial antes del analisis estadistico.
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-Filtrado de datos. Dada la gran cantidad de datos adquiridos es necesaria una
etapa de filtrado de datos para eliminar las sefiales no deseadas. Se suelen emplear
como filtros RT, rangos de m/z o un criterio para eliminar sefiales por debajo de de una
altura o area de pico especificada.

4.4.2. Pretratamiento de datos

En esta etapa se llevan a cabo las etapas de normalizacién, transformacion y
escalado previo al analisis estadistico y la identificacion de metabolitos final.

El objetivo principal del proceso de normalizacién es eliminar las variaciones no
deseadas entre las muestras, permitiendo su comparacién cuantitativa [136,137]. La
seleccion de un método de normalizacion adecuado depende del tipo de muestra
bioldgica a analizar y de la plataforma analitica [136]. Existen multiples procesos de
normalizacion, por ejemplo, la posible variabilidad instrumental entre analisis puede
minimizarse empleando el método de normalizaciéon de la sefial (til total del MS
(MSTUS), que utiliza la intensidad total de los picos que estan presentes en todas las
muestras en el estudio como factor de correccion [136].

Por otro lado, el proceso de transformacion se realiza porque hace falta que los
datos se distribuyan mas adecuadamente para el anadlisis multivariante. La mayoria de
los datos de MS se distribuyen en una amplia gama de valores en una escala arbitraria.
Los datos que se transforman en una escala logaritmica en su caso, se ajustan mejor a
los supuestos de las pruebas estadisticas.

Finalmente, el proceso de escalado de datos es debido a las posibles disparidades
en los rangos de medidas de las variables originales, evitando asi que las variables
altamente abundantes oculten la influencia de las variables con niveles de abundancia
intermedia o baja. En el contexto de la metabolémica, se emplean con mas frecuencia el
escalado centrado a la media, el autoescalado (centrado a la media y dividido por la
desviacién estandar de cada variable) y el escalado Pareto (centrado a la media y
dividido por la raiz cuadrada de la desviacidon estandar de cada variable), ya que suelen
proporcionar los resultados éptimos. Asi, se consigue disminuir la relevancia de las
variables mas abundantes, otorgando una mayor importancia a las variables que
presentan niveles de abundancia intermedia o baja.

4.4.3. Tratamiento de datos

Debido al gran nimero de variables analizadas en los estudios metaboldmicos, se
suelen emplear analisis multivariantes. Sin embargo, el analisis univariante también
puede utilizarse para comprobar la significacion estadistica de una variable concreta
cuando se altera en el analisis multivariante.
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4.4.3.1.  Andalisis estadistico
(a) Analisis de datos univariante

Para seleccionar el analisis estasistico mas adecuado de entre los diferentes
analisis univariantes, es necesario comprobar si los datos estan distribuidos
normalmente, para asi distinguir entre pruebas paramétricas (basadas en la
comparacion de la media) y no paramétricas (basadas en la comparaciéon de la
mediana), atendiendo a si estan o no distribuidos normalmente, respectivamente. En
ambos casos hay pruebas paralelas que pueden utilizarse en funciéon del objetivo del
estudio. La normalidad se puede evaluar llevando a cabo un test Shapiro-Wilk. La Tabla
1.3 enumera las pruebas paramétricas y no paramétricas que pueden utilizarse en
analisis univariante [138].

Tabla I.3. Tipos de test que se utilizan en andlisis univariante

Test paramétricos Test no paramétricos

Wilcoxon test

Varianza igual Varianza desigual (2 grupos, muestras apareadas)
Mann-Whitney U test
t-test (2 grupos) Brown-Forsythe (2 grupos) (2 grupos muestras&::iesapareadas)
ANOVA (> 2 grupos) Welch test (> 2 grupos) Kruskal-Wallis test (> 2 grupos)

(b) Analisis de datos multivariante

El analisis estadistico multivariante permite reducir grandes cantidades de datos
en unas pocas dimensiones para la clasificaciéon de muestras. Con este objetivo, pueden
realizarse dos enfoques diferentes, los métodos supervisados y no supervisados, que
normalmente se utilizan en ese orden.

En el analisis multivariante no supervisado los metabolitos se agrupan mediante
algoritmos en grupos, sin conocimiento previo de los componentes del grupo. Los datos
se visualizan para encontrar similitudes y diferencias entre grupos de muestras. En este
caso, el andlisis de componentes principales (PCA) es el analisis multivariante no
supervisado mas utilizado y es el primer paso en un estudio metabolémico. El PCA
muestra, en el primer componente principal, la mayor varianza posible y cada
componente siguiente considera la mayor variabilidad posible. Este tipo de analisis
ofrece una visidn rapida del perfil de metabolitos, informacién sobre agrupaciones y
valores atipicos, conocidos como outliers. Ademas, la variabilidad de la secuencia
analitica puede evaluarse observando la agrupacion de los controles de calidad (QC), de
modo que si las muestras de QC estan agrupadas significa que la secuencia analitica se
realizd adecuadamente al no mostrar una variabilidad significativa y puede llevarse a
cabo el analisis posterior. No obstante, el PCA sélo puede utilizarse para encontrar
patrones globales en el conjunto de muestras. Las diferencias entre los grupos
experimentales deben revelarse mediante un analisis supervisado.
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En el analisis supervisado, los modelos se construyen conociendo la informacién
sobre la clase de muestra de antemano. En metaboldémica, los métodos supervisados
mas empleados son el analisis discriminante de minimos cuadrados parciales (PLS-DA)
y PLS-DA ortogonal (OPLS-DA). El primer método de clasificacion se consigue
combinando dos matrices de datos (X, conjunto de datos que contiene observaciones
(muestras) y variables (caracteristicas) e Y, informacién sobre el tipo de muestras) y se
emplea para optimizar la separacion entre grupos de muestras. El propdsito de PLS-DA
es lograr la maxima covarianza entre las variables independientes X, y las variables
dependientes Y, encontrando un subespacio lineal que permita la prediccion de la
variable 1 basada en un numero reducido de factores (componentes PLS, o variables
latentes) [139].El PLS-DA permite una interpretacién visual de datos mediante un
grafico claro que muestra la separacion entre grupos de muestras. El otro método
supervisado basado en miniminos cuadrados parciales ortogonales, es decir, el OPLS-
DA, divide la variacién sistematica de la matriz X en dos partes, una relacionada
linealmente con Y y la otra no relacionada (ortogonal a Y)[140].

El principal inconveniente del analisis discriminante supervisado es el fendmeno
del sobreajuste: la obtencion de resultados falsamente significativos debido al mayor
numero de variables (caracteristicas) en comparacion con el nimero de observaciones
(muestras) [141]. Este sobreajuste se evita creando dos conjuntos de datos diferentes,
el conjunto de entrenamiento y el conjunto de validacién. En los que el conjunto de
datos de validacidon no se emplea para crear el modelo de entrenamiento. A veces, este
enfoque no puede seguirse como resultado del bajo nimero de muestras que suelen
utilizarse en metaboldmica. En esta situacidn, la validacién del modelo puede lograrse
mediante la validacion cruzada de modelos o pruebas de permutacion. Para llevar a
cabo la validacion cruzada, el modelo se construye excluyendo parte de los datos vy, a
continuacion, prediciendo las muestras omitidas [142].

En general, el objetivo del analisis estadistico es la busqueda de variables
(caracteristicas) estadisticamente significativas que sean diferentes entre grupos de
muestras. En este sentido, el valor de la variable de importancia en la proyeccién (VIP)
podria utilizarse para seleccionar los candidatos mas significativos. La contribucion
global de cada variable X al modelo PLS, sumada sobre todos los componentes y
ponderada segln la variacién Y contabilizada para cada componente, se resume
mediante el valor VIP. Este paréametro permite clasificar los metabolitos. Asi, cuanto
mayor sea el valor VIP que presenten, mas influencia tendran en el modelo. Cuando se
utiliza el software SIMCA, las variables que presentan valores VIP superiores a 1 pueden
considerarse estadisticamente significativas, sin embargo, normalmente se consideran
valores superiores (>1,5) [143].
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4.4.3.2. Identificacion de metabolitos

El dltimo paso del flujo de trabajo metabolémico es la identificacion de los
metabolitos mas significativos. Este proceso representa uno de los pasos mas lentos y
dificiles en los estudios metabolémicos y comienza con la busqueda de las masas o
valores m/z de las variables significativas en bases de datos (Tabla I.4). La
identificacién tentativa de los metabolitos significativos se lleva a cabo basandose en la
coincidencia entre la masa exacta suministrada por el instrumento HRMS vy las bases de
datos de metabolitos. Aqui, es importante destacar que el nimero de posibles formulas
moleculares disminuye al aumentar la precisidon obtenida en la medicidon de los valores
m/z, aumentando la posibilidad de lograr una identificacién precisa.

Tabla I.4. Bases de datos de libre acceso que se utilizan habitualmente en
metaboldmica

Base de Datos Descripcion

Human Metabolome DataBase

La Human Metabolome Database (HMDB) es una base
de datos electrénica de libre acceso que contiene
informacion detallada sobre los metabolitos presentes

’é‘i e
%:E’d b en el cuerpo humano. Contiene 248.079 entradas de

h m metabolitos, tanto hidrosolubles como liposolubles.

. an Metabolome : Incluye datos quimicos, clinicos y biolégicos.
(https://hmdb.ca/)

Metabolite and Tandem Mass  METLIN proporciona enlaces e informacidon para cada

Database uno de sus 960.000 compuestos. Estos incluyen

nombre, nombre sistematico, estructura, férmula

elemental, masa, nimero CAS, ID y enlace HMDB,

y disponibilidad comercial y opciones de busqueda

METLIN directa en la propia_molécula. Aden‘_lés, también uFiI_iga

) la estructura conocida del metabolito, la composicion

e elemental y la medicién precisa de la masa de los
(https://metlin.scripps.edu) fragmentos para predecir su estructura.

MassBank of Noth America

MassBank of North America (MoNA) es un repositorio
centrado en metadatos  disefiado para el
almacenamiento y la consulta eficientes de registros
de espectros de masas. Pretende servir de marco para
una base de datos centralizada y colaborativa de
espectros de masas de metabolitos, metadatos y
compuestos asociados.

(https://mona.fiehnlab.ucdavis.edu)

FooDB es el mayor repositorio sobre componentes,
Food Database y P P

quimica y biologia de los alimentos. Proporciona
/ informacién sobre macronutrientes y micronutrientes,
] composicién, bioquimica y fisiologia. Ademas, incluye
datos sobre la nomenclatura del compuesto, su
(https://foodb.ca) descripcion, informacion sobre su estructura, clase

guimica y datos fisicoguimicos.
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5. Micotoxinas

Las micotoxinas son compuestos téxicos resultantes del metabolismo secundario
de varios hongos filamentosos, principalmente las especies Fusarium, Aspergillus,
Penicillium vy Alternaria. Este término deriva de las palabras griegas mikes y toxina, las
cuales significan hongo y veneno respectivamente, y se refiere a moléculas de bajo
peso molecular (< 1.000 Da) con caracteristicas estructurales variables, por lo que su
comportamiento quimico en términos de solubilidad, estabilidad, reactividad y toxicidad
difiere mucho entre si. En la actualidad, se han descrito e identificado mas de 400
micotoxinas.

Las micotoxinas pueden aparecer de forma natural en cereales, frutos secos,
especias, cacao, café, frutas y verduras susceptibles de contaminacién flngica. Los
hongos micotoxigénicos pueden colonizar los cultivos en algdin momento desde las
etapas previas hasta las posteriores a la cosecha (almacenamiento, distribucion vy
procesado) y su crecimiento puede verse favorecido por condiciones ambientales como
el pH, la temperatura, la actividad del agua o la luz. Las micotoxinas se producen
durante la etapa final de la fase de crecimiento exponencial y el comienzo de la fase
estacionaria (Figura 1.22) [144].

Sintesis de micotoxinas

Log biomasa

Fase de retraso Fase exponencial Fase estacionaria

Tiempo

Figura I.22. Fases de crecimiento flingico y localizacién de la sintesis de micotoxinas.

El consumo de productos alimentarios contaminados por micotoxinas puede
representar un problema para la salud humana en funcién de su toxicidad. Las
enfermedades agudas o cronicas causadas por micotoxinas se conocen generalmente
como micotoxicosis, cuya sintomatologia y érgano diana dependen de las caracteristicas
quimicas de cada micotoxina. Se han atribuido diferentes efectos toxicos a las
micotoxinas, como inmunosupresion, neurotoxicidad o trastornos intestinales, que se
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han relacionado con la exposicidn crénica a través de la dieta. Sin embargo, el aspecto
mas preocupante de su toxicidad radica en su potencial carcinogénico.

La Agencia Internacional de Investigacion sobre el Cancer (International Agency
for Research on Cancer, IARC) ha recopilado y evaluado los efectos cancerigenos de las
micotoxinas en los seres humanos. Segun su potencial carcindbgeno, algunas
micotoxinas se incluyeron en una clasificacion basada en los siguientes grupos:
carcinégenas para el ser humano (grupo 1); probablemente carcinégenas para el ser
humano (grupo 2A); posiblemente carcinégenas para el ser humano (grupo 2B); no
clasificables en cuanto a su carcinogenicidad para el ser humano (grupo 3);
probablemente no carcinégenas para el ser humano (grupo 4).

La Tabla I.5 muestra el nimero de micotoxinas incluidas en cada uno de los
grupos mencionados.

Tabla I.5. Clasificacién segun la IARC del riesgo carcinogénico de algunas micotoxinas

[145]
Micotoxinas Grupo

Aflatoxinas (incluyendo aflatoxinas B1, B2, G1, G2 y M1) 1
Fumonisinas B1 y B2 2B
Ocratoxina A 2B
Esterigmatocistina 2B
Patulina 3
Deoxinivalenol y nivalenol 3
Toxinas T2 y HT-2 3
Zearalenona 3
Citrinina 3

5.1. Clasificacion de las micotoxinas

En la actualidad se han identificado mas de 300 metabolitos secundarios fungicos,
sin embargo, sélo una treintena presentan propiedades preocupantes para humanos vy
animales. Las micotoxinas se clasifican de diferentes formas atendiendo a doénde se
generan o en funcién del género del moho por el que son producidas, siendo los grupos
mas importantes desde un punto de vista agroalimentario y sanitario las aflatoxinas,
ocratoxina A (OTA), patulina, fumonisinas, zearalenona (ZEN) y los tricotecenos. A
continuacion, se describen en detalle aquellas estudiadas en la presente Tesis Doctoral.

5.1.1. Aflatoxinas

Las aflatoxinas son las micotoxinas mas ampliamente investigadas en cuanto a su
aparicion y toxicidad desde que fueron clasificadas en el grupo 1 de la IARC como
carcinégenas para el ser humano. De hecho, la aflatoxina B1 (AFB1) (Figura 1.23) es
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uno de los carcindégenos naturales mas potentes conocidos y por ello la exposicion
crénica a largo plazo de esta toxina a través de la dieta tiene importantes consecuencias
para la salud humana. Estas micotoxinas son producidas por mohos del género
Aspergillus, principalmente A. flavus, A. parasiticus, A. nomius y A. tamarii [146].
Existen cuatro aflatoxinas naturales principales: AFB1 y aflatoxina B2 (AFB2) derivadas
de A. flavus y aflatoxinas G1 y G2 (AFG2 y AFG1) causadas tanto por A. parasiticus
como por A. flavus. Los niveles de toxicidad asociados a las aflatoxinas varian en
funcion de los tipos encontrados, oscilando en toxicidad, carcinogenicidad vy
mutagenicidad en el orden AFB1 > AFG1 > AFB2 > AFG2 [146]. Estas cuatro aflatoxinas
principales se analizan de manera rutinaria junto con la aflatoxina M1 (AFM1), la cual se
forma al hidroxilar una posicién determinada de AFB1 cuando esta es metabolizada. Del
mismo modo se forma la aflatoxina M2 (AFM2) a partir de la AFB2, y ambas son
metabolitos presentes en la leche.

Desde el punto de vista estructural, el nucleo de las aflatoxinas se basa en un
anillo di- o tetra-hidro-difurano unido a una cumarina con cinco o seis carbonos. Las
aflatoxinas B presentan un anillo de furano mientras que en las aflatoxinas G en lugar
de furano encontramos un anillo de lactona. Por otro lado, la letra B de las AFB1 y AFB2
es debida a que estas micotoxinas presentan fluorescencia azul (blue), mientras que la
letra G de las AFG1 y AFG?2 indica que presentan fluorescencia verde (green).

Figura I.23. Estructura quimica de la aflatoxina B1.

Los cultivos afectados por la contaminacidn por aflatoxinas son los cereales (maiz,
arroz, trigo), semillas oleaginosas (cacahuete, girasol, soja, algodén), especias (chile,
pimienta negra, cilantro, circuma, jengibre) y los frutos secos (almendras, coco, nueces
de Brasil, nueces, pistachos). Las aflatoxinas también pueden encontrarse en la leche,
los huevos y la carne de animales alimentados con piensos contaminados [147].

5.1.2. Ocratoxina A

La OTA es producida por varios hongos de los géneros Aspergillus y Penicillium,
principalmente A. ochraceus y P. verrucosum, aunque otras especias como A.
carbonarius y A. niger también pueden ser relevantes en funciéon de las condiciones
medioambientales de una zona geografica. La aparicion de OTA en zonas de baja
temperatura suele estar relacionada con Penicillium, mientras que Aspergillus es mas
comun en zonas calidas y himedas. Atendiendo a su estructura quimica, la OTA (Figura
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1.24) es un pentacetato de la familia de las dihidrocumarinas unido a una B-fenilalanina,
que presenta la peculiaridad de contener un atomo de cloro [148].

O OH
) OH O
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Figura I.24. Estructura quimica de la ocratoxina A.

La OTA se ha encontrado en la cebada, la avena, el centeno, el trigo, los granos
de café y otros productos vegetales, siendo la cebada la que presenta una probabilidad
de contaminacion especialmente alta. También existe la preocupacion de que la
ocratoxina pueda estar presente en ciertos vinos, especialmente los procedentes de
uvas contaminadas con A. carbonarius.

La OTA ha resultado ser téxica sobre el sistema inmune y el sistema nervioso,
presenta efectos hemorragicos y altera el metabolismo de los hidratos de carbono,
provocando la acumulacion de glucdégeno en el higado. Ademas, se ha relacionado con
nefropatias tanto en animales como en humanos.

5.1.3. Tricotecenos

Los tricotecenos son una gran familia (mas de 200 toxinas) de compuestos
estructuralmente relacionados producidos por una amplia gama de especies de hongos
como Fusarium, Cephalosporium, Myrothecium, Trichoderma, Stachybotrys, Spicellum,
Trichothecium y otros. Se han encontrado en maiz, avena, trigo, cebada, centeno,
arroz, nogal y tomate [149]. El mas importante de estos géneros flingicos es el
Fusarium, ya que esta presente en muchos habitats, es un problema mundial y produce
la mayor variedad de tricotecenos [150]. Aunque los tricotecenos son las micotoxinas
guimicamente mas diversas, sélo unas pocas son importantes para la salud humana y
animal.

Los tricotecenos de Fusarium se dividen en dos tipos principales caracterizados
por la ausencia (tricotecenos de tipo A) o la presencia (tricotecenos de tipo B) de un
grupo cetona en el dtomo de carbono 8 (C-8). Los tricotecenos de tipo A contienen una
funcién éster (por ejemplo, la toxina T-2 o la HT-2), o ningln sustituyente en el C-8
(por ejemplo, 4,15-diacetoxiscirpenol, DAS) [149,150]. En cambio, los tricotecenos de
tipo B, como el deoxinivalenol (DON) y sus derivados acetilados, poseen un grupo
cetona en C-8 [151]. Se ha demostrado que los tricotecenos son potentes inhibidores
de la sintesis de nucledtidos y proteinas y pueden afectar a la funcién mitocondrial,
inducir inmunosupresion, etc., en organismos eucariotas [152].



Introduccion 75

5.1.3.1. Deoxinivalenol

El DON es una micotoxina producida principalmente por Fusarium culmorum vy
Fusarium graminearum, que pueden colonizar una amplia gama de cereales,
especialmente trigo, maiz, cebada, avena o arroz, entre otros, y su presencia también
se ha notificado repetidamente en productos derivados como cereales de desayuno, pan
o aperitivos salados [151]. Esta micotoxina presenta una alta estabilidad térmica y se
conoce como vomitoxina debido a sus fuertes efectos eméticos después de su consumo,
ya que es transportada al cerebro, donde dirige receptores dopaminérgicos. El DON se
considera el tricoteceno de tipo B mas importante. Su estructura quimica (Figura 1.25)
contiene 3 grupos hidroxi libres (-OH), que estan asociados a su toxicidad.

Figura I.25. Estructura quimica del deoxinivalenol.
5.1.3.2. Toxina T-2

La toxina T-2 (T-2) se considera la principal micotoxina de la familia de los
tricotecenos tipo A. Como tricoteceno, la T-2 es producida por especies de Fusarium
como Fusarium soprotrichioides, Fusarium poae y Fusarium acuinatum, que suelen
aparecer en regiones de clima frio o en condiciones himedas. Estos hongos pueden
estar presentes en el maiz, el trigo y la avena, por lo que se ha descrito la presencia de
T-2 principalmente en estos cereales y productos derivados, a menudo junto con HT-2,
otro tricoteceno de tipo A (Figura 1.26) [153].

90y .OH

Figura I.26. Estructura quimica de la toxina T-2.
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5.1.4. Micotoxinas emergentes de Fusarium

El término “micotoxinas emergentes”, aunque se utiliza a menudo hoy en dia para
ciertos metabolitos fungicos, no esta claramente definido. Uno de los primeros trabajos
que utiliza este término se publicé en 2008; este trabajo trata de los metabolitos de
Fusarium fusaproliferina (FP) beauvericina (BEA), enniantinas (ENNs), y moniliformina
(MON) [154], y desde entonces el término se ha utilizado sobre todo para estos
compuestos. Por otra parte, en un documento mas reciente las micotoxinas emergentes
se han definido como "micotoxinas que no se determinan rutinariamente, ni estan
reguladas legislativamente; y sin embargo, la evidencia de su incidencia esta
aumentando rapidamente" [155].

La BEA y las ENNs A, Al, B y Bl (Figura 1.27) son las micotoxinas emergentes
mas estudiadas. Estas micotoxinas son péptidos ciclicos similares a algunos antibidticos
macrélidos como la valinomicina.

S 15
I L

N NS
o)

_ g )ik
O Ao ‘gl
HO Q/ o>/

Enniantina A Beauvericina

Z

X
Z/

I O
\\/o
e

Figura I.27. Estructuras quimicas de la enniantina A y beauvericina.

La escasez de muestras de referencia adecuadas es uno de los principales motivos
para el retraso en el control de las micotoxinas emergentes por parte de grandes
laboratorios, dificultando asi la labor de los evaluadores de riesgos para estimar su
contaminacién.

5.2. Legislacion vigente de micotoxinas en alimentacion

En lo regerente a la legislacion actual que concierne a las micotoxinas, en la
pagina web de la Agencia Espafiola de Seguridad Alimentaria (AESAN) se pueden
encontrar las disposiciones comunitarias de directa aplicacidn.

En el campo de la alimentacién, la Unién Europea segun el Reglamento N°
2023/915 fija el contenido maximo permitido de ciertos contaminantes en los productos
alimenticios [156]. Este reglamento incluye los contenidos mdaximos de AFs, OTA,
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patulina, DON, ZEN, fumonisimas y citrinina en distintos alimentos. Concretamente, se
determinan los contenidos maximos para las AFB1, AFB2, AFG1, AFG2 y AFM1 en frutos
secos, especias, jenjibre, leche, alimentos infantiles, alimentos para usos médicos y
preparados para lactantes; la OTA en frutos secos, hierbas secas, raices para su uso en
infusiones, cereales y productos de panaderia, cacao, bebidas no alcohdlicas, especias,
regaliz y productos a base del mismo, vinos y zumos de uva y alimentos infantiles;
patulina en zumos de fruta, alimentos infantiles y bebidas elaboradas con manzana;
DON en cereales, pastas alimenticias y alimentos infantiles; ZEN en cereales, pastas,
maiz comercializado y derivados como aceite de maiz y alimentos infantiles;
fumonisimas en cereales, alimentos infantiles, grano, maiz y derivados de este; y
citrinina en complementos alimenticios a base de arroz fermentado con levadura de
soja. Generalmente, los contenidos maximos se regulan desde 2 ug kg™ para las AFs o
la OTA hasta un maximo de 4000 pg kg™ para las fumonisinas.

En lo referente a la alimentacidn animal, sus restricciones atendiendo al contenido
en micotoxinas se encuentran en las recomendaciones de la Union Europea
2012/154/UE [157], 2013/165/CE [158] y 2014/519/UE [159] y la directiva
2002/32/CE [160]. En este caso, las micotoxinas legisladas son AFB1, DON, ZEN, OTA,
fumonisinas B1 y B2, alcaloides del cornezuelo y las toxinas T-2 y HT-2. Los contenidos
maximos recomendados para DON, ZEN, OTA y fumonisinas pueden llegar hasta 60 ug
g’!, dependiendo de la micotoxina y de la especie a la que vaya destinada el pienso. Sin
embargo, los maximos establecidos para AFB1 son mucho mas estrictos, siendo de 20,
10 o incluso 5 pg kg! cuando se trata de piensos para cerdos, aves y rumiantes,
terneros y corderos o animales productores de leche, respectivamente.
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Emerging mycotoxins have become an important issue in food safety, as no

ABSTRACT

legislated maximum levels are established to date and their presence and prevalence in
food commodities have been described. Sample processing continues to play an
important role in the analysis of complex matrices. In fact, it often becomes a
controversial aspect, as a compromise between time and efficiency must be reached in
order to obtain suitable extracts for analysis. This article focuses on the state of the art
in the sample treatment of food samples for determining the main emerging
mycotoxins, known as enniatins and beauvericins. A review is carried out of the most
recent relevant publications from 2013 to date, on new methods developed for the
determination of emerging mycotoxins in foodstuffs. The most common extraction
techniques employed in these studies, like solid-liquid extraction, QUEChERS (Quick,
Easy, Cheap, Effective, Rugged and Safe), dispersive liquid-liquid microextraction, salt-
assisted extraction and matrix solid-phase dispersion and dispersive magnetic solid
phase extraction are examined. Furthermore, the characteristics of the chromatographic
methods employed, are also reviewed. The most important parameters related to
extraction and separation are discussed.
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1.1. Introduction

Mycotoxins are toxic secondary metabolites produced by filamentous fungi mainly
belonging to the Aspergillus, Fusarium, Penicillium, Alternaria and Claviceps genera [1].
The most important classes are aflatoxins (e.g., aflatoxin B1, B2, M1, G1 and G2),
fumonisins (e.g., fumonisins Bl and B2), ochratoxins (e.g., ochratoxin A) and
trichothecenes (e.g., HT-2 toxin, T-2 toxin, deoxynivalenol and zearalenone). These
toxins are the cause of acute and chronic diseases for animals and humans, as they can
contaminate feed and food, therefore receiving significant attention. The mycotoxins
described as of major importance and many others are regulated in many countries of
the world because data on their toxicity, occurrence and consumption have allowed a
comprehensive risk assessment [2].

However, in recent years, research in this field has paid special attention to the
presence of the commonly known as emerging mycotoxins, given their frequent
occurrence in food and feed. Within this group of emerging mycotoxins are enniatins
(ENNs) and beauvericin (BEA), which have become a major problem due to their high
presence and prevalence in cereals and other foodstuffs, but for which there are no
legislated maximum levels to date [3]. ENNs and BEA are cyclic hexadepsipeptides that
alternate N-methylamino acid and hydroxy acid residues produced by several Fusarium
species, such as F. avenaceum, F. proliferatum, F. oxysporum, F. verticillioides, F. poae,
F. subglutinans or F. tricinctum. The most frequently detected emerging mycotoxins are
ENNs A, Al, B, B1 and BEA among the 31 ENNs and 25 BEA congener species currently
known [3-7].

Given the importance of investigating these emerging compounds for a proper risk
assessment in the foodomics field, several studies have been carried out to provide data
on their occurrence and toxicity using different sample treatments. Sample processing is
a crucial aspect of the analytical workflow in metabolomics or foodomics and the
robustness of the final results is directly influenced by its performance. All types of
cereals are the most frequently investigated food matrices for the presence of emerging
mycotoxins. In particular, raw cereals and cereal-based products of oat, barley, maize,
rye and wheat have been widely explored, as they are extensively used for both human
foodstuffs and livestock feed. In addition, emerging mycotoxins can be found in silages,
vegetables, fruits, herbs and infusions, beer, cheese, milk and fish. Depending on the
matrix and its properties, the preparation process of the samples varies depending on
the different concentrations of expected ENNs and BEAs. In recent times, a remarkable
number of research studies have focused on solid-phase microextraction procedures for
sample processing (Figure 1.1).

This paper surveys the most common sample treatments procedures to determine
ENNs and BEA in food and feed published over the last ten years (Figure 1.1). In
addition, the review also summarizes the analytical methods employed for emerging
mycotoxin monitorization.
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Figure 1.1. (A) Type of food samples most frequently analyzed. (B) Types of sample
treatment carried out.

1.2. Food sample treatment methods for ENNs and BEAs

Several sample treatment techniques have been employed in the field of food and
feed in the last 10 years for the extraction of ENNs and BEAs. Primarily, QUEChERS
(Quick, Easy, Cheap, Effective, Rugged and Safe) and solid-liquid extraction (SLE),
including ultra-turrax, ultrasonic and microwave assisted extractions, were used. To a
lesser extent, dispersive magnetic solid phase extraction (DMSPE), dispersive liquid-
liquid microextraction (DLLME), salt-assisted extraction (SALLE) and matrix solid-phase
dispersion (MSPD) have also been used as sample treatment for the determination
emerging mycotoxins from food and feed samples. For this reason, all these approaches
will be reviewed including their most recent applications.

1.2.1. Solid-liquid extraction

SLE is still used today to perform ENNs and BEA extraction in food and feed since
it can be simply applied and the fact that it does not require expensive equipment to
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perform it. Table 1 shows the most relevant published studies from 2013 onwards. The
factors that mainly affect the efficiency of SLE are the nature of the solvent used and
the time during which the solvent is stirred, as it affects the turbulent diffusion and
matter transfer rate between the solvent and the matrix.

Regarding the nature of the solvents used, acetonitrile (ACN) and methanol
(MeOH) alone or mixed with water and a percentage of acid are the most commonly
employed. In particular, the ACN:water:acetic acid (AA) (79:20:1, v/v/v) mixture has
been the most commonly used [8-24], followed by ACN:H.0 [25-33], although
ACN/H20 with a small proportion of formic acid (FA) instead of AA has also been used in
some cases, as well as ACN alone to extract emerging mycotoxins from different food
matrices [34-38]. On the other hand, MeOH has also been used to carry out this sample
treatment alone [39,40], mixed with a proportion of water [41] or with a proportion of
water and acid [42], but to a lesser extent. The use of ACN and MeOH together has
been used successfully in a single case for the determination of ENNA, ENNA1, ENNB,
ENNB1, ENNB4 and BEA in baby foods (infant milks, cereal based foods, compotes and
fruit and vegetable purees) [43]. In addition, ethyl acetate (EA) has once been used for
the extraction of main emerging mycotoxins from cereal-based infant formulas [44].
Unfortunately, one of the main disadvantages of SLE is the volume of organic solvent
required, which can reach up to 100 mL for sample amounts of 0.5-10 g.

The time during which the solvent mixture is in contact with the matrix is another
key factor for SLE efficiency. For the described applications, the time varies between 15
and 120 minutes, being the extraction times of 60 [26,28,29,42,43] or 90 minutes
[8,11-13,17] the most frequent, while only 3 studies were found with the shortest
times of 15 [25] and 30 min [27] and the longest time described (120 min) [30]. By
contrast, in the cases where the ultra-turrax extraction (UTE) is used, the shaking times
decrease considerably, being 2, 3 or 5 min [24,28,30-33,35-37,40,45]. When using
ultrasonic bath (USB), the three published studies used times of 30 min for the
extraction of the main emerging mycotoxins in fish [37], nuts, dried fruits, dates [38]
and pasta [35]. Lastly, when microwave was employed (MAE) the shaking time was
similar to UTE applications [35]. Although USB extractions are commonly preferred to
promote contact between the matrix and the solvent, UTE applications are generally
preferred in SLE treatments reviewed as it favours homogenisation. MAE, on the other
hand, is not commonly used. The main disadvantage of SLE is the large volumes of
organic solvent required even with USB, UTE or MAE. However, it allows the extraction
of large amounts of sample at relatively low cost.

After SLE, a centrifugation step is occasionally necessary to be able to collect the
upper layer, which is performed at 2500 to 4800 rpm and requires 2 to 15 min.
Furthermore, sometimes an additional clean-up step using dispersive solid-phase
extraction (d-SPE) was necessary to purify the supernatant with cartridges of C18 [35],
mainly because of the efficiency of some procedures.
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Apart from the major emerging mycotoxins, others such as ENNB2 [11,13-
15,20,21], ENNB3 [11,13] and ENNB4 [43] have been described in some studies using
SLE sample treatments. All the described methods for determining ENNB2 and ENNB3 in
different foods employed conventional SLE, specifically, 5 g of the sample was extracted
with 20 mL of ACN:water:AA (79:20:1, v/v/v) and it was submitted to a 90 min
shaking. Thus, LODs ranging from 0.005 pg/kg for ENNB3 [11] to 0.57 pg/kg for ENNB2
[14]. However, Juan et al. [43] described the only application of SLE which determined
ENNB4 achieving LODs of 5 ug/kg in commercial infant formulas and baby foods. The
remaining reviewed works employed SLE for the determination of all the main emerging
mycotoxins together or at least one of them.

Regarding the different types of foodstuffs in which this technique has been used,
the predominant products are cereals such as maize [11,14-18,46], wheat [25-
28,30,41], barley [26], rye [26,41], oat [26] or rice [12,27,30]. and cereal-based
products such as flour or pasta [9,32,35,36,40]. Moreover, nuts, dried fruits and dates
[38], vegetable and vegetable derived products [10,22,39], coffee [31], medicinal herbs
[39], infant foods [33,42-44], fish [34,37] and prepared dishes [9,23], animal feed and
silage [21,24,34,37] have been treated by SLE.

Table 2.1. Analytical methods using SLE for sample treatment

" Emerging . a
Matrix mycotoxins Extraction LOD? ug/kg Ref
ENNA,
ENNA1, 0.01 (ENNB) - 0.02
Mushroom ENNB, (ENNB1) [8]
ENNB1, BEA
Uncooked ENNA,
flour and ENNA1, 0.01 (ENNA) - 0.06 [9]
prepared ENNB, (ENNA1)
dishes ENNB1, BEA
ENNB, 0.0 (ENNB, B1) - 0.1
Cassava ENNB1, BEA (BEA) [10]
ENNB,
Maize ENNB1, 5 g sample + 20 mL NA [15]
ENNB2, BEA  ACN:H,0:AA (79:20:1,
ENNA, v/v/v) + '90 min
Maize, ENNAL, shaking
groundnut, ENNB, 0.005 (ENNB3) - 0.2 [11]
sorghum and ENNB1, (ENNA)
feed ENNB2,
ENNB3, BEA
. ENNB, 0.002 (BEA) - 0.02
Rice ENNB1, BEA (ENNB1) [12]
Maize BEA NA [16]
ENNA,
. ENNA1,
Maize ENNB, NA [17]

ENNB1, BEA
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Matrix

Emerging
mycotoxins

Extraction

LOD? ug/kg

Ref

Feed and feed
ingredients

ENNA,
ENNA1,
ENNB,
ENNB1,
ENNB2,
ENNB3, BEA

Maize

ENNA,
ENNAL,
ENNB,
ENNB1, BEA

Pig feed

ENNA,

ENNAL,

ENNB,
ENNB1, BEA

Maize

ENNB,
ENNB1,
ENNB2, BEA

Feed and feed
ingredients

ENNA,
ENNAL,
ENNB,
ENNBI,
ENNB2

Corn silages

ENNA,
ENNAL,
ENNB,
ENNBI,
ENNB2, BEA

Dried ready-
to-eat foods

ENNA,

ENNA1,

ENNB,
ENNB1, BEA

5 g sample + 20 mL
ACN:H20:AA (79:20:1,
v/v/v) + 90 min shaking

NA

[13]

NA

[18]

NA

[19]

LOQ 0.03 (BEA) - 0.57
(ENNB2)

[14]

NA

[20]

NA

[21]

0.01 (ENNA) - 0.12
(ENNB)

[23]

Rice

ENNA,
ENNAL,
ENNB,
ENNB1, BEA

2.5 g sample + 10 mL
ACN:H20:FA (84:16:1,
v/v/v) + 120 min shaking
+ 5 min centrifugation
3500 rpm

NA

[30]

Baby foods:
infant milks,
cereal based
foods, fruit
and vegetable
compotes and
purees.

ENNA,
ENNAL,
ENNB,
ENNB1,
ENNB4, BEA

5 g sample + 25 mL
ACN:MeOH (60:40, v/v) +
60 min shaking + 5 min
centrifugation 4500 rpm

[43]

Cereal-based
infant foods

ENNA,
ENNAL,
ENNB,
ENNB1, BEA

1 g sample + 5 mL
MeOH:H20:AA (79:20:1,
v/v/v) + 60 min shaking

0.2

[42]

Oat, wheat,
barley, and
rye

ENNA,

ENNAL,

ENNB,
ENNB1, BEA

10 g sample + 100 mL
ACN:H20 (86:14, v/v) + 60
min shaking

LOQ 10 (ENNA, A1, B
and B1) and 15 BEA

[26]
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Table 2.1.(continued)

Sample preparation for the determination of emerging mycotoxins in food samples
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" Emerging -
Matrix mycotoxins Extraction LOD? ug/kg Ref
1 g sample + 10 mL
Wheat and rye ENNB, . .
bread ENNB1, BEA MeOH.HzO_(86.14_, v/v) + NA [41]
1.5 min shaking
ENNA, 1 g sample + 10 mL MeOH
Medicinal ENNA1, + 90 min shaking + 10 1 (ENNA1) - 1.2 [39]
herbs ENNB, min centrifugation 4800 (BEA)
ENNB1, BEA rpm
ENNA, 5 g sample + 20 mL
Rice, wheat ENNA1, ACN:H20 (84:16, v/v) + 0.02 (ENNB) - 0.17 [27]
and corn ENNB, 30 min shaking + SPE (ENNA, BEA)
ENNB1, BEA clean-up
0.5 g sample + 2 mL
ACN:H20:AA (97:2:1,
Maize BEA v/v/v) + 90 min shaking + 0.02 [46]
2 min centrifugation 3000
rpm
) ENNA
Feed, fish ! 2.5 g sample + 10 mL ACN B
filet, whole ENNAL, + 90 min shaking + 5 min 0.01 (ENNA, B) - 0.03 [34]
fish ENNB, centrifugation 4500 rpm (BEA)
ENNB1, BEA
ENNA, 5 g sample + 20 mL
. ENNAL, ACN:H20:AA (79:20:1,
Silage ENNB, V/V/V) + 2 min 0.06 [24]
ENNB1, BEA homogenizer
ENNA
! 2 g sample + 10 mL ACN:
ENNAL, . . LOQ 2 (ENNB, B1) -
Wheat ENNB, H20 (84.15(?],a\121x) + 60 min 12 (ENNA) [28]
ENNB1, BEA 9
Cassava 5 g sample + 25 mL
roducts ENNB, BEA ACN:H20:AA (79:20:1, NA [22]
P v/v/v) + 90 min shaking
Microwave Assisted Extractions (MAE)
ENNA, 5 g sample + 50 mL ACN
Pasta ENNA1, + 3 min MAE 250 W+ 15 20 (BEA) - 150 [35]
ENNB, min centrifugation 3554 xg (ENNA, B, B1)
ENNB1, BEA + SPE-clean up
Ultra Turrax Assisted Extractions (UTE)
ENNA,
ENNA1, 5g sam_ple + 50 mL A_CN + 20 (BEA) - 150
Pasta 3 min UTE + 15 min [35]
ENNB, centrifugation 3554 x (ENNA, B, B1)
ENNB1, BEA 9 9
ENNA, 3 g sample + 20 mL
ENNA1, ACN:H20 (15:85, v/v) + 3
Wheat ENNB, min UTE + 5 min NA [30]
ENNB1, BEA centrifugation 4500 xg
ENNA 5 g sample + 50 mL ACN:
ENNAL, H20 (80:20, v/v) + 3 min 4> (ENNB1) - 0.15
Coffee UTE + 15 min [31]
ENNB, centrifugation 4500 rpm + (ENNA, B)
ENNB1, BEA

SPE clean-up
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Table 2.1.(continued)
" Emerging -
Matrix mycotoxins Extraction LOD? pg/kg Ref
Portuguese ENNA, 3 g sample + 20 mL
Cereal?based ENNA1, ACN:H>0 (85:15, v/v) + 3 LOQ 1.5 (ENNB) - 2.5 [32]
foods ENNB, min UTE + 5 min (ENNA, Al and BEA)
ENNB1, BEA centrifugation 4000 rpm
ENNA
! 5 g sample + 50 mL ACN N
Feed samples ENNAT, + 5 min UTE + 15 min 0.02 (BEA) ~0.15 [37]
ENNB, centrifugation 3540 x (ENNA)
ENNB1, BEA 9 9
25 g sample + 100 mL _
Animal feed IIEENNNNBBi ACN:H20:AA (74:25:1, LOQ30!'5%4(I(EI|E\:\:\:\IIBE)’1) [45]
v/v/v) + 2 min UTE )
ENNA, 2 g sample + 20 mL
Wheat based ENNA1, ACN:H20 (84:16, v/v) + 3 LOQ 1 (ENNB) - 12 [28]
products ENNB, min UTE + 5 min (ENNA)
ENNB1, BEA centrifugation 3550 rpm
ENNA, 3 g sample + 20 mL
Breakfast and ENNA1, ACN:H20 (85:15, v/v) + 140 (ENNA1) - 215 [33]
infant cereals ENNB, UTE 3 min + 5 min (ENNA)
ENNB1, BEA centrifugation 4500 xg
Raw cereals ENNA,
and cereal ENNA1, 3 g sample + 30 mL MeOH ;s enNA1) - 215
- + UTE 5 min + 5 min [40]
derived ENNB, centrifugation 2500 rpm (ENNA)
products ENNB1, BEA 9 P
ENNA
Cereal based ! 3 g sample + 30 mL EA + _
infant ENNAT, UTE 5 min + 15 min 140 (ENNB) - 210 1,
formulas ENNB, centrifugation 4500 xg (ENNA)
ENNB1, BEA
Ultrasonic Bath Assisted Extractions (USB)
2 g sample + 10 mL
ENNA, ACN:H20 (80:20, v/v) with
Pet food ENNAL, 0.1% FA + 60 min shaking 0.06 - 0.62 [29]
ENNB, + 15 min USB + 3 min
ENNB1, BEA centrifugation 3554 xg +
d-SPE clean-up
ENNA, 5 g sample + 50 mL ACN
Pasta ENNAL, + 30 min USB 50 °C + 15 20 (BEA) - 150 [35]
ENNB, min centrifugation 3554 xg (ENNA, B, B1)
ENNB1, BEA + SPE-clean up
ENNA
! 10 g sample + 50 mL ACN B
Fish samples ENNAL, + 30 min 30 °C USB + 15 0.3 (ENNB, B1, Al) [37]
ENNB, min centrifugation 3540 xg 3.0 (ENNA, BEA)
ENNB1, BEA
. ENNA
Nuts, dried ! 10 g sample + 50 mL ACN B
fruits and Ne  +USB30min350C+15 002 (BEA) =015 r3g
dates ! min centrifugation 3544 xg ( + B, B1)
ENNB1, BEA

aLimits of detection. NA: No available
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1.2.2. QUEChERS

The original QUEChERS was designed for pesticide analysis in fruits and
vegetables. Later, this methodology based on a modified solvent clean-up process using
ACN as the extractant solvent, a salting out step and occasionally a subsequent
dispersive SPE (d-SPE) step, was used to extract emerging mycotoxins from several
food matrices, as it enables for purification of the extracts, simplicity of application and
no requirement for expensive equipment.

Table 2.2 provides details of publications in the food field using this extraction
technique. Among the solid foods to which this sample treatment has been applied are
cereals, cereal products, herbs and cheese [47-56], while it has also been applied to
beverages such as beer, milk and herbal infusions [49,57,58]. The smallest amount of
sample used was 0.5 g for cheese [47], while 2 g and 4 g were the most commonly
used masses for cereal samples [50,51,55], with the exception of the procedures for
which 5 g of cereal were used [48,54]. To allow phase separation, a volume of water
(between 2 and 20 mL), sometimes acidified with formic acid (0.1-2%) [52-55] or
acetic acid at a concentration of 1 and 2% [47,56] was added to the weighed samples.
Conversely, 5 and 10 mL were the volumes used for the preparation of beer, herbal
infusions or milk samples.

As already mentioned, the extraction solvent used in all cases is ACN (between 2
and 20 mL), occasionally acidified with formic acid (0.1-10%, v/v). This is followed by
the addition of salts, characteristic of the QUEChERS method, to promote the separation
of the organic and aqueous phases. The original QUEChERS method uses anhydrous salt
of MgS04 and NaCl [47,48,50-58], but some different combinations of salts have also
been described to extract the analytes of interest from food matrices. In the study of
Kim et al. [59], 1 g of tribasic sodium citrate and 0.5 g of sodium hydrogen citrate
sesquihydrate were added, in addition to 4 g of MgS0O4 and 1 g of NaCl. The same
mixture of salts, although in smaller proportions, has been used in the method
described by Bryla et al. [60] in which MgSOa4: NaCl: tribasic sodium citrate: sodium
hydrogen citrate sesquihydrate in the ratio 2:0.5:0.5:0.25 g was used for the
determination of ENNA, ENNA1, ENNB, ENNB1 in polished cereals. However, despite
the addition of more salts to the conventional method, the results were comparable to
those obtained with the classical method in terms of LODs.

After salts addition, the centrifugation step is essential and in all cases described
in Table 2.2, it was carried out for at least 5 min at 1000 x g. Lago et al. [48] applied
the QUEChERS method to malted barley and beer samples and, in both cases, a 3 min
sonication step was carried out before centrifugation. Moreover, it is common to
perform a d-SPE step after QUEChERS extraction, as described for malted barley, beer,
herbs, cereals and cereal based products [48,49,52,54,59], to purify the extract using
C18 cartridges.
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In terms of sensitivity, the QUEChERS
considering the limits of detection (LODs). Among liquid samples, the lower LODs were
achieved for milk (0.003 ng/mL for ENNA to 0.018 ng/mL for ENNB1) followed by beer
(0.01 pg/kg for ENNs to 0.025 pg/kg for BEA) and herbal infusions (1.5 ug/L for ENNB,
ENNA, ENNA1 and BEA and 2 pg/L for ENNB1). Regarding the other methods described
for the determination of emerging mycotoxins in cereals, both Kim [59] and Lago et al.
[48] reached limits of 0.01 pg/kg for ENNB1, while the higher limits were 6.25 ug/kg in
Czech cereal-based products [51] and 10 ug/kg for ENNB1 and all ENNs in herbs [49]
and cereals involved in beer and beer making [57].

reported methods were evaluated

Hence, looking at the examples of food matrices for which QUEChERS has been
used, it seems likely that this technique will continue to be employed in the future for
cereals and cereal derivatives products, given the simplicity of the technique and the
good results obtained.

Table 2.2. Analytical methods using QUEChERS for sample treatment

Xxg) + d-SPE clean up

Matrix Emerglr_lg Extraction LOD? Ref
mycotoxins
Cereals involved
in beer and bread
making: Barley,
steeped barley,
green malt, malt, ENNA, 2 g sample + 7.5 mL H20 + 10 2.5 (BEA)-10
rootlets, spent ENNA1, mL ACN + QUEChERS (1g NaCl ) (ENNs) [57]
grains, wheat, ENNB, + 4 g MgSO4 + 5 min /K
flour, bran, ENNB1, BEA centrifugation 5000 rpm) Ha/kg
dough, white
bread, first
worth, sweet
worth.
5 g sample + 3.75 mL H20 +
ENNA, 11.25 mL ACN + QUEChERS 0.01
ENNAL, (1g NaCl + 2 g MgS04-7H20 +  (ENNB1, A) -
Malted barley ENNB, sonication 3 min + 6 min 0.5 (ENNB, [48]
ENNB1, BEA centrifugation 1000 xg) + d- Al) pg/kg
SPE clean up
5 mL sample + 5 mL ACN +
ENNA, QUEChERS (1g NaCl + 2 g
ENNAT, MgS04-7H20 + sonication 3 0:01 (ENNS)
Beer ’ ) - . - 0.025 [48]
ENNB, min + 5 min centrifugation (BEA) ug/k
ENNB1, BEA 1000 xg) HI/kg
+ d-SPE clean up
1 gsample + 5 mL H20 + 5 mL
ENNA, ACN (1% FA) + QUEChERS (1g >, (ENNB, A,
ENNAL, : Al, BEA) -10
Herbs NaCl + 2 g MgSOa4 + orbital 1 h [49]
ENNB, + 15 min centrifugation 4000 (ENNB1)
ENNB1, BEA 9 ng/kg
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Table 2.2. (continued).

Sample preparation for the determination of emerging mycotoxins in food samples
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Emerging

Matrix . Extraction LOD® Ref
mycotoxins
ENNA, 5 mL sample + 5 mL ACN + 1.5 (ENNB, A
Herbal infusions ENNAIL, QUECRERS (1 g NaCl + 2 g Al, BEA) -2 [49]
ENNB, MgSO4 + 5 min centrifugation (ENNB1) pg/L
ENNB1, BEA 4000 xg)
ENNA 2 g sample + 10 mL H20
Hulless oat and ENNA1 (0.1% FA) + NA mL ACN +
h ! QUEChERS (1 g NaCl + 4 g NA [50]
ulless barley ENNB, . - .
ENNB1, BEA MgSO4 + 5 min centrifugation
5000 rpm)
ENNA, 4 g sample + 7.5 mL H20 +
Czech cereal- ENNA1, 10 mL ACN + QUEChERS (1 g
based products ENNB, NaCl + 4 g MgS04 + 5 min 6.25 ug/kg [51]
ENNB1, BEA centrifugation 5000 rpm)
4 g sample 20 mL H20 + 20
mL ACN (0.1% FA) +
ENNA QUEChERS (1 g NaCl + 4 g
Korean cereals ENNA1’ MgSO4 + 1 g sodium citrate 0.01 (ENNB1)-
and cereal-based ENNB ! tribasic + 0.5 g sodium 1.57 (BEA) [59]
products ENNB1 I’3EA hydrogen citrate Hug/kg
! sesquihydrate + 10 min
centrifugation 925 xg)
+ d-SPE clean up
Wheat, maize, 2 g sample + 10 mL H20 (2%
alfalfa, sugar, ENNA, FA) + 10 mL ACN + 0.2 (ENNA1,
beet pulp, barley, ENNA1, QUEChERS (1 gNaCl + 4 g B,B1) -1 [52]
rice bran, corn ENNB, MgSO4 + 5 min centrifugation (ENNA, BEA)
pulp, meals, ENNB1, BEA 2336 xqg) pag/kg
gluten feed + d-SPE clean up
ENNA 2 g sample + 10 mL H20
ENNA1’ (0.1% FA) + 10 mL ACN + 0.06 (ENNB) -
Turkish sorghum ENNB ! QUEChERS (1 g NaCl + 4 g 2.38 (BEA) [53]
! MgSO4 + 5 min centrifugation Hg/kg
ENNB1, BEA
4500 rpm)
5 g sample + 10 mL H20 (2%
FA) + 10 mL ACN + LOQP 2.3
Latvians cereals ENNB, QUEChERS (1 g NaCl + 4 g (ENNB) - 14 [54]
and pulses ENNB1 MgS04 + 10 min centrifugation (ENNB1)
4500 xg) Hg/kg
+ d-SPE clean up
2 g sample + 2 mL H20 + 10
mL ACN (10% FA) +
ENNA, QUEChERS (0.5gNaCl + 2g
) MgSO4 + 0.5 g sodium citrate
Polish cereals EE'\|I\|'\|I\|'A|;,1I' tribasic + 0.25 g sodium NA [60]
ENNB1, hydrogen citrate
sesquihydrate +10 min
centrifugation 10730 xg) +
SPE clean up
4 g sample + 7.5 mL H20
Durum and soft ENNA, (0.1% FA) + 10 mL ACN +  0.28 (ENNAL)
wheat pasta ENNA1, QUEChERS (1 g NaCl + 4 g - 1.08 (ENNB) [55]
ENNB, BEA  MgS04 + 5 min centrifugation Hg/kg

5000rpm)
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Table 2.2. (continued).

Emerging

Matrix . Extraction LOD® Ref
mycotoxins
ENNA, 2 g sample + 10 mL H20 b _
ENNB, QUEChERS (1 gNaCl +4g B1) ug/k
ENNB1, BEA  MgSOs + centrifugation) H9/kg
ENNA 0.5 g sample + 2 mL H20
ENNA1’ (2% AA) + 2 mL ACN + 0.006 (ENNA1) -
Cheese ENNB ! QUEChERS (0.2 g NaCl + 0.277 (ENNB) [47]
ENNB1 éEA 0.8 g MgS0O4 + 10 min ng/mL
! centrifugation 3134 xg)
ENNA 10 mL sample + 10 mL
ENNA1’ ACN (0.5 % FA) + 0.003 (ENNA) -
Milk ! QUEChERS (1.2 g NaCl + 8  0.018 (ENNB1) [58]
ENNB, MgS04 + 10 min ng/mL
ENNB1, BEA g 11g="s 9

centrifugation 3134 xg)

3 ODs: Limits of detection. °LOQ: Limits of quantification. NA: No available

1.2.3. Magnetic solid phase extraction

The magnetic solid phase extraction (MSPE) technique involves the addition to the
sample solution of magnetic sorbent particles known as magnetic nanoparticles (MNPs)
that retain the target analyte. The MNPs are then separated by the application of an
external magnetic field and the analyte is recovered in a desorption step with the
appropriate solvent. This is an advantage over traditional techniques, as sorbent
handling is facilitated by the application of an external magnetic field and additional
centrifugation, or filtration steps are avoided. Therefore, this technique has started to
be used for the determination of mycotoxins in foodstuffs and for emerging mycotoxins
in paprika [61] and corn [62].

Wei et al. [62] developed and validated an MSPE methodology using core-shell
structured magnetic covalent organic frameworks (Fesz04/COF-TpBD) as adsorbents for
determining aflatoxins, ochratoxins and enniatins, including ENNA, ENNB, ENNB1, and
ENNA1l in maize. The method used high performance liquid chromatography (HPLC)
coupled to mass spectrometry detection (MS/MS) and achieved a good linearity 0.05-20
HMg/kg and LOD for the enniatins between 0.02 (ENNA) and 0.05 (ENNA1) ug/kg. The
recovery values for the four ENNs were satisfactory, ranging between 90.6 to 103.1%.
The research findings provide a considerably shortened method compared to other
methods described, using 5 mg of adsorbent and 0.5 min each for the adsorption and
desorption steps. Figure 1.2 shows the process of synthesis and application of this
methodology.
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Figure 1.2. Schematic diagram of (a) Fes04/COF-TpBD preparation and (b) the
magnetic solid phase extraction application for the determination of the ten mycotoxins
including emerging mycotoxins.

Another recent advance in the development of sample treatment for emerging
mycotoxin utilised dispersive MSPE for their determination in paprika samples [61]. The
method was developed and validated for BEA and the main ENNs using cellulose ferrite
nanocomposite (FesOs@cellulose) as adsorbent and UHPLC-HRMS for analysis. LOD
between 2.8 (ENNB1) and 3 (ENNA1) ug/kg and recoveries under 97.7% were achieved.
In this case, 0.2 g of paprika samples and adsorption and desorption times of 30 and 8
min, respectively, were used.

In both cases, the nanomaterial used was characterized in terms of morphology
using field emission scanning electron microscopy (FESEM) [61] or scanning electron
microscopy (SEM) [62]. In addition, in the case of Fe304/COF-TpBD the particle size was
also evaluated by SEM obtaining an average of 60-80 nm, Fourier transformation
infrared (FTIR) was used to investigate bond formation and therefore confirmation of
the correct synthesis of COF-TpBD and wide-angle X-ray diffraction to verify the
magnetization. However, the correct synthesis and magnetization of FesOs@cellulose
nanocomposite was evaluated in terms of elemental composition using energy
dispersive X-ray spectroscopy in which the weight and atomic percentages of exhibited
peaks were obtained quantitatively.

1.2.4. Other microextraction techniques

Other microextraction techniques have been used to a lesser extent for the
extraction or preconcentration of emerging mycotoxins such as dispersive liquid-liquid
microextraction (DLLME) for juice beverages [63-66] and matrix solid-phase dispersion
(MSPD) for wheat grain [67].
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The DLLME procedure employed for the extraction of ENNA, ENNA1, ENNB, ENNB1
and BEA from different fruit beverages (5 mL) consisted of adding 1 g NaCl to the juice
and the performance of two consecutive DLLME. Firstly, using 950 pL of ACN and 620 L
of EA as dispersant and extractant solvents, respectively. Then, after shaking and
centrifugating at 4000 rpm for 5 min the second DLLME was carried out to the
remaining organic phase using in this case, MeOH as dispersant solvent (950 pL) and
CHCI3 as extractant solvent (620 yL) [63-66]. The LOD and LOQ obtained for ENNB
were 0.15 and 0.5 pg/L, respectively, while 0.3 and 1 ug/L were the LOD and LOQ,
obtained for the rest of ENNs (ENNA, ENNA1, ENNB1) and 1.5 and 5 pg/L for BEA.

Alkadri et al. [67] reported a matrix solid-based dispersion (MSPD) method for the
extraction of ENNA, ENNA1l, ENNB, ENNB1 and BEA in wheat grain. This method
consisted of the introduction of 1 g of sample in a glass mortar which was mixed with 1
g of C18 for 5 min using a pestle and mortar, to obtain a homogeneous mixture. This
mixture was introduced into a glass column and eluted with 15 mL of ACN:MeOH
(50:50, v/v) with 1 mM ammonium formate and slight vacuum was applied. Using this
method, LOD of 0.1 (ENNA and A1), 0.2 (ENNB and B1) and 0.4 (BEA) ug/kg were
achieved.

Additionally, the application of a SALLE extraction procedure was carried out for
the determination of ENNs and BEA in different vegetable milks (rice, oat and soy
milks), obtaining LODs between 0.1 and 0.3 pg/L, being in all cases LOQs lower than
0.8 pg/L. In addition, of all the samples analyzed, 25% showed contamination by
emerging mycotoxins [68].

1.3. Determination of emerging mycotoxins by multi-class methods

Among the papers reviewed, several multi-class methods have been described
and validated in which the five main emerging mycotoxins are determined together with
other mycotoxins of interest.

The study carried out by Sulyok et al. [69] stands out among the multiclass
research reviewed, as it describes the validation of an LC-MS/MS method for the
quantification of more than 500 secondary microbial metabolites, including all
mycotoxins addressed by regulation limits, as well as emerging and masked ones, in
seven food matrices (wheat, almonds, pistachios, walnuts, grapes, maize and figs).

A multiclass method suitable for monitoring the exposure of 63 metabolites in rice
was developed including major mycotoxins and derivatives, aflatoxin precursors,
Fusarium, Alternaria, Penicillium and other Aspergillus metabolites, and metabolites
from other fungi or derived from bacteria, using a triple quadrupole MS detector, and
achieving LODs ranging between 0.02 ug/kg for BEA and 5.00 ug/kg for physcion [12].

In addition, Qiu et al. [70] developed a rapid and sensitive UHPLC-MS/MS method
for dietary sample analysis including 12 complex food matrices for the determination of
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43 mycotoxins including Alternaria toxins and emerging toxins, which demonstrated the
need in risk assessment as 80% of samples were found to be contaminated by
mycotoxins. The most detected were BEA, ENNB1, and ENNB together with
deoxynivalenol (DON), sterigmatocystin, fumonisin B1 and zearalenone (ZEN).

The other multiclass methods, which include more toxins, studied an average of
26 mycotoxins. Specifically, ENNB and ENNB1 [8,54] or the 5 emerging mycotoxins [67]
have been determined together with other mycotoxins in cereals from Latvia, edible
mushroom in Nigeria and wheat grains from Italy and Syria, respectively.

The most frequent mycotoxins with which ENNB, ENNB1, ENNA, ENNA1 and BEA
are jointly determined include aflatoxins, ochratoxin A, sterigmatocystin, fumonisins B1
and B2, DON and metabolites (3-acetylDON, 15-acetylIDON, nivalenol), ZEN and
metabolites (a-zearalenol, B-zearalenol), T2 toxin and HT-2 toxin and Alternaria
metabolites (alternariol, alternariolmethylether, tenuazonic acid).

1.4. Analysis methods for ENNs and BEAs

LC-based separation and analysis techniques have experienced rapid development
and wide adoption since their introduction. These methodologies use a high pressure
infusion system to drive the mobile phase, which consists of single or mixed solvents
with different polarities, together with the sample through a chromatographic column
containing a stationary phase. This allows the separation of the different components
present in the sample. LC is usually combined with a variety of detectors, the most
commonly used for the determination of mycoxins being MS. There are three main MS
technologies that can be divided into low and high mass resolution instruments. These
are triple-quadrupole (QgQ-MS), (quadrupole-)time-of-flight-MS (Q-TOF-MS), and Q-
Orbitrap-MS. Low- and high-resolution mass spectrometers are defined with a resolution
value below or above 10,000, respectively. Low-resolution MS (LRMS) are single Q and
QgqQ-MS, whereas high-resolution MS (HRMS) are Q-TOF-MS and Q-Orbitrap-MS
instruments. Most of the reported methods used both techniques, primarily QqQ for
quantification of target compounds and HRMS for screening and identification of
unknown mycotoxin metabolites.

1.4.1. LC-LRMS

The low-resolution triple quadrupole is the most common used technique for
quantitative mycotoxins determination due to its sensitivity, robustness, and linear
dynamic range. Although HRMS has proven to be of great value for qualitative analysis,
this technique is not commonly used for quantitative analysis, since it is considered to
be inferior to QqQ-MS in terms of sensitivity, robustness and linear dynamic range. For
this reason, most of the reported methods combine analytical methods based on QgQ-
MS for quantification of compounds for which standards are available (Table 1.3).
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Although the Q@Q is the most widely used analyzer, Leiva et al. [45] described the
only application of a single quadrupole analyzer for the multiclass determination of 26
mycotoxins, including ENNB and ENNB1, in animal feeds, using single ion monitorization
acquisition mode.

Among the LRMS applications described, all types of food matrices had been
analyzed, both for multi-mycotoxin methods including ENNs and BEA and for methods in
which only emerging mycotoxins were determined. In addition, high- or ultra-high-
pressure LC (HPLC or UHPLC) instruments were used with similar frequency.

With regard to the columns used for chromatographic separation, the most
common lengths were 50, 100 and 150 mm. In addition, the most common internal
diameter was between 2 or 2.1 mm for numerous applications to 4.6 mm, the most
common combination being 150 x 4.6 mm length x internal diameter. In relation to
particle size, it ranged between 1.6 to 3 pm. On the other hand, in most of the revised
works the bonded phase was C18, although Hellin et al. described the application of a
Kinetex column [71], whose bonded phase was pentafluorophenyl and Panasiuk et al.
[24] used another column whose bonded phase was biphenyl.

The mobile phases used in LRMS methods were mostly a mixture of an aqueous
phase and an organic phase, although mixtures of ACN and MeOH have also been
described [35,36,38]. The most common mixtures were water with ACN or MeOH, with
or without the addition of an acid or salt. The most frequently utilized acids were acetic
acid (AA) [56,71] and formic acid (FA) [32,72], while the addition of ammonium
formate (HCOONH4) [32,34,50,72] or acetate (CH3CO2NH4) [28,52,73] were the most
common salts. In some cases, instead of acid, the addition of ammonia was described
[70,74]. However, hardly any methods have been described in which no additive were
used in the mixture of H.0 and MeOH [39,41].

The MS parameters evaluated were the electrospray ionization source (ESI)
operation and acquisition modes, as this source resulted in the most employed along
the described methodologies. Both positive and negative modes were used indistinctly
in multiclass studies and in those where emerging mycotoxins were determined
separately. There is only one application of an ionization source other than ESI,
atmospheric pressure chemical ionization (APCI), which also operated in both negative
and positive modes [57].

In terms of acquisition modes, the multiple reaction monitoring (MRM) mode is
the most widely used, which consists in the evaluation of a precursor ion and two
product ions (the most abundant for quantification and another one for confirmation)
from MS data [25,26,42]. In addition, selected reaction monitoring (SRM) [20,32],
scheduled multiple reaction monitoring (sMRM) [56], dynamic multiple reaction
monitoring (dAMRM) [47] and scheduled SRM (sSRM) [21] modes were used.
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Table 3. Analytical methods for emerging mycotoxins in food samples by LC-LRMS.

Sample preparation for the determination of emerging mycotoxins in food samples

I Mass
- Instru Liquid chromatography spectrometry
Mycotoxins Sample Ref
ment Col Mobile ESI Acquisiti
olumn phase mode on mode
H20 and
ENNB, ENNB1, Wheat, '
ENNA, ENNA1, Maize, LC- MeOH with FA [73]
BEA, Cereulide Rice, Pasta MS/MS and
! ! CH3CO2NH4
8 mycotoxins
including BEA,  Hulless oat Acquity H20 and MRM
ENNA, ENNA1, and hulless BEH c1g8 MeOH with FA [50]
ENNB, ENNB1 barley (50 x 2.1 and HCOONH4 ESI+
UpLe- Ty RO and ACN
- m 5
ENNB, ENNB1 ri‘é\;heca;;n MS/MS hm) with [27]
! CH3CO2NHa4
ENNB, ENNB1, H.0 and
ENNA, ENNA1, Fish feed MeOH with FA SRM [34]
BEA and HCOONH4
ENNB, ENNB1, Pasta ACN and [35
ENNA, ENNA1, Caea& MeOH with ESI+ MRM 36f
BEA Gemini- HCOONH4
- - NX C18
Multi emerging LC- (150 x 2
including main MS/MS mm H20 and
ENNs and BEA; Cereals ’ MeOH with AA oo SRM (28,
ENNB, ENNB1, 3 um) and 52]
ENNA, ENNA1, CH3CO2NH4
BEA
ENNB, ENNB1 Hypersil
! ! Barley, UHPLC Gold aQ H20 and
ENNA, ENNA1L, ; APCI +
BEA and DON wheat, - (100 x MeOH with APCI - [57]
. flour... MS/MS 2.1mm, HCOONH4
metabolites
1.9 uym)
25 mycotoxins Italian H20 and
including ENNB, wheat MeOH with FA MRM and [67]
ENNB1, ENNA, . Full Scan
ENNA1, BEA grain Gemini and HCOONH4
: HPLC-  C18 (150 ESI +
including BEA, o MeMS x2mm Hioand o ESI-
ENNA, ENNA1, Italian MeOH with AA MRM [43]
baby foods and
ENNB, ENNBI, CH3CO>NHa
ENNB4
ENNB, ENNB1, kgﬁzs HPLC- H-0 and ESI +
ENNA, ENNA1, and wheat MS/MS MeOH with FA MRM [30]
BEA . and HCOONH,  ESI-
grain
69 mycotoxins Cassava LC- ESI + [10
including ENNB, and feed MS/MS NA SMRM 13]’
ENNB1, BEA samples o ESI -
Gemini
ENNB, ENNB1, Cereal LC- C18 (150 H20 and
ENNA, ENNA1L, based MS/MS X 4.6 MeOH with FA  ESI + SRM [32]
BEA foods mm, and HCOONH4
5um)
ENNB, ENNB1, ready LC- H.0 and
ENNA, ENNA1, food MS/MS MeOH with FA ESI + SMRM [72]
BEA and HCOONH4
320 mycotoxin H,O and
in(?lquedti?wtzgo:fltl\?lle mu[')sﬂrec()jom Mléc/:MS MeOH with EST+ MRM (8]
! HCOONH,4

ENNB1
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Table 1.3. (continued).
I Mass
Instru Liquid chromatography spectrometry
Mycotoxins Sample t Ref
men Column Mobile ESI Acquisiti
phase mode on mode
18 mycotoxins EST +
including ENNB, LC-
ENNB1, ENNA, Coffee MS/MS ESI - [31]
ENNA1, BEA
23 mycotoxins
including BEA, Florart:?d [9]
ENNA, ENNAL, fead
ENNB, ENNB1 y MRM
63 mycotoxins LC- ESI +
including ENNB, MS/MS ESI -
ENNB1, ENNA, Rice; [12,
ENNA1, BEA; Cassava; 14,
ENNB1, BEA; Maize H20 and 22]
ENNB, ENNB1, MeOH with AA
ENNB2, BEA and
Different 500 CHaCO2NHs
metabolites
including ENNB, Food
ENNB1, ENNA, crops,
ENNA1, BEA; grain Gemini [17-
ENNB, ENNB1, samples; C18 (150 21,
ENNA, ENNA1,  maize; pig  UHPLC- 4.6 ESI + <SRM 23,
BEA; ENNB, feed; MS/MS mm ES] - 69,
ENNB1, ENNA, animal 5um’) 75,
ENNA1, BEA; 19 feed; corn 76]
mycotoxins silage;
including ENNB, cereals
ENNB1, ENNA,
ENNA1, BEA
Fish and
ENNB, ENNB1, Sa:ﬁefes_ LC- [37,
ENNA, ENNA1, Juie ! MS/MS- ESI + MRM 65,
BEA . LIT 66]
and juice-
Milk H.O a_nd
MeOH with FA
ENNB, ENNB1, Maize: LC- and HCOONH4
ENNA, ENNAL, juices MS/MS ESI + [46]
MRM
10 mycotoxins UHPLC- ESI -
including BEA Maize MS/MS [16]
. : ACN and ESI +
HCOONH4 ESI -
Kinetex
14 mycotoxins Core-
: . Herbs and H20 and
including BEA, HPLC- Shell C18 .
ENNA, ENNAL, in*;ﬁ;?:r'ls MS/MS (100 x '\I"fc%k(')mh ESI+ MRM [49]
ENNB, ENNB1 4.6mm, 4
2.6 um)
ENNB, ENNB1, Plant-
ENNA, ENNA1, based Zorbax H20 and ESI+ MRM [68,
BEA; ENNs milks; Pig RRHD MeOH with FA 771
including ENNB2 feed _ Eclipse
TPhC Plus C18
14 mycotoxins / (50 x H,O and
including BEA, 2.1mm 20 < ESI + [42,
Cereals ’ MeOH with FA MRM
ENNA, ENNA1, 1.8 ym) and HCOONH. ESI - 78]

ENNB, ENNB1




Sample preparation for the determination of emerging mycotoxins in food samples

114 using chromatographic methods - A review

Table 1.3. (continued).

I Mass
- Instru Liquid chromatography spectrometry
Mycotoxins Sample t Ref
men Column Mobile ESI Acquisiti
phase mode on mode
Acquity
HSS T3 H20 and
ENNB, ENNB1, _ ; ESI +
ENNA, ENNA1,  Infantfood UHPLC- C18 (100  MeOH with AA MRM [42]
MS/MS  x 2.1 and ESI -
BEA
mm, 1.7 CH3CO2NH4
pm)
Kinetex
4 mycotoxins North ) XB-C18 ESI +
includin ENNB,  carolina Mlé(/:MS (50 x Megﬁo\;‘igﬁ A MRM [25]
ENNB1 wheat 2.1mm, ESI -
NA)
ENNB, ENNB1 Oat
! ! ! UHPLC- H.0 and
ENNA, ENNA1, Wheat, MS/MS MeOH with AA ESI+ MRM [26]
BEA barley, rye
BEH C18 H20 and
ENNBéTEENBl' .u?crg?n‘iﬁk f,g';k,lcs (100 x  MeOH with FA  ESI+ SRM [65]
J 2.1 mm, and HCOONH.
1.7 um) 0 and
ENNB, ENNB1, 20 an ESI +
ENNA, ENNAT, Oat HPLC- MeOH with AA SMRM  [56]
MS/MS and ESI -
BEA
CH3CO2NH4
Kinetex
14 mycotoxins pentafluo H20 and
including BEA, Wheat UHPLC- ro-phenyl MeOH with AA
ENNA, ENNA1, grain MS/MS (100 x and ESI+ MRM [71]
ENNB, ENNB1 2.1 mm, CH3CO2NH4
1.7 pym)
ENNB, ENNB1, Wheat and LC- YMC- [41]
BEA rye bread MS/MS Pack
ProC18 H20 and
ENNB, ENNBL, . LC- (150 x MeOH EST+ MRM
ENNA, ENNA1, MS/MS- 3.0 mm [39]
herbs ’
BEA IT 3 um)
Cadenza
ENNB, ENNB1, _ Ccw-C18 ESI +
ENNA, ENNAL, Cereals ;g}‘ﬁs (50 x 2 HzowﬁﬂdFQCN MRM [59]
BEA mm, 3 ESI -
pm)
Zorbax
RRHD
26 mycotoxins . _ Eclipse
including ENNB, Af”égjja' Mléj:MS Plus C18 HzowftﬂdFQCN ESI + SIM [45]
ENNB1 (100 x
3mm,
3.5 um)
. Gemini-
o WSS Hownd
9 ! Sorgum (150 x MeOH with FA ESI + SRM [53]
ENNA, ENNA1, MS/MS 4.6 mm and HCOONH
ENNB, ENNB1 : ’ 4
3 um)
Kinetex
24 mycotoxins BiPhenyl H>0 and
including BEA, . LC- column  MeOH with AA  ESI+
Silage MRM [24]
ENNA, ENNA1L, MS/MS (100 x and ESI -
ENNB, ENNB1 2.1 mm, CH3CO2NH4

2.6 um)




Chapter 1 115
Table 1.3. (continued).
Liquid chromatography specrr?)sl:etry
Mycotoxins Sample Instru Ref
ment Col Mobile ESI Acquisiti
olumn phase mode on mode
43 mycotoxins
including ENNB
Elc\lmBlgENNA ' . HOand ACN
ENNA1’ BEA', Total diet UHPLC- with ammonia MRM [70,
ENNB. ENNB1 study MS/Ms  CortecsT and ESI - 74]
ENNA, ENNA1, MC18 CH3CO2NH4
U d (100 x
BEA 2.1 mm,
15 mycotoxins 1.6 pm) H
. ! 20 and ESI +
'Eﬂﬁg?gEENNNNAB' Cereals llfllgl;ll\_/lcs MeOH with FA < MRM [79]
ENNAL, BEA and HCOONH,  ESI-
ENNB, ENNB1, Wheat
ENNA, ENNA1, flour ESI + MRM [80]
BEA
31 mycotoxins HSS T3
Includlng ENNB, UHPLC- C18 (100 H20 a.nd
ENNB1, ENNA, MS/MS x 2.1 MeOH with FA
ENNA1, BEA; 40 Cheese; mm, 1.8 and HCOONH4 ESI + [47,
mycotoxins Milk Hm) EST - dMRM 58]
including ENNB,
ENNB1, ENNA,
ENNA1, BEA
Zorbax
10 mycotoxins ERc'ﬁgsDe H>0 and ACN
including ENNB, . HPLC- )
ENNB1. ENNA Maize MS/MS Plus C18 with FA and ESI + MRM [62]
ENNA’1 BEA, (100 x HCOONH,4
! 3mm,
1.8 um)
59 mycotoxins Restek
including ENNB, Ultra
ENNB1, ENNA, HPLC- aqueous H20 and ESI +
ENNA1, BEA; Infant food MS/MS C18 (100 MeOH with FA MRM [81]
ENNB, ENNB1, x 2.1 and HCOONH,  ESI-
ENNA, ENNA1, mm, 3
BEA pm)
7 mycotoxins XE-C18 0 and
including Cereals  HPLC- (00" yoHwith FA o MRM  [82]
ENNA1, ENNB, gluten free  MS/MS mm. 2.6  and HCOONH ESI -
’ . 4
pm)

ENNB1 and BEA

NA: No available.

1.4.2. LC-HRMS

HRMS instruments are normally coupled to ultra high-performance LC (UHPLC)

system [29,55,60,63] for separation. However, Reinholds et al. [54] proposed the use
of NanoLC coupled to Q-Orbitrap for the multiclass determination of 27 mycotoxins
including ENNB and ENNB1 in cereals, achieving LOQ of 2.3 and 14 pg/kg, respectively.

As previously highlighted, the high-resolution mass Q-TOF and Orbitrap methods

are widely employed due to their affordability and the numerous advantages they offer,
which include the ability to identify and screen compounds in a non-specific manner, as
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well as performing retrospective data analysis. Both Q-TOF and Orbitrap mass
spectrometers have found extensive application in the investigation of emerging
mycotoxins and their metabolites in food samples.

Table 1.4 provides an overview of HRMS techniques used for mycotoxin
monitoring, covering separation and detection methodologies. In this sense, the use of
Q-Orbitrap has been proposed for some multiclass methods for mycotoxins in pet food,
wheat pasta, cereals, and chesnut and jujube samples [29,54,55,63,83], since it offers
a range of scan modes comparable to those provided by conventional tandem
quadrupole mass spectrometers.

Regarding the columns used, the most common lengths were 100 and 150 mm,
although shorter columns of 50 mm have also been used. In addition, the most common
internal diameter was between 0.075 mm for NanoLC application up to 4.6 mm, the
most common being 2.1 mm. Concerning particle size, it ranged from 1.6 to 5 ym. In all
cases the bonded phase was C18. LC columns are usually combined with an in-line filter
or a guard column of the same type.

The mobile phases used were found to be a mixture of an aqueous and an organic
phase (usually MeOH or ACN) although Zhou et al. [83] used water, MeOH and ACN
together. In addition, in all HRMS applications for emerging mycotoxins determination,
FA and, in some cases, ammonium formate, were added as additives. Lago et al. [48]
were the only ones to employ AA and ammonium acetate as additives among the HRMS
applications reviewed, which were more common in the described LRMS methods.

With respect to the ionization mode, all the reviewed methodologies were based
on the ESI source. When ENNs were determined individually, the positive mode was
preferred [61,63]. In contrast, when they were determined together with other
mycotoxins in multiclass determinations, it is more common that both positive and
negative mode analyses were performed to identify a large number of mycotoxins.

Acquisition modes employed were full scan MS, parallel reaction monitoring (PRM)
or full scan MS combined with all ion fragmentation (AIF) in a 50 - 1500 m/z average
range.
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Table 1.4. Analytical methods for emerging mycotoxins in food samples by LC-HRMS.

Liquid
chromatography Mass spectrometry
Mycotoxins Sample Instrument ] Ionisatio . Ref
Column M::::: n and ion Asqnt:f;:o
P selection
ENNB1, and UHPLC-Q- (150 x H.0 and ESI + (m/z [63]
ENNA, smoothie TOF-MS 4.6 mm ACN with FA 50-1500)
ENNA1, BEA S ' !
5um)
27 (1C5108><
mycotoxins nanoLC-Q- H>0 and
including Cereals Orbitrap r?1n91753 ACN with FA EST + PRM [54]
ENNB, ENNB1 !
pm)
26
mycotoxins Cocrtgcs H20 and
including Grain UHPLC-Q- " 7q,  MeOH with ESI + NA [60]
ENNB, samples TOF-MS > 1mm FA and ESI -
ENNB1, 1.6 ms HCOONH.4
ENNA, ENNA1 OH
17 Accucore
. H20 and
mycotoxins  Wheat ;- o 3QCI8 y it ESI+ Ryl MS (no
including pasta Orbitra (100 x FA and range) [55]
ENNB, ENNA, samples P 2.1mm, HCOONH ESI - 9
ENNA1, BEA 2.6 um) 4
Luna
Omega
ENNB H20 and
! AL Polar . ESI + Full MS and
ENNBL,  petfood  YUHPLC-Q- (yg (50 MeEOH with AIF (m/z [29]
ENNA, Orbitrap X 2.1 FA and ESI - 100-1000)
ENNA1, BEA ' HCOONH4
mm, 1.6
pm)
17 Kinetex
mycotoxins Core-
. . H20 and
including Malted —,1p c_q- shell  pcnwithAA ESI+  Full Ms (no
ENNB, barley C18 [48]
TOF-MS and ESI - range)
ENNB1, and beer (100 x CHsCO,NH
ENNA, 4.6mm, thatiale
ENNA1, BEA 2.6 um)
Zorbax
RRHD
EENNNNBBll UHPLC-Q- Eclipse H20 and Full MS and
! Paprika Plus C18 MeOH with ESI + AIF (m/z [61]
ENNA, TOF-MS 100 x FA 50-1500)
ENNA1, BEA
2.1mm,
1.8 um)
43
mycotoxins
including Chesnut A H20, ACN ESI +
ENNB, and PLCQ NA  and MeOH Fulllis and g3,
ENNB1, jojobe P with FA ESI -
ENNA,
ENNA1, BEA

NA: No available
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1.5. Conclusions

Sample treatment is still the most time-consuming step in the analytical method
in order to achieve extracts compatible with the detection techniques. As regards
extraction techniques, although being a classic technique, SLE extraction remains the
most employed methodology due to its simplicity. QUEChERS offer the advantage of
significantly reducing the amount of organic solvent consumed. Moreover, DMSPE offers
the advantage of being less time-consuming, the volume of organic solvents and toxic
residues are also lower and eco-friendly, as the magnetic adsorbent employed can be
reused. Meanwhile, DLLME has also been noted as the most powerful extraction
technique for fruit and animal derived beverages, as it is easier to apply in liquid
matrices than those above mentioned.

The characteristics of the most recommended methods of analysis were based on
the use of LC coupled to LRMS in order to perform a targeted analysis or HRMS if the
objective is the screening of metabolites whose standards are not available.
Chromatographic columns with average dimensions of 100 x 4.6 mm and, from 2 to 5
pm of thickness, ESI type ionization source in positive mode essential and with the
option of also working in negative mode and an acquisition in MRM for QqQ and Full
scan for HRM, were the most common configurations.

In view of improvements that the extraction techniques have undergone during
these last years by focusing on ENNs and BEA or by including them in multiclass
mycotoxins studies, it is expected that further progress will emerge in the future to
address the challenging analysis of emerging mycotoxins in foodstuffs to provide more
data on their occurrence and thus enable legislation to ensure food safety.
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Cellulose-ferrite nanocomposite for monitoring enniatins and
beauvericins in paprika by liquid chromatography and high-
resolution mass spectrometry
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ABSTRACT

Paprika is considered a high-quality product being one of the most consumed
spices in the world. Contamination with mycotoxins may appear due to inappropriate
practices during processing or resulting from invading mould in the final manufactured
products. A sample treatment based on dispersive magnetic solid-phase extraction
(DMSPE) has been proposed for emerging mycotoxin determination, enniatins (ENNSs)
and beauvericins (BEAs), in paprika. Different magnetic nanoparticles were tested, and
cellulose-ferrite nhanocomposite was selected for the extraction and preconcentration of
the mycotoxins. Nanocomposite was characterised using field emission scanning
electron microscopy and energy dispersive X-ray spectroscopy in terms of morphology
and elemental composition. High-resolution mass spectrometry allowed the
quantification of the five main emerging mycotoxins and the monitoring of unexpected
members of this class of toxic fungal secondary metabolites. The method has been
validated, obtaining limits of quantification between 9.5 and 9.9 ug kg and testing its
trueness through recovery studies, with satisfactory values of between 89.5 and 97.7%.
Relative standard deviations were calculated to evaluate the intra- and inter-day
precision and values lower than 8% were obtained in all cases. The analysis of 26
samples, including conventional and organic, demonstrated the presence of ENNB1 at
12.0 £ 0.6 ug kg™ in one of the samples studied. Other analogues ENNs and BEAs were
not detected.
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ARTICLE INFO ABSTRACT

Keywords: Paprika is considered a high-quality product being one of the most consumed spices in the world. Contamination
Eme_rg{ﬂg mycotoxins with mycotoxins may appear due to inappropriate practices during processing or resulting from invading mould
Enniatins in the final manufactured products. A sample treatment based on dispersive magnetic solid-phase extraction
Beauvericins

(DMSPE) has been proposed for emerging mycotoxin determination, enniatins (ENNs) and beauvericins (BEAs),
in paprika. Different magnetic nanoparticles were tested, and cellulose-ferrite nanocomposite was selected for
the extraction and preconcentration of the mycotoxins. Nanocomposite was characterised using field emission
scanning electron microscopy and energy dispersive X-ray spectroscopy in terms of morphology and elemental
composition. High-resolution mass spectrometry allowed the quantification of the five main emerging myco-
toxins and the monitoring of unexpected members of this class of toxic fungal secondary metabolites. The method
has been validated, obtaining limits of quantification between 9.5 and 9.9 pg kg~! and testing its trueness
through recovery studies, with satisfactory values of between 89.5 and 97.7%. Relative standard deviations were
calculated to evaluate the intra- and inter-day precision and values lower than 8% were obtained in all cases. The
analysis of 26 samples, including conventional and organic, demonstrated the presence of ENNB1 at 12.0 + 0.6
g kg™! in one of the samples studied. Other analogues ENNs and BEAs were not detected.

Cellulose-ferrite nanocomposite
High-resolution mass spectrometry
Paprika

The mycotoxin contamination of paprika has been widely reported
[9-12], where ochratoxin A and aflatoxin B1 have shown the highest

1. Introduction

Spices are aromatic dried vegetable substances widely used for their
nutritional, antioxidant, preservative, flavouring and colouring prop-
erties [1-3]. Many spices are grown and harvested with high environ-
mental temperature and humidity, using inappropriate practices during
actual processing, storage or harvesting that increase the production of
mycotoxin-producing fungi. Among spices, paprika has become one of
the most widely consumed in the food industry [4]. It is a red powder
made from grinding the dried pepper pods of some varieties of Capsicum
annuum L. [5]. Spain is one of the principal producers of paprika in
Europe, where it is produced in two regions: Murcia and La Vera [6].
Paprika from both regions is identified under Protected Designation of
Origin (PDO) by the European Commission of Agriculture and Rural
Development [7], these products being of great significance for the local
economies [8].

* Corresponding author.
** Corresponding author.
E-mail address: pilarvi@um.es (P. Vinas).
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incidence. Consequently, the European Union has established legal
limits for these contaminants in paprika [13-15]. The emerging myco-
toxins enniatins (ENNs) and beauvericins (BEAs) have awakened great
interest in the recent years. They are structurally related cyclic hex-
adepsipeptides composed of alternating N-methyl amino acid and hy-
droxy acid residues. These compounds are biosynthesized via pathways,
which generate a class of structurally related compounds, and to date
about 50 ENNs and BEAs have been isolated from different fungal
strains. Most common emerging mycotoxins are enniatins A (ENNA), Al
(ENNA1), B (ENNB), B1 (ENNB1) and beauvericin (BEA) (Supplemental
Figure S1), whose occurrence have been previously described in cereal,
cereal-based products and medicinal herbs [16-20]. In vitro studies
have demonstrated their effect on human health, such as genotoxicity,
cytotoxicity and effects on the reproductive system [21]. However, they
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are not yet legislated and are awaiting more data on their toxicity and
natural occurrence [22]. They are produced by Fusarium species such as
F. oxysporum, F. avenaceum, F. tricinctum, F. proliferatum, F. subglutinans,
FE. verticillioides and F. poae [20]. Some of these Fusarium species appear
in paprika samples [10], thus ENNs and BEA could also contaminate this
matrix. However, to the best of our knowledge, the incidence of these
emerging mycotoxins in paprika has not yet been investigated.

Spice samples, including spice paprika are very complex matrices, so
the extraction and clean-up steps for emerging mycotoxin determination
is a challenge. Sample treatment based on solid-phase extraction (SPE),
solid liquid extraction (SLE), QUEChERs methodology or dispersive
liquid-liquid microextraction (DLLME) [23-26] are commonly used for
the determination of ENNs and BEAs in other agri-food matrices.
Recently, the use of magnetic nanoparticles (MNPs) as sorbents in
dispersive magnetic SPE (DMSPE) has shown great potential for the
separation and preconcentration of the emerging mycotoxins, although
this has only been explored in biological fluids [27]. The application of
MNPs simplifies the sample preparation stage with respect to techniques
based on conventional SPE, since DMSPE does not need to package the
adsorbent phase. The separation of the extracting phase from the sample
solution occurs by application of an external magnetic field, which is
easily achieved even from large sample volumes. The time required is
significantly lower by reducing the number of steps involved, since the
isolation and enrichment of the compounds of interest take place
simultaneously. In addition, the volume of organic solvents and toxic
residues are also lower, complying with the principles of Green
Analytical Chemistry.

Regarding detection systems, liquid chromatography with tandem
mass spectrometry (LC-MS/MS) has been applied for the determination
of ENNs and BEA, but most of these methods are targeted i.e. focused on
monitoring the five main mycotoxins and do not take into account the
presence of other derived ENNs and BEAs, for which no commercial
standards are available. Recently, a semi-targeted LC-MS/MS approach
combining both product ion and neutral loss filtering was proposed for
identification of unknown ENN analogues from fungal cultures [28]. In
addition, an untargeted MS/MS with the molecular networking method
was also reported for this purpose, allowing the detection of ENN ana-
logues [29] from fungal cultures and naturally contaminated samples, as
cereals and cereal-based products [20,28]. High-resolution mass spec-
trometry (HRMS), specifically quadrupole with time-of-flight hybrid-
ation (QTOF) and Orbitrap spectrometers, allows identification and
screening of non-target compounds, and the analysis of retrospective
data, providing qualitative and quantitative results.

The main purpose of this study is to develop a new sample treatment
based on DMSPE to determine ENNs and BEAs in paprika, in order to
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provide occurrence data of these emerging mycotoxins in this complex
matrix. In addition, ultrahigh performance LC with HRMS using untar-
geted acquisition is proposed for quantitative determination of the main
ENNs and BEAs, and the screening of unexpected members of this class
of toxic fungal secondary metabolites.

2. Materials and methods
2.1. Reagents and standards

Standards of each mycotoxin were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and separated stock solutions of ENNA, ENNA1,
ENNB, ENNB1 and BEA were prepared at 1 mg L™! in acetonitrile
(MeCN) and stored at —20 °C. Chemical structures of the emerging
mycotoxins studied appear in Supplemental material (Fig. 1S).
Chromatography-grade methanol (MeOH), ethanol and MeCN were
provided by ChemLab (Zedelgem, Belgium). Ultrapure water was ob-
tained by using a Milli-Q system (Millipore, Bedford, MA, USA).

Iron (III) chloride hexahydrate (FeCls-6H20), iron (II) chloride tet-
rahydrate (FeCly-4H,0), microcrystalline cellulose (powder, 20 pm),
thiourea, urea and sodium hydroxide used for the synthesis of cellulose
nanocomposite, were also purchased from Sigma-Aldrich.

Nylon syringe filters, 0.22 pm x 25 mm (Agela Technologies, New
York, USA), were used for filtration of samples prior to chromatographic
analysis.

2.2. Instrumentation and software

An UHPLC system consisting of an Agilent 1290 Infinity II Series
HPLC (Agilent Technologies, Santa Clara, CA, USA) equipped with a
high-speed binary pump, and connected to an Agilent 6550 QTOF Mass
Spectrometer using an Agilent jet stream dual electrospray (AJS-Dual
ESI) source, were used. For data processing, MassHunter workstation
data acquisition software (Agilent Technologies, Rev. B.08.00) was
used.

An IKA-KS-130-Basic orbital agitator (Staufen, Germany) and an
Xcelvap air-drying system (Horizon Technology, Salem, USA) were used
for sample treatment. Permanent magnets were acquired from Super-
magnete (Gottmadingen, Germany). The magnets were blocks
composed of Nd-Fe-B (50 x 15 x 15 mm and 86 g weight) with a
strength of 33 kg.

Field emission scanning electron microscopy (FESEM) images data
were taken using ApreoS Thermo FESEM (ThermoFisher Scientific,
Massachussetts, USA) and energy dispersive X-ray spectroscopy (EDS)
analyses were carried out using EDAX-Ametek (EDAX, AMETEK

Supernatant removal 1,5 mL MeCN
- - - - -
2 5 L of water R — 3 —
= i —_—
8 250 uL Fe,0,@Cellulose 3 ©
= (5 mg) = =
0.2 g sample Orbital shaken 30 min NPs attraction with Orbital shaken 8 min

UHPLC-HRMS A
and BEA

Analysis of ENNA,

ENMNATL, ENMNE, ENNB1

MNd magnet
N, stream drying =
a 3

Reconstitution l\\&\‘j

in 200 pL of
MeCN 1mlL

Fig. 1. Diagram of the proposed DMSPE procedure.
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Materials Analysis Division, Mahwah, USA).
The statistic software Statgraphics Centurion XV. II and Sigmaplot
13.1 (Systat, Software Inc., San Jose, CA) were used for data treatment.

2.3. Synthesis of FesO4@cellulose nanocomposite

The magnetic Fe3sO4@cellulose nanocomposite material was syn-
thesized following the procedure described by Periyasamy et al. [30]. In
the first step, 2 g of microcrystalline cellulose was dissolved in 100 mL of
a 2% solution of 8:6.5:8:77.5 NaOH:thiourea:urea:H,0O and stirred for
30 min at 4 °C to form the homogenous cellulose solution. Then 0.1 mol
of NayCO3 and 0.1 mol of NaOH contained in 70 mL aqueous solution
were added into the above mixture by maintaining pH 10 and contin-
uous stirring for 1 h. After that, 10 mL of an aqueous solution containing
3.7 mmol FeCl3 and 1.8 mmol FeCl, were slowly added into the cellulose
medium over 15 min and maintaining pH 10. The nanocomposite was
left over 24 h in the same medium for ageing and then filtered and
washed with deionized water until neutral pH. Finally, the magnetic
material was washed with ethanol and suspended in 20 mL water (20 mg
nanocomposite mL’l).

2.4. Samples and analytical procedure

A total of 26 different samples were obtained from local markets,
paprika produced in both “Murcia” and “La Vera” and including 5
organic and 21 conventional samples of different varieties: hot, sweet
and smoked paprika. Ten of the conventional samples were out of date
(Table S1).

Samples purchased in bulk were placed in sterile plastic containers
and stored until analysis, the rest of the samples were stored in their
commercial containers. For treatment, 0.2 g of paprika, 250 pL (5 mg) of
Fe3O4@cellulose nanocomposite suspension and 5 mL of ultrapure
water were placed into a test tube, which underwent orbital shaking for
30 min at room temperature. Then the nanocomposite was attracted
with an external neodymium magnet and the supernatant solution was
removed. To desorb emerging mycotoxins, 1.5 mL of MeCN was added
to the enriched magnetic material and the mixture was again submitted
to orbital shaking for 8 min at room temperature. Afterwards, the
nanocomposite was again separated from the supernatant using the
magnet and 1 mL of the recovered supernatant solution was dried using
a Ny stream (1200 mbar) in a water bath set at 40 °C. The dry residue
was reconstituted with 200 pL of MeCN and the final extract was filtered
with a 0.2 pm nylon filter before injection in the UHPLC-QTOF-MS
system. Fig. 1 shown a scheme of the proposed analytical procedure.

For recovery studies, samples were fortified at two concentration
levels (25 and 100 pg kg™!), homogenized and left to stand for 1 h to
allow the mycotoxins to interact with the paprika matrices and then the
analytical procedure described above was applied. Each analysis was
carried out in triplicate.

2.5. UHPLC-HRMS analysis

Chromatographic separation was carried out using a ZORBAX RRHD
Eclipse Plus C18 (1.8 pm, 2.1 x 100 mm) column equipped with a 0.3
pm inline filter from Agilent Technologies. Elution was carried out in
gradient mode with a mobile phase composed of water:MeOH (95:5, v/
v) containing 0.1% HCOOH (solvent A) and MeOH:water (95:5, v/v)
containing 0.1% HCOOH (solvent B), at a flow rate of 0.4 mL min L. The
elution program was applied as follows: 0-1 min: 70% B; 1-3 min:
70-100% B; 3-5 min: 100% B; 5-5.2 min: 100-70% B; 5.2-9 min: 70%
B. Injection (20 pL) was performed using an autosampler refrigerated to
5 °C and the column temperature was 35 °C. The mass spectrometer was
operated in the positive mode. The nebulizer gas pressure was set to 30
psi, whereas the drying gas flow was set to 16 L min~! at a temperature
of 130 °C, and the sheath gas flow was established at 11 L min™! at a
temperature of 300 °C. The capillary spray, nozzle, fragmentor and 1 RF
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Vpp octopole voltages were 4000, 500, 360 and 750 V, respectively.
Data were collected in the 50-1500 m/z range for MS scans in 2 GHz
extended dynamic range mode with 3 spectra/s, 333.3 ms/spectrum and
2675 transients/spectrum. The three collision energies applied in each
cycle were 0, 10 and 40 V. Non-targeted data acquisition using “All-
ions” mode was carried out. Then, targeted data analysis was applied for
quantitation of the main ENNs and BEAs (ENNA, ENNA1, ENNB, ENNB1
and BEA) based on retention time, accurate mass MS and MS/MS data.
Table 1 shows data for the UHPLC-HRMS settings to monitoring ions of
the target analytes as well as their retention times, the precursor ions
(m/z) and their corresponding instrumental error in ppm, which was
calculated as the difference between the experimental and theoretical
m/z values divided by the theoretical m/z value and multiplied by 10°.
In addition, a non-targeted data analysis was also carried out for iden-
tification of unexpected analogues of ENNs and BEAs derivatives using
accurate mass MS, isotope pattern and MS/MS data. Table 2 shows ENN
and BEA derivatives monitored in the non-targeted approach.

3. Results and discussion
3.1. Optimization of DMSPE procedure

In order to optimize DMSPE procedure both adsorption and
desorption steps were carefully studied. Specifically, different materials
for the preparation of the magnetic extractant phase, amount of nano-
composite, sample mass, extraction medium pH, as well as desorption
solvent nature and volume were evaluated. Preliminary experiments
were carried out using 0.1 g of sample, spiked at 100 pg kg~ with the
four main ENNs and BEA, in 10 mL of water. Amount of 30 mg of each
nanoparticle type was added, applying a 30 min adsorption time and
desorbing the analytes in 1.5 mL of MeCN for 5 min with orbital shaking.

Initially the extractant phase nature was optimized since it is the
most important parameter in the DMSPE. Four different nanomaterials
having completely different structures were tested. Three of them were
based magnetic ferrite (Fe3O4): Fe304@Ag [31] because of interactions
between other organic compounds (natural substances) and silver-based
phases have been described [32] and also by the ability of silver to bond
with nitrogen atoms present in the emerging mycotoxins, Fes04@-
cellulose [30] due its potential biodegradability and magnetic multi-
walled carbon nanotubes (Fes04@MWCNTSs) [33] since it has gained
more interests than the others based on its high porosity, efficiency and
wide surface area [34]. The last one was based on cobalt ferrite
(CoFe304) due to its high coercivity and great physical and chemical
stability [35], coated with oleic acid (CoFe;O4@oleic acid) [36]. The
advantage of oleic acid is the strongest chemical bond between the
carboxylic acid and the amorphous iron oxide nanoparticles [37].

As can be seen in Fig. 2, very low enrichment resulted for all my-
cotoxins, except for ENNB, with Fe304@Ag. Only BEA was preconcen-
trated, in a low grade, by CoFe;O4@oleic acid. Therefore, both
Fes04@Ag and CoFe;O4@oleic acid materials were discarded. Pre-
concentration was higher for Fe304,@MWCNTs and Fe3O4@cellulose,
obtaining the best results for most analytes with FesOs@cellulose, so
this extractant was adopted for further experiments. A possible mecha-
nism of ENNs and BEA adsorption on the surface of the cellulose
nanocomposite is proposed.

Once the material was selected, the influence of the sample mass was
studied for 0.1, 0.5 and 1 g in 10 mL of water. Fig. 3A shows that
sensitivity decreased when increasing the amount of sample due to a
matrix effect. In addition, the sample mass was also optimized together
with the extraction solution volume, the results obtained being
compared with the suspension of 0.1 and 0.2 g of paprika in both 5 and
10 mL of water. The best results were obtained when using 0.2 g of
sample in the presence of 5 mL of water, this ratio being used for sub-
sequent experiments.

The effect of the addition of the magnetic material as solid material
or as an aqueous suspension of FesOs@cellulose nanocomposite on
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Table 1
UHPLC-HRMS parameters of the target analytes.

Talanta 226 (2021) 122144

Compound RT? (min) Formula Precursor ion (m/z) Error (ppm) Product ion 1 (m/z) Product ion 2 (m/2)
ENNA 5.359 C36HeaN304 682.4637 -0.3 210.1491 228.1593
ENNA1 5.153 C3sHeaN30§ 668.4481 0.4 210.1491 228.1592
ENNB 4.682 Ca3HsgN30§ 640.4168 -0.3 196.1341 214.1441
ENNB1 4948 C34HeoN304 654.4324 0.2 196.1333 210.1489
BEA 4.982 C4sHsgN30g 784.4168 —-0.6 244.1334 262.1438
2 RT: retention time.

Table 2 2.0e+6

ENN and BEA derivatives monitored in the non-targeted approach. ] Fe.0,@A9
Compound Molecular Formula Monoisotopic mass (Da) [M+H]" ;:';;:fjg;r:zm
Beauvericin A C46HsoN300 797.4251 798.4330 15646 EACAMNCNTE
Beauvericin B C47He1N309 811.4408 812.4486
Beauvericin C C48He3N309 825.4564 826.4643
Beauvericin D C44Hs5N309 769.3939 770.4017
Beauvericin E Ca1Hs7N30qg 735.4095 736.4173 g
Beauvericin F CaeHsoN300 797.4251 798.4329 5 10t
Beauvericin G1 C44Hs55N309 769.3939 770.4017
Beauvericin G2 Ca3Hs3N30g 755.3782 756.3860
Beauvericin G3 C42Hs1N300 741.3626 742.3704
Beauvericin H1 C45Hs6FN30g 801.4001 802.4079 5.0e+5
Beauvericin H2 CasHssFaN309 819.3906 820.3985
Beauvericin H3 CasHs4F3N309 837.3812 838.3891
Beauvericin J CasHs4F3N30o 799.4044 800.4122
Enniatin A2 Ca6He3N30g 681.4564 682.4643 o
Enniatin A3 Ca6Hg3N30g 681.4564 682.4643 :
Enniatin B2 C32HssN30g 625.3939 626.4017
Enn?at%n B3 C31Hs3N309 611.3782 612.3860 Fig. 2. Influence of the type of nanocomposites on the sensitivity of
Enniatin B4 C34Hs9N30g 653.4251 654.4329 the compounds.
Enniatin C C36He3sN30g 681.4564 682.4642
Enniatin E1 CasHe1N3Og 667.4408 668.4486
Enniatin E2 C35Hg1N309 667.4408 668.4486 evaluated. Three pH levels were studied: pH 3 (0.1 M acetate/acetic acid
Enniatin F Cs6HeaN300 681.4564 682.4642 buffer solution); pH 9 (0.1 M phosphate buffer solution) and no pH
EEE:ZZESI 235g61§389 2:?232? Zgi'ggg adjustment (pH 7). Significant differences were observed for the

34H59N309 . . . s . .
Enniatin I CasHerNaOo 667.4408 668.4486 different values assayed. Analytical signals were considerably lower at
Enniatin J1 C31Hs3N30o 611.3788 612.3860 both pH 3 and 9 in comparison with those obtained at pH 7 (Supple-
Enniatin J2 C32Hs5N309 625.3938 626.4017 mentary Figure S2A). This occurs because flocculation of cellulose
Enniatin J3 Ca2Hs55N300 625.3938 626.4017 particles resulted at pH 3 or below [38] and the alkaline treatment of
Enniatin K1 C32HssN300 625.3939 626.4017 1l it terial llulose degradation [39]
Enniatin L CasHeoNsO10 6694201 670.4279 cellulose nanocomposite materials causes cellulose degradation .
Enniatin M1 CasHgiNsO1o 683.4357 684.4435 Consequently, extraction step was carried out with no pH adjustment.
Enniatin M2 C35Hg1N3010 683.4357 684.4435 The pH provided by the suspension of different paprika samples in 5 mL
Enniatin MK1688  Cs6HesNsOo 681.4564 682.4643 water was checked to be about 7. The percentage of sodium chloride in
Enniatin N CasHe3N3010 697.4514 698.4592 the extraction medium was varied between 0 and 10% m/v. As shown in
Enniatin O1 C35He1N309 667.4408 668.4486 1 i ignal bly d d in th
Enniatin 02 CasHg1N3Oo 667.4408 668.4486 Supplementary Figure S2B, signals notably decreased in the range
Enniatin 03 Ca5Hg1N30g 667.4408 668.4486 studied for all compounds, with the exception of ENNB, for which the
Enniatin P1 C32Hs5N3010 641.3887 642.3966 best results were obtained in the presence of 5% m/v NaCl. The addition
E““fatf“ PQZ 233E57§3810 22?-1222 g:g-j‘éi; of salt was discarded for DMSPE procedure.
nniatin 36H63N309 . g i i i

Enniatin R CasHaoNaOr1o 655.4044 656.4122 Fo.r the desorption of mycotoxins from the nanocorr}p051Fe, two
Enniatin S CasHerNsO1o 683.4357 684.4435 organic solvents (MeOH and MeCN) were assessed, and in this case,
Enniatin T C36Hg3N3012 729.4412 730.4490 MeCN provided a noticeably higher desorption efficiency, therefore
Enniatin U CssHe1N301 699.4306 700.4384 being adopted (Supplementary Figure S3A). The optimal volume of
Enniatin V C36He3N3011 713.4463 714.4541

method sensitivity was compared. Preconcentration efficiency was
higher when the extractant phase was added in the form of suspension.
This effect may be explained by a lower aggregation of the suspended
MNPs compared to when they are added as solid material. Consequently,
the adsorbent phase was added as a suspension and its volume was
optimized in the 100-400 pL range using a 20 mg mL~! MNPs suspen-
sion concentration. Fig. 3B shows that sensitivity increased when the
volume increased up to 250 pL and then decreased. Therefore, 250 pL
was selected for further experiments.

Then, the influence of pH and percentage of sodium chloride in the
extraction medium were investigated. The pH is a significant parameter
for the adsorption process because it considerably affects the surface of
the adsorbent, therefore acid, alkaline and neutral medium were

MeCN was evaluated between 1 and 2 mL (Supplementary Figure S3B),
and maximum desorption efficiency was achieved with 1.5 mL, which
was selected. The time during which the nanocomposite is in contact
with MeCN was varied in the 1-15 min range, while the mixture was
submitted to orbital shaking. As shown in Supplementary Figure S3C,
maximum sensitivity was obtained at 8 min for ENNA, ENNB and BEA,
whereas a slightly higher sensitivity was observed at 15 min for ENNA1
and ENNBL1. A desorption time of 8 min was finally adopted in order not
to enlarge the sample treatment step.

3.2. Characterization of nanocomposite

The nature and surface morphology characterization of synthesized
Fe3O4@cellulose nanocomposite was carried out by field emission
scanning electron microscopy (FESEM) and its elemental composition
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Fig. 3. Influence of the sample mass (A) and Fe304@cellulose suspension volume (B) on the sensitivity of the analytes.

was examined by energy dispersive X-ray spectroscopy (EDS). To carry
out this characterization, specimens were mounted on SEM aluminium
stubs, dehydrated by heating at 60 °C for 10 min and coated with 5 nm of
platinum in a vacuum sputter coater.

The image obtained by FESEM is shown in Fig. 4A and represents the
morphology of Fe3O4@cellulose nanocomposite at 500 nm resolution,
where homogeneity can be appreciated regarding particle size distri-
bution and reveals that large particles are indeed agglomerates of
smaller particles.

An accelerating voltage of 20 kV was used for EDS analysis. EDS
spectra exhibit peaks related to Fe, C, N and O atoms (Fig. 4B). The
weight and atomic percentage values obtained in the quantitative
analysis were (weight and atomic percentages): 25.03 and 7.85% for Fe;
25.05 and 36.54% for C; 6.14 and 7.67% for N; 43.78 and 47.94% for O.
The FESEM image of Fe3O4@cellulose material area, where the mea-
surements were done, is also provided in the corner of Fig. 4B.

3.3. Validation of the method

In order to check the suitability of the proposed method for the
determination of emerging mycotoxins in paprika, linear dynamic
ranges, limits of detection (LOD) and quantification (LOQ), precision,
matrix effect (ME) and trueness were evaluated.

Evaluation of ME was carried out at two concentration levels (25 and
100 pg kg™!) for each mycotoxin and it was calculated as [(analyte
signal in sample extract — analyte signal in neat solvent)/analyte signal
in neat solvent] x 100. As shown in Table 3, matrix effect was observed
as a loss in response (signal suppression). Because no significant dif-
ferences were observed between slopes of standard additions calibration
graphs for different paprika samples, matrix-matched calibration was

Status: Idle

Fig. 4. FESEM (A) and EDAX spectra (B) of Fe3O,@cellulose nanocomposite.

Table 3
Validation data for the determination of emerging mycotoxins in paprika.
Mycotoxin  Equation Linear range Linearity LOD (ug  LOQ (pg
(g kg™ R? kg ™) kg™
ENNA y=239214x-  9.6-200 0.993 2.9 9.6
789021
ENNA1 y=285727x-  9.9-200 0.998 3.0 9.9
151685
ENNB y=66004x-  9.7-200 0.990 2.9 9.7
687650
ENNB1 y =146676 x  9.5-200 0.995 2.8 9.5
- 361766
BEA y = 25230 x 9.7-200 0.987 2.9 9.7
+ 625318
Matrix effect (%) Trueness (%)
25 ng kg™! 100 pg kg! 25 ug kg! 100 pg kg!
ENNA —50.4 —55.6 92.5 94.4
ENNA1 —43.3 —46.7 96.4 97.7
ENNB —38.1 —43.4 90.8 95.6
ENNB1 —19.1 -8.0 94.2 92.8
BEA —40.2 —42.1 89.5 90.8
Repeatability, %RSD (n=9) Intermediate precision, %RSD
(n=12)
25 ugkg™?  100pgkg! 25pugkg! 100 pgkg!
ENNA 6.8 6.5 7.0 7.1
ENNA1 5.6 6.1 6.2 6.7
ENNB 6.4 6.8 7.3 7.7
ENNB1 4.2 4.8 5.5 5.2
BEA 5.0 4.4 5.6 5.2
882K
TBAK
BEAK
SEEK
490K
5.2K
204K
195K
as —
MISCH | B
0o 13 26 19 52 65 7.8 01 104 117 110
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established for quantification purposes using a paprika sample free of
the analytes and spiked at six concentration levels of the studied
emerging mycotoxins, between 10 and 200 pg kg™ *. Each concentration
level was performed in duplicate and also injected in duplicate, taking
into account the peak area as analytical signal. The calibration param-
eters calculated by least-square regression are shown in Table 3. The
LODs and LOQs were calculated using the signal-to-noise ratio (S/N)
criteria of 3 and 10, respectively, providing values in the 2.8-3.0 and
9.5-9.9 pg kg ! range, respectively. Determination coefficients above
0.98 were obtained in all cases, confirming a satisfactory linearity over
the ranges studied.

The method precision was evaluated as repeatability and interme-
diate precision, intra- and inter-day precision, respectively, and the re-
sults, expressed as relative standard deviation (RSD) of peak areas, are
shown in Table 3. Repeatability was assessed by application of the whole
procedure within the same day to three samples spiked at two concen-
tration levels (25 and 100 pg kg™1). Each sample was injected by trip-
licate (instrumental replicates). Intermediate precision was evaluated by
analysing three samples, also spiked at 25 and 100 pg kg™?, on four
different days. In all cases, RSD values lower than 8% were obtained, in
agreement with current legislation for other mycotoxins [13].

Trueness of the proposed method was evaluated through recovery
studies carried out in paprika samples free of mycotoxins. Samples were
spiked at two levels (25 and 100 pg kg™ 1), processed as described pre-
viously, submitted to the proposed method and injected by triplicate. As
shown in Table 3, recoveries were between 89.5 and 97.7% for the nine
experiments, being the mean value 93 + 3, fulfilling requirements of the
current legislation for other mycotoxins [13]. These results cannot be
compared with other previous methodologies, since, to the best of our
knowledge, this is the first time that emergent mycotoxins (ENNs and
beauvericins) have been determined in spice samples. In addition,
DMSPE only has been applied for emerging mycotoxins extraction in
biological samples [27] and the difference in matrices make that the
proposed method cannot be really compared.

Fig. 5 shows the extracted ion chromatograms obtained for a fortified
sample (50 pg kg™1) of conventional sweet paprika using DMSPE with
Fe304@cellulose nanocomposite and UHPLC-HRMS.

3.4. Analysis of commercial samples

Different samples of commercial paprika purchased in local markets
from Murcia including 5 organic and 21 conventional samples, of which
10 were out of date, were analyzed in triplicate using the proposed
method under the optimized experimental conditions in order to show
the applicability of the method. Specifically, data acquired were pro-
cessed in a targeted way to investigate the presence of 5 common
emerging mycotoxins (i.e. ENNA, ENNA1, ENNB, ENNB1 and BEA) in
paprika samples. ENNB1 was detected in one organic paprika sample at
a concentration of 11.2 + 0.5 pg kg ™1, which was slightly higher than its
LOQ. Then, the uncertainty associated with the recovery of results was
calculated following the error propagation theory. As the mean value of
the trueness study was 93 + 3%, the found value for the ENNB1 content
considering the mean recovery was 12.0. On the other hand, the un-
certainty associated with both the found value and the recovery was
0.65. Thus, a value of 12.0 + 0.6 pg kg~! was obtained for the positive
sample in ENNB1.

Even though some studies have shown higher mycotoxin contami-
nation in organically-produced agricultural products than in
conventionally-produced ones, data are not conclusive regarding the
risk of mycotoxin appearance associated with one type or another of
farming systems [40,41].

3.5. Non-targeted approach

Finally, in order to provide a more comprehensive insight into the
occurrence of emerging mycotoxins in paprika samples, the same data
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Fig. 5. Extracted ion chromatograms obtained for conventional sweet paprika
fortified at 50 pg kg’1 for ENNA, ENNA1, ENNB, ENNB1 and BEA.

were further researched for the presence of unexpected ENNs and BEAs
for which reference standards were not available. Specifically, 32 ENNs
and 13 BEAs were researched (Table 2), not being detected in any of
samples studied.

4. Conclusions

An effective and easy to apply sample treatment based on DMSPE
with Fe3O4@cellulose nanocomposite has been developed for the
determination of emerging mycotoxins in paprika samples. To the best
of our knowledge, this is the first time that FesO4s@cellulose nano-
composite has been used for the extraction of these analytes, providing
an environmentally-friendly preconcentration method, thanks to prop-
erties of this so abundant in the nature biopolymer, such as being
biodegradable, biocompatible and non-toxic. The enriched extracts are
analyzed by UHPLC combined with Q-TOF-HRMS, allowing an
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unequivocal identification of the compounds with a high sensitivity
provided by the preconcentration step, which has enabled demonstra-
tion, for the first time, of the presence of emerging mycotoxins (ENNB1)
in organic paprika sample. Matrix-matched calibration curves were
established and LODs were in all cases below the regular maximum
levels set by EU regulation in foodstuffs, ensuring the usefulness of the
method developed for an adequate control of ENNs and BEA levels in
paprika.
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ABSTRACT

A new analytical methodology combining the use of magnetic molecular imprinted
polymer (MMIP) and liquid chromatography-high resolution mass spectrometry (LC-
HRMS) is proposed to explore the presence of emerging mycotoxins in paté samples.
For the first time, MMIP was used for the determination of main emerging mycotoxins
(enniantin A (ENNA), Al (ENNA1), B (ENNB), B1 (ENNB1l) and beauvericin (BEA)).
Analyses were performed using 30 mg of MMIP on the sample solution, 1g of sample
previously extracted with 10 mL of MeCN:H20 solution (40:60, v/v) using ultrasound
and centrifugation, adsorbing the analytes in 30 min and desorbing them with 2 mL of
MeCN in 15 min. Field emission scanning electron microscopy and energy dispersive X-
ray spectroscopy were used to characterise for the first time MMIP synthesised from
commercial MIP. Method validation was carried out by obtaining quantification limits
between 1.1 and 2.6 pg kg corresponding to BEA and ENNB1, respectively. Trueness
was assessed by apparent recovery studies, with satisfactory values of between 87 and
106%. A total of 33 paté samples from 10 different animals were analysed. ENNB was
found in duck, pig and wild boar paté samples, with concentrations of 7.6, 2.6 and 4.6
Mg kg, respectively. Other analogues ENNs and BEAs were not detected. Furthermore,
the reusability of the magnetic material was studied, and it was found that it could be
reused up to 3 times.
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3.1. Introduction

Mycotoxins are secondary metabolites primarily produced by Penicillium,
Aspergillus, Fusarium, Claviceps and Alternaria fungi that contaminate the most
consumed foods and feeds worldwide [1]. They are known to possess a wide range of
recognized toxicities including nephrotoxicity, liver toxicity, cancer, impaired
immunological functions, and growth retardation, thus posing a risk to the health of
both humans and animals [2]. The most widely reported of concern for human health
and livestock include aflatoxins (AFs), ochratoxin A (OTA), fumonisins (FBs),
deoxynivalenol (DON) and zearalenone (ZEN), which are strictly regulated by authorities
[3]. Apart from the regulated, there is a non-regulated group produced by Fusarium
moulds known as emerging mycotoxins, including enniatins (ENNs) and beauvericin
(BEA). The lack of legislation for ENNs and BEA stems from the need of data on their
occurrence, contamination levels and toxicity [4].

Contamination by major and emerging fungal derived toxins in animal and human
liver has been recently described [5-7]. Concretely, ZEN and its derived metabolites
have been studied in wild boar liver [6], resulting in 1.71 ng g mean concentration of
ZEN ; AFs (B1, B2, G1, G2, M1 and M2) have been investigated in biological matrices of
chickens and cattle [7], whose AFB1 contamination in liver was 0.474 ug kg'; and
multiple determination of 13 mycotoxins including ENNs (A, Al, B and B1l) and BEA
have been determined in forensic liver and animal liver (pig, lamb, calf and chicken)
[5]. In the latter work, ENNB1 was quantified in forensic liver, ENNB in forensic liver as
well as in pig (1.53 ug kg?), calf and chicken liver (1.54 ug kg?') and BEA in calf (1.14
Mg kg') and lamb liver (0.69 ug kg?). These described works demonstrate the need to
control food samples derived from animal liver. Therefore, paté, a commonly consumed
food derived from animal liver, was thought to be a very promising source of emerging
mycotoxin contamination. In addition, in previous studies OTA contamination in pig paté
samples was described by Jiménez et al. [8], demonstrating their susceptibility to be
contaminated with these fungal derived toxins. Nevertheless, to date no studies have
been carried out for the monitoring of emerging mycotoxins in paté.

Regarding sample treatment, the application of magnetic materials for the
analysis of mycotoxins in foods have increase significantly in recent years. Several
magnetic solid phase extraction (MSPE) procedures using functionalized nanomaterials
have been described, such as silicon dioxide for FB1, ZEN and OTA in vegetable oil [9],
carbon nanotubes for ten mycotoxins in chilli powder [10] or a modified metal organic
framework for DON determination in cereals [11].

The determination of ENNs and BEA has been carried out in foods such as paprika
and corn using polypyrrole and covalent organic framework (COF) magnetic materials,
respectively [12,13]. In addition to the well-known magnetic nanoparticles, recently the
combination of magnetic nanoparticles and molecularly imprinted polymers (MIP), called
MMIP, has attracted much attention. MMIP represent an innovative technique as they
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combined the advantages of MIP being capable of recognising biological and other
molecules, including mycotoxins, due to their specific mould cavities and the benefits of
magnetic nanoparticles, presenting good biocompatibility, large surface areas and ease
of manipulation [14].

Nowadays, MMIP have been used for the analysis of different mycotoxins in food.
Specifically, ZEN has been determined in maize, corn, rice, wheat, millet, coix lachrymal
and corn oil using different types of synthetised MMIP [15-19]; main aflatoxins (B1, B2,
G1 and G2) in corn [20]; citrinin in rice samples [21]; patulin in juice samples [22,23];
ochratoxins in rice and wine [24]; and sterigmatocystin in wheat [25]. However, it
should be noted that this very specific material has never been used for the extraction
of ENNs and BEA in any type of food, and therefore not in paté either.

Therefore, the aim of this work is the development of an analytical methodology
based on the use of MMIP for sample treatment and liquid chromatography coupled to
high resolution mass spectrometry (LC-HRMS) for the determination of main emerging
mycotoxins derived from Fusarium (ENNB1, ENNB, ENNA1l. ENNA and BEA) and other
ENNs and BEAs metabolites in paté samples. To the best of our knowledge, this is the
first application of a MMIP-based method not only for the analysis of paté, but also for
the quantification of 5 emerging mycotoxins, resulting in an assessment tool not
previously reported and of great novelty. The use of HRMS allows the quantification of
target ENNs (A, Al, B and B1) and BEA, and the monitoring of other derivatives for
which there are no standards, with the aim to obtain a better understanding of the
occurrence of this type of emerging metabolites in the paté samples.

3.2. Materials and methods
3.2.1. Reagents and standards

ENNA, ENNA1, ENNB, ENNB1 and BEA individual standards were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All mycotoxins were prepared in separately stock
solutions at 1 mg L in acetonitrile (MeCN) and stored at -20 °C. Chromatography-
grade ethanol, methanol (MeOH) and MeCN were supplied by ChemLab (Zedelgem,
Belgium). Acetone and ethyl acetate used for mycotoxin desorption stage optimization
were supplied by Sigma-Aldrich.

For the synthesis of the MMIP, MIP sorbent was collected from commercial
AFFINIMIP® Multimyco SPE cartridges acquired from Affinisep (Normandy, France) and
the following reagents acquired from Sigma-Aldrich were used: iron (III) chloride
hexahydrate (FeClz:6H20), ammonium iron (II) sulfate hexahydrate ((NHa4)2Fe(S0a4)2
6H20) and ammonia solution. Ultrapure Milli-Q water was generated by a Millipore Milli-
Q system (Bedford, MA, USA).
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Ammonium acetate and formic acid were used for the mobile phase. In addition,
for sample treatment optimization, sodium chloride was used. All the reagent above
mentioned were supplied by Sigma-Aldrich.

Nylon 0.22 um x 25 mm syringe filters were used for samples filtration before
chromatographic analysis and were purchased from Agilent Technologies (New York,
USA).

3.2.2. Instrumentation and software

An Agilent 1290 Infinity II Series HPLC (Agilent Technologies, Santa Clara, CA,
USA) equipped with a high-speed binary pump (thus constituting the UHPLC system)
was used. Separations were conducted using a ZORBAX RRHD Eclipse Plus C18 column
(2.1 mm inner diameter, 1.8 um particle size and 100 mm length) and an Agilent
Technologies 0.3 um inline filter. A mass spectrometer Agilent 6550 Quadrupole Time of
Flight (QTOF) equipped with an Agilent jet stream dual electrospray source (AJS-Dual
ESI) was used for the detection.

For MMIP synthesis, an ultrasonic LT-80-PRO equipment from tierratech®
(Tierratech, Cantabria, Spain), a water bath J.P. SELECTA Precisterm with adjustable
temperature (Fishers Scientific SL, Madrid, Spain) and a TQTECH 2001244 drying oven
(Murcia, Spain) with adjustable temperature between 40 and 250 °C were used.

For sample preparation, a Labbox orbital agitator SHKP-35L-001 (Labbox
Labware, S.L., Barcelona, Spain), a centrifuge EBA 20 (Hettich, Tuttlingen, Germany)
operating at 3500 rpm and an Xcelvap air-drying system (Horizon Technology, Salem,
USA) were used. In addition, a magnet block acquired in Supermagnete (Gottmadingen,
Germany), consisted of Nd-Fe-B with a 33 kg strength, 50x15x15 mm dimensions and
weight of 86 g was employed.

An ApreoS Thermo field emission scanning electron microscopy (FESEM) system
from ThermoFisher Scientific (Massachussetts, USA) and an EDAX-Ametek (Mahwah,
USA) were used for MMIP characterization by means of image data acquisition and
energy dispersive X-ray spectroscopy (EDS) analyses.

Agilent MassHunter Quantitative Analysis and Profinder were the softwares used
for mycotoxins and metabolites identification and quantification.

The statistic software Statgraphics Centurion XV.II and Sigmaplot 13.1 (Systat,
Software Inc., San Jose, CA) were used for data treatment.

3.2.3. Synthesis of MMIP

Magnetisation of the MIP with ferrite was carried out by adapting a procedure
described for the magnetisation of MWCNTs [26]. Initially, 0.85 g of
(NH4)2Fe(S04)2:6H20 and 0.42 g of FeCl3-6H20 were weighed, and both salts were
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dissolved in 250 mL of MQ water. Then, 0.5 g of the commercial MIP was added to this
solution and placed in an ultrasonic water bath at 50 °C for 20 min. Then, the reaction
mixture was removed from the ultrasonic bath and placed in another bath at 50 °C.
Next, 25 mL of aqueous ammonia was added dropwise to the reaction mixture while
stirring continuously. After ammonia addition, the mixture was left in this bath at 50 °C
for 30 min. When this time elapsed, with the help of a neodymium magnet, the MMIP
were concentrated, and the aqueous phase was decanted. Finally, a water and EtOH
washing of the material was performed for three times until neutral pH and left to dry at
70 °C in the oven for 12 h to obtain the final MMIP.

3.2.4. Samples and analytical procedure

A total of 32 different paté samples were obtained from local markets, including
10 duck, 12 pig, 1 wild boar, 3 goose, 1 deer, 1 sardine, 1 surimi, 1 sea urchin, 1
bonito, and 1 scorpion fish samples.

An amount of 1 g of paté sample was weighed into a 15 mL polypropylene tube
and 10 mL of MeCN:H20 solution (40:60, v/v) was added. The mixture was
homogenized for 2 min at vortex, placed in ultrasounds for 15 min and centrifuged
during 3 min at 3500 rpm. A 7 mL volume of the supernatant was recovered and filtered
prior to contact with 30 mg of MMIPs. Adsorption of the emerging mycotoxins was
carried out during 20 min with orbital shaking. Subsequently, a neodymium magnet was
employed for external magnetic attraction of the MMIP and the supernatant was
discarded. For desorption of the emerging mycotoxins, 2 mL of MeCN were added to the
enriched MMIP and orbital shaking was performed for 15 min at ambient temperature.
Separation of the nanocomposite from the supernatant was then again performed using
the magnet. Finally, the collected MeCN supernatant solution was evaporated under a
N2 stream (1200 mbar) until dryness at 35 °C, reconstituted in 500 pyL of (50:50, v/v)
MeOH:H20 mixture and submitted to vortex agitation for 1 min. The reconstituted
extract was then filtered through a 0.2 pm nylon filter before injection.

3.2.5. LC-HRMS analysis

The mobile phase consisted of solvent A (water:MeOH, 95:5, v/v) and solvent B
(MeOH:water, 95:5, v/v), both containing 5 mM ammonium acetate and 0.3% v/v of
formic acid. A flow rate of 0.4 mL min! was applied. The elution gradient was set as
follows: linear gradient from 80 to 100% of solvent B for 5 min; then, solvent B was
maintained at 100% for 4 min, decreased to 80% in 1 min and finally, an isocratic step
of 2 min duration maintaining a 80% ratio of solvent B was conducted, being the total
separation time of 12 min. Electrospray ionization (ESI) source operated in positive
mode and the different instrument parameters were the following: gas temperature of
130 °C, gas flow of L min?, nebulizer gas pressure of 30 psi and sheath gas
temperature and flow-rate of 300 °C and 11 L min®, respectively. Scan source
parameters were set as follows: capillary voltage of 4000 V, nozzle voltage of 500V,
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fragmentor voltage of 360V and octopole voltage of 750V. Data-Dependent Analysis
(DDA) approach for MS detection was performed by using auto MS/MS mode in a 100-
1200 m/z range.

3.3. Results and discussion
3.3.1. MMIP characterization

To ensure the correct magnetization of the synthesized MMIP, their surface
morphology characterization was carefully studied by field emission scanning electron
microscopy (FESEM) and it was compared with original the MIP. To perform this
characterisation, the samples were mounted on aluminium SEM holders, dried by
heating at 60 °C for 10 minutes and then platinum coated with 5 nm of platinum in a
vacuum sputter coater.

In order to achieve a more robust comparison, FESEM images were taken at 4
different resolutions, 50, 500, 1500 and 10000x of the 3 materials of interest, the
original MIP and the synthesised MMIP (Figure 3.1).

MIP

Magnetic MIP

Figure 3.1. Field emission scanning electron microscopy (FESEM) images of commercial MIP
and MMIP.

As can be seen in Figure 3.1, the commercial MIP shows a uniform distribution of
particles in the images taken at 50 and 500x magnification and a smooth homogeneous
surface in the closer images (1500x, 10000x). In addition, the specified particle
diameter range of 25-80 ym provided by the manufacturer can be confirmed. On the
other hand, as can be appreciated in the images taken of the newly developed material,
the particles are uniformly distributed similarly to their original unmagnetized state.
Moreover, in 500, 1500 and 10000x magnification FESEM images, it can be appreciated
the characteristic roughness of ferrite instead of a smooth surface. Hence, its correct
magnetisation can be confirmed. As for the particle diameter, in this case the particle
size is slightly larger and varies in the range of 35-90 um.
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Elemental composition was evaluated using energy dispersive X-ray spectroscopy
(EDS) applying an accelerating voltage of 20 kV. Figure 3.2 shows the EDS spectrum of
the developed MMIP. Peaks related to C, O, Si, S, Cl and Fe can be appreciated for the
MMIP. The weigh and atomic percentage were calculated at 3 different points of the
nanomaterial and quantitative average values were calculated. Weigh and atomic
average percentages were 38.28 and 57.02% of C, 28.29 and 31.63% of O, 0.14 and

0.09% of Si, 2.06 and 1.15% of S, 0.55 and 0.28% of Cl, 30.68 and 9.83% of Fe,
respectively.

il & MMIP

112K Fe

058K Si CI Fe
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Figure 3.2. EDS spectrum of MMIPs.

3.3.2. Optimization of the sample extraction procedure

Regarding the nature of the adsorbent phase, a commercial MIP with the
characteristics of being an adsorbent material specifically designed for multi-mycotoxins
including FB1 and FB2, four main aflatoxins (B1, B2, G1 and G2), OTA, T-2, HT-2, ZEN
and DON, was chosen as an adsorbent material for magnetisation as its use was
investigated for the 5 emerging mycotoxins under study. It is expected to be equally
suitable for all of them.

The optimisation of the previous paté extraction step was carried out using the
following starting conditions: 0.5 g of a pig paté sample spiked at 100 ug kg™ with the 5
emerging mycotoxins (ENNB1, ENNA1l, ENNA, ENNB and BEA) and 10 mL of a
MeCN:H20 extractant mixture in different percentages, which was followed by 5 min of
vortex agitation, 15 min of ultrasounds and 3 min of centrifugation at 3500 rpm.
Subsequently, the supernatant was collected, 30 mg of magnetic MIP were added, and
adsorption was performed for 15 min with orbital shaking. For the desorption step, 2 mL
of ethyl acetate (EA) was added followed by orbital shaking for 15 min.

Initially, composition of the extractant solution was studied using the following
MeCN percentages: 100, 80, 60, 40, 20 and 0%. The results showed that using 10 mL
of solution MeCN:H20 (40:60, v/v) extracted the mycotoxins most effectively from the
paté, therefore this percentage was selected as optimal for further experiments (Figure
3.3).
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Figure 3.3. Influence of the composition of the extractant solution MeCN:H20 (v/v) on
the mycotoxin extraction efficiency (n=3).

Once the composition of the extractant solution was optimised, the parameters
affecting mycotoxin adsorption in the magnetic MIP were studied. These parameters
were the mass of magnetic MIP, the ionic strength and the paté sample mass.

The MMIP mass was optimised in the 5-50 mg range. Figure 3.4A shows how the
sensitivity increases when the mass of magnetic MIP is increased up to 30 mg but
worsens when a higher amount of extracting polymer is used. This may be the result of
an aggregation of the magnetic MIP when higher masses are used.

Afterwards, the addition of a percentage of sodium chloride to the extraction
medium was investigated. To this end, values from 0 to 10 % m/v were tested and no
significant differences were found. Therefore, the addition of NaCl was not considered.

The adsorption time was assessed between 5 and 30 min. As can be seen in
Figure 3.4B, higher efficiency was reached the longer the magnetic MIP was kept in
contact with the sample, up to 20 min. However, when the adsorption time exceeded 20
minutes, the areas obtained were smaller. This may be due to the fact that after 20 min
the compounds in the extractant material begin to desorb.
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Figure 3.4. Influence of adsorption parameters MMIP mass (A), time (B) and sample

amount (C) on the mycotoxin extraction efficiency (n=3).

The last optimised parameter involved in the adsorption step was the amount of
sample. Amounts of 0.25, 0.5, 0.75 and 1 g were tested. As shown in Figure 3.4C, the
sensitivity increases considerably when the sample amount is 1 g of paté, therefore this

value was selected.
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The optimised parameters for the desorption step of the emerging mycotoxins

from the MMIP material were the desorption solvent and its volume and the desorption

time. Four solvents were investigated for the desorption of mycotoxins from the new
MIP material, which were acetone, MeCN, MeOH and ethyl acetate. MeCN and MeOH
yielded better results than ethyl acetate and acetone, as can be seen in Figure 3.5A. In

particular, for ENNA, ENNA1 and BEA there was hardly any difference between the two

solvents. In the case of enniantin B and Bl the signal was slightly higher when

acetonitrile was used, and it was decided to work with MeCN as the solvent for

desorption.
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Figure 3.5. Influence of desorption parameters, solvent nature (A), solvent volume (B)

and time (C) on the mycotoxin extraction efficiency (n=3).
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Regarding the volume of MeCN employed for this desorption step, the use of 1,
1.5 and 2 mL was evaluated. The result was a clear improvement in sensitivity when
using 2 mL as can be seen in Figure 3.5B. Finally, the time required to desorb the
analytes of interest from the magnetic polymeric material was optimised by testing with
2, 5, 10 and 15 min. The best results were obtained by desorption for 15 min (Figure
3.5C), thus this time was selected for subsequent experiments.

Once the method was optimised, the use of magnetic MIP was compared with
their use without magnetisation using ferrite nanoparticles. For this purpose, pig paté
samples were spiked at 100 ug kg?. In the case of unmagnetised MIP, the material
collection stage prior to discarding the sample solution (which in the case of magnetic
materials is carried out with the magnet), was carried out by centrifugation (3 min,
3500 rpm) and vacuum filtration of the solution, collecting the MIP for the subsequent
stage. Again, after the desorption stage, a centrifugation and filtration stage were
carried out, collecting the desorption solvent in this case. These experiments were

carried out by duplicate.

As can be seen in Figure 3.6, the sensitivity obtained is considerably improved
when the magnetic MIP was used. This is because it combines the advantages of using a
sample treatment that includes the magnetic nanoparticle collection step, thus
improving faster separation, good selectivity, adsorption capacity and extraction
efficiency and avoiding particle loss [27], with the characteristics of the specific multi-
mycotoxin MMIP employed. Its interaction with the emerging mycotoxins may therefore
be attributed to the similarity between the chemical structures of ZEN and ENNs, both
presenting cyclic structures and the presence of nitrogen in the composition, as well as
OTA and the FBs.
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Figure 3.6. Comparison between commercial MIP, MMIP and ferrite for emerging mycotoxin

extraction efficiency (n=3).
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3.3.3. Validation of the method

The assessment of the suitability of the methodology for the analysis of paté
samples was conducted by means of limits of detection (LOD) and quantification (LOQ),
matrix effect, linearity, trueness and precision, including intermediate precision and
repeatability. All results are summarized in Table 3.1.

A sample of pork paté previously tested free of the emerging mycotoxins was
used for method validation. Matrix-matched calibration graphs were performed by
fortifying paté with ENNs at seven concentration levels varied from 0.5 to 100 pg kg™.
The calibration results obtained after applying least squares regression are shown in
Table 3.1. Regression coefficients (R?) were greater than 0.98 in all cases ensuring
linearity in the ranges studied. The LOD and LOQ were estimated for a signal-to-noise
ratio (S/N) of 3 and 10, respectively. LOQs varied between 1.1 and 2.6 pg kg?,
corresponding to BEA and ENNB1, respectively (Table 3.1).

Table 3.1. Method validation data for emerging mycotoxin determination in paté samples.

Analyte Linear range Linearity, LOD LOQ
(ng kg™) R? (ng kg™) (ng kg™)
ENNB 2.0-100 0.998 0.6 2.0
ENNB1 2.6-100 0.996 0.8 2.6
ENNA1 1.8-100 0.997 0.6 1.8
ENNA 2.2-100 0.989 0.7 2.2
BEA 1.1-100 0.996 0.3 1.1
Trueness (% RSD)
1 10 50 SSE (%)
ug kg ug kg Hg kg™
ENNB 88 (2) 90 (4) 93 (2) 64
ENNB1 87 (4) 93 (2) 101 (5) 67
ENNA1 89 (3) 88 (4) 106 (5) 58
ENNA 87 (7) 90 (5) 106 (2) 62

BEA 89 (5) 94 (2) 101 (5) 51
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Table 3.1.(continued)

Repeatability, Intermediate precision, %RSD
%RSD (n=9) (n=18)

1 10 50 1 10 50

Mg kg™ Hg kg™ Hg kg Hg kg™ Hg kg Hg kg™
ENNB 1.9 4.1 5.8 3.6 6.2 7.0
ENNB1 2.5 3.9 5.0 3.8 5.8 6.9
ENNA1 2.7 4.4 5.2 4.1 6.3 5.9
ENNA 2.2 4.0 4.7 3.0 5.9 7.2
BEA 3.4 4.7 5.9 4.2 6.8 7.8

LOD: limit of detection (LOD), LOQ: limit of quantification (LOQ), SSE: magnitude of signal
suppression/enhancement.

Signal suppression/enhancement (SSE) magnitude was used to evaluate the
presence of matrix interferences. Hence, a comparison was performed between the
slopes obtained by linear calibration constructed in a blank matrix and in pure solvent.
Accordingly, SSE effect was quantified as: SSE (%) = 100 * (slope for spiked cleaned-
up extract / slope for spiked matrix-free solvent). Values of SSE obtained were between
51 and 67% (Table 3.1). In all cases, these results showed SSE values below 100%,
evidencing a signal suppression in the presence of matrix. In particular, for BEA and
ENNA1, the highest signal suppression occurred. Consequently, the need to perform
matrix-matched calibrations for quantification purposes was justified by the high matrix
effect for some of the studied mycotoxins.

Trueness, repeatability and intermediate precision were determined at three
concentration levels, 1, 10 and 50 ug kg™. Trueness, referred to as apparent recovery,
was calculated as [measured concentration/actual (added) concentration] x 100. Each
concentration level was prepared in triplicate and injected in duplicate. Recoveries
ranged from 87 and 106 %, and the percentage of relative standard deviation values
(RSD) for each emerging mycotoxin is shown between brackets (Table 3.1).

Precision was evaluated by means of intra- and inter-day precision, respectively.
The experiments were performed spiking the samples at three concentration levels (1,
10 and 50 pg kgt) during the same day to assess the repeatability, and during three
different days for intermediate precision. Each sample was injected by triplicate
(instrumental replicates) and the results were expressed as relative standard deviation
(RSD) of measured concentrations (Table 3.1). As can be seen, in all cases RSD values
obtained were lower than 7.8 %, in agreement with current legislation for other
mycotoxins [28].
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Figure 3.7 shows the extracted ion chromatograms obtained for a fortified pig
paté sample (50 ug kg') using the MMIP developed procedure and UHPLC-HRMS.
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Figure 3.7. Chromatogram of 5 emerging mycotoxins at 50 ug kg! analysed

using the developed MMIP- based method.



New magnetic molecularly imprinted polymer for the simultaneous selective

156 extraction of emergent mycotoxins from liver derived food products

3.3.4. Ocurrence of emerging mycotoxins in paté samples

Different paté samples were purchased in local markets from Murcia including 10
duck, 12 pig, 1 wild boar, 3 goose, 1 deer, 1 sardine, 1 surimi, 1 sea urchin, 1 bonito,
and 1 scorpion fish samples. Each sample was analyzed in triplicate using the proposed
method to demonstrate the applicability of the developed analytical methodology.
Specifically, data acquired were processed in a targeted way to investigate the presence
of 5 common emerging mycotoxins (ENNB, ENNB1, ENNA, ENNA1 and BEA) in paté
samples. ENNB was detected in three different paté samples. The higher concentration
was found in one duck paté sample, being 7.6 pug kg, followed by the content found in
one wild boar paté sample at a concentration of 4.6 pg kg* and in one pig paté sample
at a concentration of 2.6 pg kg*. It should be noted that the concentration found in the
paté is similar to the concentrations described for the emerging mycotoxins in the liver
[5]. Concretely, Castell et al. [5] found concentration of 1.5 ug kg™ in pig liver, which is
slightly lower than the 2.6 pg kg* found in this study in the paté derived from this
matrix.

At last, with the aim of providing a more complete assessment of the occurrence
of emerging mycotoxins in paté samples, the presence of non-expected ENNs and BEAs
for which reference standards were not available were further researched in the same
samples. In particular, 28 ENNs and 24 BEAs were investigated (Table 3.2). The data
obtained after DDA approach using auto MS/MS mode in a 100-1200 m/z range, was
further processed starting with the extraction of molecular entities by MassHunter
Profinder software, applying the database of Table 3.2. The isotopic distribution used to
assess whether a molecular feature is valid was determined by two or more ions with a
peak tolerance of m/z 0.0025 plus 10.0 ppm in mass accuracy. To identify
characteristics corresponding to the same potential metabolite, the formation of [M+H]*
ion and the [M+NH4]* and [M+Na]* adducts were investigated. Thus, ions with identical
elution profiles and related m/z values (representing different adducts or isotopes of the
same compound) were extracted as entities characterized by their RT, the
chromatographic peak intensity and the exact mass. Next, a recursion step ensured the
correct integration of the entities in all analyses.

Two sets of particular fragments were researched for the identification of BEA
analogues as described by Selegato et al. [29] , including protonated ion fragments
(244.1339, 262.144 and 362.1962 m/z) and sodiated ion fragments (266.1162,
284.1263 and 384.1781 m/z). In the case of ammonium adducts, same fragmentation
as protonated molecules were expected including 784.4168 m/z, as occurred with BEA.
In the case of ENNs analogues, same strategy was followed, searching protonated,
sodiated and ammonium ion fragments, as described by Li et al. [30]. Concretely, ENNA
and ENNA1 derivatives fragments searched were: 210.1498, 668.4502 m/z for
protonated and ammonium adducts and 232.1321 and 690.4325 my/z for sodiated
adducts. In the case of ENNB and ENNB1, 218.1164 and 236.127 m/z, were used for
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identification in sodiated ions and 196.1341 and 214.1447 m/z were selected for
protonated and ammonium ions. However, ENNs and BEAs analogues were not detected

in any of samples studied.

Table 3.2. ENNs and BEAs metabolites monitored using a non-targeted approach.

Compound

Abbreviation

Molecular Formula

Monoisotopic mass (Da)

Beauvericin A/F
Allobeauvericin A
Beauvericin B
Allobeauvericin B
Beauvericin C
Allobeauvericin C
Beauvericin D

Beauvericin E
Beauvericin Gi1

Beauvericin Gz
Beauvericin Gs
Beauvericin Hi
Beauvericin H2
Beauvericin Hs
Beauvericin J
Beauvericin K
Beauvericin L
Beauvenniatin A

Beauvenniatin B

Beauvenniatin
G1/G2/G3

Beauvenniatin L
Enniatin F/MK 1688

Enniatin E/I

Enniatin A2/A3

BEA A/F
ALLOBEA A
BEA B
ALLOBEA B
BEA C
ALLOBEA C
BEA D

BEA E
BEA Gi1
BEA G2

BEA G3
BEA Hi
BEA H:
BEA H3
BEA J
BEA K
BEA L
BEAE A

BEAE B

BEAE
G1/G2/G3

BEAE L

ENN F/MK
1688

ENN E/I

ENN Az/A3

CaeHs9N309
CaeHs9N309
Ca7H61N309
Ca7H61N309
CagHe3N309
CagHe3N309
CaaHssN309

C41Hs57N309
Ca4Hs5N3009
Ca3H53N309

Ca2H51N309
CasHs6FN309
C4s5Hs5F2N309
CasHs4F3N309
CasHs7N3010
CasHs7N3011
CasHs7N3012
Ca1Hs7N309

C37H57N309

C39He61N309

C42H59N309

C36H63N3009

C35He61N309

C36He63N309

797.4251
797.4251
811.4408
811.4408
825.4564
825.4564
769.3938

735.4095
769.3938
755.3782

741.3625
801.4001
819.3906
837.3812
799.4044
815.3993
831.3942
735.4095

687.4095

715.4408

749.4251

681.4564

667.4408

681.4564
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Table 3.2. (continued)

New magnetic molecularly imprinted polymer for the simultaneous selective
extraction of emergent mycotoxins from liver derived food products

Compound Abbreviation Molecular Formula Monoisotopic mass (Da)
Enniatin B4/D/H ENN B4/D/H C34H59N309 653.4251
Enniatin B2/]2/13/K1 ENN C32H55N309 625.3938

B2/32/33/K1

Enniatin Bs/J1 ENN Bz/J1 C31H53N309 613.3782
Enniatin 01/02/03 ENN O1/02/03 C35H61N3009 667.4408
Enniatin Q ENN Q C36H63N309 681.4564
Enniatin M1/M>/S ENN M1/M2/S C35H61N3010 683.4357
Enniatin P: ENN P Cs3H57N3010 655.4044
Enniatin P2/R ENN P2/R C34H59N3010 669.42
Enniatin T ENN T C36H63N3012 730.449
Enniatin U ENN U C35He1N3011 700.4384
Enniatin V ENN V C36He3N3011 714.4541

3.3.5. MMIP reuse study

The synthesis step of the magnetic material could be a drawback of the proposed
methodology as it can delay the analytical procedure requiring the necessary synthesis
time to obtain the nanomaterial. Therefore, the possibility of reusing the MMIP provides
a way to overcome this disadvantage. Thus, a study of reusing the MMIP used for the
determination of ENNs and BEA in paté samples was carried out.

For this purpose, 30 mg of MMIP were used to analyse a sample of pig paté doped
at 100 ug kgt with the five emerging mycotoxins applying the optimal conditions of
extraction, adsorption and desorption steps. After the last desorption step, the MMIP
were reused consecutively with 4 other paté samples following the same steps and
fortified to the same level.

The results were evaluated in terms of peak area obtained in each experiment for
the mycotoxins studied. As can be seen in Figure 3.8, from the third consecutive
experiment the area obtained for the 5 emerging mycotoxins decreases, therefore it is
decided that the developed material is suitable for reuse up to 3 times.
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Figure 3.8. MMIP reuse study for emerging mycotoxin extraction (n=3).

3.4. Conclusions

In this work, the determination of emerging mycotoxins derived from Fusarium
has been carried out in paté samples. Novel MMIP was synthetised based on a
commercial MIP and used as sample treatment. The method allowed ENNA, ENNB,
ENNA1, ENNB1 and BEA determination using for first time MMIP nanomaterial. Samples
were analysed by LC-HRMS and the method was fully validated. RSD values in all cases
below the regular maximum levels set by EU regulation for aflatoxins in foodstuffs,
which are the most restricted mycotoxins. Thirty-three paté samples were analysed and
the presence of emerging mycotoxin ENNB was found, between 2.63 and 7.55 ug kg™.
ENNs and BEAs analogues were not detected in any of the samples. A study of the
reusability of the nanomaterial used was carried out, demonstrating that it can be
reused up to 3 consecutive times, thus proving being an environmentally sustainable
and convenient method. These findings highlight the necessity to enhance quality
control of emerging mycotoxins in paté samples.
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Chapter 4

Dispersive magnetic solid-phase extraction as a novelty
sample treatment for the determination of the main aflatoxins
in paprika
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ABSTRACT

Dispersive magnetic solid-phase extraction (DMSPE) technique is proposed as a
new sensitive and effective sample treatment method for the determination of aflatoxins
in paprika samples. DMSPE was followed by ultrahigh-performance liquid
chromatography and high-resolution mass spectrometry detection (UHPLC-HRMS) using
a non-targeted acquisition mode for the detection of main aflatoxins (aflatoxin G1, G2,
B1 and B2) and derivatives. DMSPE was based on the use of magnetic nanocomposite
coated with polypyrrole (PPy) polymer and the main experimental parameters
influencing the extraction efficiency in adsorption and desorption steps have been
studied and optimized. Analyses were performed using 250 pL magnetic PPy
nanocomposite into the sample solution, adsorbing the analytes in 30 min and
desorbing them with ethyl acetate (2 mL) in 15 min. The method has been validated,
obtaining quantification limits between 3.5 and 4.7 ug kg=! and recoveries between
89.5-97.7%. The high recovery rate, wide detection range and the use for the first time
of the reusable Fe3:04@PPy nanomaterial in suspension for solid food matrices,
guarantee the usefulness of the method developed for adequate control of aflatoxins
levels in paprika. The proposed methodology was applied for the analysis of 31 samples
(conventional and organic) revealing the absence of aflatoxins in the samples.
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Abstract: Dispersive magnetic solid-phase extraction (DMSPE) technique is proposed as a new
sensitive and effective sample treatment method for the determination of aflatoxins in paprika
samples. DMSPE was followed by ultrahigh-performance liquid chromatography and high-resolution
mass spectrometry detection (UHPLC-HRMS) using a non-targeted acquisition mode for the detection
of main aflatoxins (aflatoxin G1, G2, B1 and B2) and derivatives. DMSPE was based on the use
of magnetic nanocomposite coated with polypyrrole (PPy) polymer and the main experimental
parameters influencing the extraction efficiency in adsorption and desorption steps have been studied
and optimized. Analyses were performed using 250 pL magnetic PPy nanocomposite into the sample
solution, adsorbing the analytes in 30 min and desorbing them with ethyl acetate (2 mL) in 15 min.
The method has been validated, obtaining quantification limits between 3.5 and 4.7 ug kg~! and
recoveries between 89.5-97.7%. The high recovery rate, wide detection range and the use for the first
time of the reusable Fe304@PPy nanomaterial in suspension for solid food matrices, guarantee the
usefulness of the method developed for adequate control of aflatoxins levels in paprika. The proposed
methodology was applied for the analysis of 31 samples (conventional and organic) revealing the
absence of aflatoxins in the samples.

Keywords: magnetic solid-phase extraction; high-resolution mass spectrometry; mycotoxins; aflatoxins;
polypyrrole nanocomposite; paprika

Key Contribution: A magnetic Fe30,;@PPy nanocomposite is adequate for aflatoxins extraction.
Quality control of aflatoxins levels in different types of paprika samples is successfully achieved.

1. Introduction

Dispersive magnetic solid-phase extraction (DMSPE) is a newly developed solid-phase
extraction (SPE) technique in which the use of magnetic nanoparticles (MNPs) as adsor-
bents substitutes conventional sorbents [1,2]. MNPs improve the adsorption capacity of
the analytes because of the high surface area, ensuring a fast mass transfer and allowing a
desirable adsorbent separation from the solution by applying an external magnetic field,
thanks to the superparamagnetism property [3], being their surface modification facilitated.
External magnetic field application and separation allow the reversible agglomeration
and redispersion of the magnetic adsorbent, thereby conveniently enabling, without ad-
ditional centrifugation or filtration steps, the phase separation [4]. Therefore, the DMSPE
technique is quick, since it reduces the required number of stages concerned, owing to
simultaneous enrichment and separation of the compounds of interest occur at the same
time, can be easily accomplished, and, most importantly, it is well-adapted to deal with
large sample volumes, exhibiting great benefits in analyte isolation, preconcentration and
enrichment [4]. Additionally, this approach addresses difficulties such as phase separation
and column packing, both of which can be accomplished by external magnetic field appli-
cation, and reduces the volume of toxic organic solvents and hazardous wastes produced,
thus complying with Green Analytical Chemistry principles.

Toxins 2023, 15, 160. https:/ /doi.org/10.3390/toxins15020160
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Aflatoxins (AFs) are recognized as the most significant carcinogenic and toxic my-
cotoxins that affect food derived from several species of Aspergillus (Aspergillus nomius,
Aspergillus parasiticus and Aspergillus flavus). There are four main naturally occurring
aflatoxins: AFB1 and AFB2 derived from A. flavus and AFG2 and AFG1 caused by both
A. parasiticus and A. flavus. Toxicity levels associated with aflatoxin vary according to
the types found, ranging in order of toxicity, carcinogenicity, and mutagenicity from
AFB1 > AFG1 > AFB2 > AFG2 [5]. AFs are found in food since temperature, moisture, soil
and storage conditions affect fungal growth before and after the harvest [6]. Therefore,
given their frequent occurrence, the high toxicity and the low concentration of AFs, the
potential for the development of fast, accurate, sensitive and trustable methods for AFs
determination and screening in food matrices is of great importance.

Recently, the DMSPE technique has been applied using MNPs coated with different ma-
terials as sample treatment for the preconcentration and separation of aflatoxins in different
food matrices. MNPs coated with polydopamine (PDA-MNPs) [7], 3-(trimethoxysilyl)-1-
propanthiol (TMSPT) modified with 2-amino-5-mercapto-1,3,4-thiadiazole (AMT-TMSPT-
MNPs) [8], PEGylated multi-walled carbon nanotubes (PEG-MWCNTs-MNP) [9], TMSPT
modified with ethylene glycol bis-mercaptoacetate EGBMA-TMSPT-MNPs [10] and a new
magnetic hollow bimetallic zinc/cobalt-based zeolitic imidazolate framework (HB-Zn/Co-
ZIF-8) [11] have been used as sorbents in DMSPE for the assessment of AFG1, AFB1, AFM1,
AFG2, AFB2, AFG2 and/or AFM2 in food liquid matrices including water, wine, milk and
fruit juice. On the other hand, for AFB1, AFB2, AFG1 and AFG2 determination in oily ma-
trices, edible and vegetable oils, nanoparticles such as magnetic graphene nanocomposite
(Fe304/rGO) [12], PDA-coated MWCNTs [13] and Fe;O4@PDA MNPs have been used.
However, this procedure has not only been studied for liquid or oily food samples, other
agri-food matrices including maize, wheat, pistachio or fruit samples have been tested
using different magnetic nanomaterials [11,14-18]. In addition, two types of nanomaterials
synthesized using ionic liquids for B1, B2, G1 and G2 AFs determination in milk and
pistachio samples [19,20] and an imprinted molecular polymer [21] in milk, rice and wheat
flour samples have been used for the determination of the four major aflatoxins together
with AFM1 and AFM2 with the DMSPE procedure. All these studies were carried out via a
targeted approach, clearly pointing out the lack of other studies also doing non-targeted
analysis in order to assess the presence of other aflatoxin-derived metabolites.

However, to date, this sample treatment has not been used on complex matrices as
spices for the assessment of AFs. Among spice samples, paprika (Capsicum annuum L.)
has emerged as one of the spices most widely employed in industrial food production
and has gained considerable interest owing to its antioxidant attributes and also due to its
high carotenoid content which makes it an excellent source of the color [22]. The European
Commission of Agriculture and Rural Development [23] has recognized paprika produced
in La Vera and Murcia (Spain) as a Protected Designation of Origin (PDO), thus being
hugely important for local economies.

Paprika mycotoxin contamination has been studied, with OTA and AFB1 showing the
highest occurrence [24,25]. Recently, the presence of emerging mycotoxins has also been
reported in paprika samples, particularly in enniatin B1 [26]. Current legislation of the
European Union [27] sets maximum regulated levels of 5 pg kg’1 AFB1 and 10 pg kg’l
for the sum of AFB1, B2, G1 and G2 and otherwise the Food and Agriculture Organization
(FAO) set the same regulation.

Therefore, the present study represents a substantial technological innovation with
respect to the current state of the art concerning the determination of mycotoxins and their
metabolites in paprika samples, as it aims to carry out the development and evaluation of
hybridization of sample preparations using a magnetic nanocomposite with new metabolic
analytical techniques based on UHPLC-HRMS. The untargeted acquisition of major AFs in
HRMS techniques combined with metabolomics strategies would provide a new evaluation
of the presence of AFs in paprika samples, as well as the evaluation of the metabolization
of these toxins. In addition, given the scarcity of studies doing non-targeted analysis of
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other metabolites derived from aflatoxins in paprika, the screening of these non-expected
derivatives of this fungal toxic secondary metabolite class is carried out.

2. Results and Discussion
2.1. Characterization of Fe304@PPy Nanocomposite

Fe30,@PPy synthesized nanocomposite was characterized using a field emission scan-
ning electron microscope (FESEM) equipped with energy-dispersive X-ray spectroscopy
(EDS). Elemental composition, nature and surface morphology were examined to ensure
the correct synthesis of the developed nanomaterial.

To carry out these measurements, the Fe;O4@PPy nanoparticles were previously
dehydrated for 10 min at 60 °C after assembly on special aluminum supports for SEM.
After this time, they were coated with 5 nm of platinum in a vacuum sputter coater for
characterization.

Three FESEM scans were carried out in three different areas of the nanocomposite sur-
face to assess the homogeneity of the synthesized material. Figure 1 illustrates the FESEM
surface images acquired. The morphological representation of Fe;0,@PPy nanocomposite
at 1 pm scale reveals that Fe;O, are being coated with PPy giving spherical grains shapes,
with homogeneous particle size and distribution.

Figure 1. Triplicate FESEM scans of Fe304@PPy nanocomposite.

To examine the elemental composition by EDS analysis, a voltage of 20 kV was used and
atomic and weight percentages were calculated in triplicate. EDS measurements revealed
peaks corresponding to N, O, Fe and C atoms. The standard deviation of the weight and
atomic percentages of the four elucidated atoms obtained in each EDS measurement, was
below 5 and 3%, respectively, which demonstrates the correct synthesis of the nanocomposite.

2.2. DMSPE Procedure Optimization

For optimization of the DMSPE procedure, the adsorption and desorption steps were
studied in detail. In particular, for magnetic extractant phase preparation, different materials
were tested and several parameters were evaluated: pH of the extraction medium, sample
mass, amount of nanocomposite, volume and nature of desorption solvent. Preliminary
experiments were performed in triplicate using 0.2 g of paprika sample spiked at 100 pg kg~
with the four AFs (AFB1, AFB2, AFG1 and AFG2) and 5 mL of water. A 30 mg amount of each
type of nanoparticle was added, followed by an adsorption time of 30 min and the desorption
of the analytes in 1.5 mL of acetonitrile (MeCN) for 8 min under orbital shaking.

Firstly, the type of extraction phase was optimized, as it is crucial in the DMSPE sample
preparation process. Ten different magnetic nanomaterials previously synthesized were tested
based on ferrite (Fe304) coated with different materials: polystyrene (PS), silver (Ag), cellulose,
chitosan, polypyrrole (PPy), multiwalled carbon nanotubes (MWCNTs), MWCNTs /PPy,
polydopamine (PDA), 3-aminopropyl-triethoxysilane (APTS) and oleic acid.

Fe304@PS was evaluated because, in phenyl columns with silica-packing for HPLC,
polystyrene is the principal bonding group and is known for its superior benefits in
the sorting of multiple compounds as its high ratio of m-conjugated structures is very
liable to be proper adsorbents for DMSPE [28]. Fe;O4@Ag [29] was tested due to silver
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is a highly active metal that has shown considerable thermal and mechanical strength
and Fe3O4@cellulose [30] because cellulose presented a high biodegradability capability.
Fe;04@MWCNTs [31] was taken into account because of their high efficiency, porosity
and wide surface area. Given the potential of PDA and chitosan as adsorbents, their
good environmental stability, abundance and biocompatibility [32,33], Fe304@PDA and
Fe304@chitosan nanoparticles were also tested. MNPs functionalized with PPy and
APTS [34] were used as adsorbents due to their ease of synthesis, regeneration, envi-
ronmental and mechanical stability and low cost. Finally, coating with oleic acid was tested
oleic (Fe304@oleic acid) as oleic acid’s strongest advantage is the chemical bond between
the amorphous iron oxide nanoparticles and the carboxylic acid group [35]. As can be seen
in Figure 2, signals noticeably increase for all aflatoxins when using Fe30,@PPy nanocom-
posite, while on the contrary lower enrichment is observed when the other nanomaterials
were tested. This can be related to higher adsorption of the aflatoxins on the PPy polymer
surface. Concretely, PPy on the surface of ferrite can overcome the decrease in active sites
as a result of the presence of hydrogen bonding, - and hydrophobic interactions between
PPy and target analytes [36]. Accordingly, the hydrophobic and 7 interaction between the
aromatic rings of the AFs and the aromatic pyrrole rings of the Fe;O0,@PPy is responsible
for the efficient adsorption AFs on the nanocomposite surface. Then, PPy coating was
compared in Fe3O4 and cobalt ferrite (CoFe;O4) core because of its excellent chemical and
physical stability and its enhanced coercivity has been previously described [37]. However,
the best results were obtained when the core was made of FezOj.

5 x 10 [ Fe,0,@Oleic acid [ Fe.O,@PPy
1 Fe,0,@PS . Fe,0,@VIWCNTs
’ [ Fe.0,@Ag Em Fe.0,@MWCNTs/PPy
4% 105 4 1 Fe,0,@cellulose Fe,0,@PDA
[ Fe.,0,@chitosan g Fe,O,@APTS
3 x 105
o
Q
<
2 x 10°
10'} .
0

AFB1 AFB2 AFG1 AFG2

Figure 2. Influence of the nanocomposite type on the sensitivity of the aflatoxins.

Besides, similar nanomaterials with polypyrrole in their composition have previously
reported positive results for the analysis of other organic analytes such as pyrethroids,
benzoylurea insecticides and sulfonamides in food and environmental samples [36,38,39].

The influence of adding the magnetic material either as an aqueous suspension or as
solid material of Fe304@PPy nanocomposite on the sensitivity of the method was examined.
This comparison was carried out using 102 uL of an aqueous suspension and 100 mg
as solid material of Fe304,@PPy nanocomposite. It was observed that preconcentration
was significantly higher when the extractant phase in the suspension form was added.
Such behavior can be attributed to a reduced aggregation of the MNPs in suspension in
comparison to when they are added in solid form. Consequently, the suspension form
of the adsorbent phase was used, its volume optimized in the 100400 pL range using
the suspension form of 976 mg mL~! MNPs concentration. Supplementary Figure S1
illustrates how sensitivity increased when a volume of 250 uL of nanocomposite suspension
was used and that when the volume was higher than 250 puL, the sensitivity decreased.
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Therefore, 250 uL was chosen for further experiments. Supplementary Figure 52 shows the
comparison of results when using the nanomaterial in a solid state after testing different
masses of Fe304@PPy (30, 50, 100, 250 and 400 mg). The best results were obtained
when 250 mg of nanoparticles are used for AFB1 and AFB2 and there were no significant
differences between 250 mg and 400 mg for AFG1 and AFG2. So, the optimum amount
of nanomaterial if used in the solid state would be 250 mg. This amount is approximately
equivalent to the experiences made with the nanocomposite in suspension as 250 mg is
256 uL. Therefore, it can reconfirm that the best results are obtained when the Fe;O4@PPy
is used in suspension, since comparing the optimum quantities obtained both in suspension
and in the solid state again (in suspension, the areas obtained are higher).

Subsequently, the effect of ionic strength on the extraction efficiency in DMSPE was
investigated by adding a percentage of sodium chloride. For this reason, 0 to 10% m/v values
were tested. As demonstrated in Supplementary Figure S3, signals increased considerably
over the studied range for all compounds, except for AFB1, for which in the presence of 5%
or 10% m/v NaCl, the results obtained showed no significant differences. Thus, the addition
of 10% of NaCl was selected for the DMSPE procedure.

Then, pH influence of the extraction medium on sensitivity was assessed. The fol-
lowing pH levels were investigated: pH 3, 7 and 9. The acidic medium was adjusted
using acetate /acetic acid buffer solution (0.1 M), the basic medium using phosphate buffer
solution (0.1 M) and no adjustment in the sample preparation was necessary to reach
pH 7. As expected, it was observed that there were significant differences in the pH values
tested. At pH 3 and 9, the analytical signals were lower compared to those obtained at
pH 7 (Supplementary Figure S4). Consequently, no pH adjustment of the extraction step
was conducted because different paprika sample suspensions in 5 mL of water resulted in
a pH of approximately 7.

Mycotoxin desorption from the nanocomposite was assessed using four organic sol-
vents (methanol (MeOH), MeCN, ethyl acetate (EA) and chloroform) and also whether
the presence of acid (5% formic acid) when MeOH and MeCN were used was beneficial.
In this case, EA provided a significantly higher desorption efficiency, as can be seen in
Supplementary Figure S5, being selected as the best solvent. EA is the least polar solvent of
all solvents tested and provides the best desorption as its intermediate polarity is capable
of disrupting the hydrophilic interactions between the hydrophilic structures of aflatoxins
(terminal furan ring, the phenyl and the carbonyl moiety) and the PPy.

The volume of EA used for the desorption step was varied in the 1.5-3 mL range. As
shown in Supplementary Figure S6, signals increased when 2 mL was used, except for
AFB1, for which there were no significant differences using 2.5 or 3 mL for the desorption.
Accordingly, 2 mL of EA was selected for the desorption of AFs.

Finally, the desorption time required to desorb the analytes from the nanocomposite
into the EA, under orbital shaking, was varied ranging from 1 to 16 min. As shown in
Supplementary Figure S7, sensitivity was maximum when AFB1, AFG1 and AFG2 were
12 min in contact with the desorption solvent, while a modest increase in sensitivity was
appreciated at 8 min for AFB2. Therefore, 12 min of desorption time was ultimately selected.
Figure 3 shows the optimized DMSPE procedure.

2.3. Validation of the Analytical Method

The proposed method was evaluated in terms of suitability for the determination of AFB1,
AFB2, AFG1 and AFG2 in paprika. For this reason, an evaluation of linear dynamic ranges,
precision, trueness and limits of detection (LOD) and quantification (LOQ) was performed.

For the validation of the method, a sample of paprika free of aflatoxins was used, which
was previously analyzed. Smoked paprika and normal paprika were compared for validation
and no significant differences were found for either matrix effect or analyte extraction, so
smoked paprika was further selected. This sample was fortified at different concentration levels
of AFs, homogenized and left to stand for 1 h to allow interaction between the mycotoxins and
paprika matrix. Afterwards, the proposed analytical procedure was applied.
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Figure 3. Diagram of optimal DMSPE-UHPLC-HRMS procedure used.

For quantification, a matrix-matched calibration was conducted by spiking at six
concentration levels (between 3.5 and 50 pg kg~ !) of the aflatoxins, a sample of paprika free
of the analytes. Duplicate preparation and injections were carried out for each concentration
level, considering the peak area as an analytical signal. Calibration results are shown in
Table 1. Supplementary Figure S8 shows an LC-HRMS chromatogram of studied aflatoxins
in spiked paprika at 10 pug kg 1. The R? values showed good linearity for the range studied.
With regard to LODs and LOQs, LODs varied between 1.0 and 1.4 pg kg~!, corresponding
to AFG1 and AFG2, respectively. By comparison, LOQs were in the 3.5-4.7 ug kg ! range,
also corresponding to AFG1 and AFG2, respectively (Table 1). As laid down in the current
legislation for aflatoxin contamination in spices [27], the LOQs obtained are very satisfactory
and would allow us to quantify aflatoxin contents below the limits established in the
legislation. Specifically, the LOQ obtained for AFB1 is 3.7 pg kg~ !, being the maximum
content allowed in the legislation for this mycotoxin of 5 ug kg~!. For the sum of AFB1, B2,
G1 and G2 a maximum level of 10 ug kg~ ! is allowed.

Table 1. Validation data for the determination of aflatoxins in paprika.

Mycotoxin Equation Linearity (ug kg—1) Linearity R? LOD (ugkg1) LOQ (ugkg™1)
AFB1 y = 5440x — 10,919 3.7-50 0.995 1.1 3.7
AFB2 y =3636x — 11,161 3.9-50 0.993 1.2 3.9
AFG1 y =5686x — 16,997 3.5-50 0.990 1.0 3.5
AFG2 y =1982x — 15,273 4.7-50 0.998 1.4 47

Repeatability, %RSD (n = 9) Intermediate precision, %RSD (n = 12)
10 ug kg~ 25 ugkg ™! 10 ug kg~ 25 ugkg ™!
AFB1 5.8 5.5 7.0 71
AFB2 7.6 7.1 7.2 7.7
AFG1 6.4 6.7 7.5 7.8
AFG2 53 59 5.6 53
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Both repeatability and reproducibility of the method were obtained by calculating the
relative standard deviation (RSD) of peak areas and the results are shown in Table 1. The
RSD values ranged between 5.3-7.6% and 5.3-7.8% for repeatability and reproducibility,
respectively, in agreement with current legislation for aflatoxins contamination in spices [27].

Trueness in terms of recovery results was expressed as mean values of nine experi-
ments, which are shown in Table 2. Recoveries were in the range of 81.9-99.4% with RSD
values from 0.7-10.5% complying with the current legislation requirements for aflatoxins
in spices [27]. The matrix effect was assessed in terms of signal suppression/enhancement
(SSE). Signal suppression was detected, obtaining SSE values ranging from 82.0-87.6%
(Table 2) and confirming the need to use matrix-matched calibration.

Table 2. Recoveries with RSD given in parentheses, and matrix effect (%) of the AFs in paprika.

Recoveries (%) (n =9)

Matrix Effect (%)
Mycotoxin 10 ng kg1 25 ug kg1
AFB1 99.4 (0.7) 81.9 (7.6) 87.6
AFB2 95.9 (4.8) 98.7 (1.4) 84.7
AFG1 95.3 (4.6) 96.9 (3.0) 84.4
AFG2 88.5 (10.0) 88.8 (10.0) 82.0

2.4. Comparison with Other Methods

The newly developed method was further compared with other reported methods for
the determination of AFs on other food samples to evaluate the potential of the analytical
platform proposed using Fe;O4@PPy nanocomposite as an adsorbent for DMSPE and the
results are summarized in Supplementary Table S1.

It can be observed that the proposed method showed a comparable RSD range and
recovery rate to the previously reported methods. Moreover, this study has the advantage
of a wide detection range and is the first one that uses the Fe;O4@PPy nanomaterial in
suspension for solid food matrices.

In addition, to compare the developed method more thoroughly, a short validation
was performed using the same chromatographic conditions on an HPLC-MS/MS. So, LODs,
LOQs, linear dynamic range and matrix effect parameters were calculated as described in
the validation section. In this case, LODs varied between 0.7 and 0.9 pg kg !, corresponding
to AFG1 and AFB2, respectively. By comparison, LOQs were in the 2.2-3.0 ug kg ~! range,
also corresponding to AFG1 and AFG2, respectively (Supplementary Table S52). Compared
to the proposed method, these LODs and LOQs are similar to those obtained using the
UHPLC-HRMS equipment with the same sample treatment. Conversely, higher signal
suppression was detected, obtaining SSE values ranging from 60.1-63.2%. Hence, the
developed DMSPE-UHPLC-HRMS method is a viable method for the determination of
main AFs contamination in paprika samples.

2.5. Commercial Paprika Samples Analysis

Method applicability was lastly assessed by means of analyzing different samples of
commercial paprika produced in “La Vera”, “Murcia” and “Espelette”. Specifically, a total
of 31 samples were analyzed in triplicate, including 27 conventional and 4 organic samples,
of which 12 were expired. A targeted analysis of the data acquired was used to investigate
AFGI1, AFG2, AFB1 and AFB2 presence in paprika samples. However, none of the four
most important aflatoxins was detected in any of the samples.

Subsequently, with the aim of presenting a comprehensive understanding of aflatoxins
presence in paprika samples, the occurrence of other important aflatoxins, for which
reference standards were not available, was investigated in the same paprika samples data
files (Supplementary Table S3) for which reference standards were not available. Concretely,
15 AFs were researched (Aflatoxin B2a, Aflatoxin G2a, Aflatoxin GM1, Aflatoxin M1,
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Aflatoxin M2a, Aflatoxin M2, Aflatoxin M4, Aflatoxin P1, Aflatoxin P2, Aflatoxin Q2a,
Aflatoxicol H1, Aflatoxin Q1, Aflatoxicol, Aflatoxicol B and Aflatoxicol M1), resulting
in none detection in any of samples studied. All these aflatoxins have been previously
described in other food and agri-food matrices [40,41].

Finally, other metabolites related to the aflatoxin biosynthesis pathway or described
as degradation products of AFB1 and AFB2 were also screened in the samples (Supple-
mentary Table S3). Specifically, sterigmatocystin (ST), O-methyl-sterigmatocystin (OMST),
dihydrosterigmatocystin (DHST) and dihydro-O-methylsterigmatocystin (DHOMST) were
the metabolites sought belonging to the aflatoxin metabolic pathway [42]. On the other
hand, 10 aflatoxin degradation products, previously described using low resolution [43,44],
were investigated for the first time using high resolution. However, no contamination by
these metabolites was found in the samples.

3. Conclusions

This study presented a novel method for the simultaneous analysis of AFs in paprika
samples. In this work, Fe;0,@PPy nanocomposite was successfully synthesized and used
as an extraction phase adsorbent for DMSPE. It is expected that the magnetic PPy adsorbent
fabricated by a combination of hydrogen-bonding, hydrophobic and n—m interactions,
efficiently adsorb AFs. Fe;O,@PPy combines properties such as being environmentally and
mechanically stable, easy to synthesize, regenerate and cheap, and being able to be reused
five times according to the developed study, all of which makes it a really convenient
preconcentration method. Combined with UHPLC-HRMS, the developed fast, simple
operation, reliable and sensitive sample preparation technique shows low LODs and
LOQs, high recovery rates, good accuracy and precision for the determination of the main
AFs quantitatively and the screening of other derivatives of this fungal toxic secondary
metabolite class.

4. Materials and Methods
4.1. Reagents and Standards

Individual mycotoxin standards were acquired from Sigma-Aldrich (St. Louis, MO, USA).
AFG1, AFB1, AFG2 and AFB2 were prepared as separated stock solutions at 1 mg L1 in
acetonitrile (MeCN) and placed in storage at —20 °C. Methanol (MeOH), ethanol, ethyl acetate
(EA) and MeCN of chromatographic grade were supplied by ChemLab (Zedelgem, Belgium).

For the synthesis of PPy nanocomposite, iron (III) chloride hexahydrate (FeCl3-6H,0),
ammonia solution, iron (II) chloride tetrahydrate (FeCl,-4H,0), sodium hydroxide, pyrrole
and sodium perchlorate reagents were all acquired from Sigma-Aldrich. A Milli-Q system
from Millipore (Bedford, MA, USA) was used to obtain the ultra-pure water.

Ammonium acetate and formic acid were used for mobile phase composition. In
addition, during the DMSPE procedure optimization, sodium chloride and chloroform
were used. All the reagents above mentioned were supplied by Sigma-Aldrich.

Before chromatographic analysis, sample filtration was carried out using 0.22 pm x 25 mm
nylon syringe filters purchased from Agela Technologies (New York, NY, USA).

4.2. Instrumentation and Software

UHPLC-HRMS analyses were performed using an Agilent 1290 Infinity II Series HPLC
(Agilent Technologies, Santa Clara, CA, USA) with a high-speed binary pump (thereby compris-
ing the UHPLC system) coupled to an Agilent 6550 QTOF Mass Spectrometer using an Agilent
jet stream dual electrospray (AJS-Dual ESI) source. MassHunter workstation software from
Agilent Technologies (Version B.08.00, Santa Clara, CA, USA) was used for data acquisition and
MS-DIAL (Version 4.80, RIKEN, Yokohama, Japan) was used for data interpretation.

For sample processing, an Xcelvap air-drying system from Horizon Technology (Salem,
MA, USA) and an orbital shaker IKA-KS-130-Basic (Staufen, Germany) were used. The
permanent magnets employed were blocks consisted of Nd-Fe-B with a strength, dimen-
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sions and weight of 33 kg, 50 x 15 x 15 mm and 86 g, respectively. Such magnets were
purchased from Supermagnete (Gottmadingen, Germany).

Image data were acquired by field emission scanning electron microscopy (FESEM)
with ApreoS Thermo FESEM (ThermoFisher Scientific, MA, USA) and energy-dispersive
X-ray spectroscopy (EDS) analyses were conducted using EDAX-Ametek (EDAX, AMETEK
Materials Analysis Division, Mahwah, NJ, USA).

For data treatment, Sigmaplot 13.1 (Systat, Software Inc., San Jose, CA, USA) was used
as statistic software.

4.3. Fe304@PPy Nanocomposite Synthesis

The synthesis of the Fe;0,@PPy magnetic nanocomposite was carried out according
to the procedure described by Asgharinezhad et al. [31] with some modifications. Once
the ferrite magnetic core (Fe304) was synthesized, Fe30,@PPy nanocomposite synthesis
was carried out. With this objective, 0.5 g of the dried Fez3O4 was dissolved in 200 mL
of deionized water under continuous agitation at pH 9 for 5 min. A volume of 0.25 mL
pyrrole was added and the mixture was shaken for 10 min. Afterwards, an addition of
0.5 g of sodium perchlorate to the mixture was carried out and then it was subjected to
stirring for 5 min; and 25 mL of 18 mg mL ! FeCl;-6H,O solution was added to the mixture
dropwise while stirring. The preparation was left overnight under orbital shaking at room
temperature to allow the polymerization reaction. Then, the nanocomposite obtained
was washed with deionized water and ethanol several times until neutral pH. Finally,
the nanocomposite suspension was prepared in 20 mL water, which is equivalent to a
976 mg mL~! nanocomposite concentration. On the other hand, the nanocomposite as
solid material is obtained by drying overnight at 70 °C.

4.4. Samples

Different paprika samples produced in “La Vera”, “Murcia” and “Espelette” were
purchased from local markets. Specifically, 31 samples of which 4 were organic and 27
were conventional samples were analyzed. Of the conventional samples, 12 were expired.
Moreover, within the set of samples, the varieties of hot paprika, sweet paprika and smoked
paprika were found.

The purchased bulk samples were transferred into sterile plastic containers, covered
with aluminum foil to prevent degradation by light and kept in storage until analysis, the
remaining samples were left in their sealed opaque commercial containers. All samples
were stored at room temperature.

4.5. Sample Treatment

For sample preparation, an amount of 0.2 g of paprika, 5 mL of ultra-pure water
containing 10% NaCl and the nanocomposite in suspension were placed into a test tube.
Concretely, a volume of 250 pL (244 mg) of Fe30,@PPy nanocomposite suspension was
added and the resulting mixture was submitted to orbital stirring for 30 min at room
temperature. The nanocomposite was then magnetically attracted with a neodymium
magnet, applied externally, and the supernatant solution was discarded. Aflatoxins were
desorbed by adding 2 mL of ethyl acetate to the enriched magnetic material and the
mixture was further shaken orbitally for 12 min at ambient temperature. Afterwards, the
separation of the nanocomposite from the supernatant was again performed using the
magnet. Then, the supernatant solution collected was evaporated until dryness using
an Nj stream (1200 mbar) at 35 °C, reconstituted in 200 uL. of MeCN and vortexed for
1 min. The reconstituted extract was filtered with a 0.2 um nylon filter before injection
in the UHPLC-QTOEF-MS system. For recovery experiments, the same sample treatment
was performed, previously fortifying paprika samples at two concentration levels (10 and
25 ug kg~ 1) using an appropriate volume of mixed aflatoxin solution. Spiked samples were
left to stand for 1 h to allow interaction between the mycotoxins and paprika matrix and
solvent evaporation.
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4.6. UHPLC-HRMS Analysis

The chromatographic separation of main AFs was achieved using a ZORBAX RRHD
Eclipse Plus C18 column, 2.1 x 100 mm i.d., 1.8 um particle size using a 0.3 um Agilent
Technologies inline filter.

Water: MeOH (95:5, v/v) (solvent A) and MeOH: water (95:5, v/v) (solvent B) both
containing 0.3% formic acid and 5 mM ammonium acetate, were used as mobile phases.
A flow rate of 0.4 mL min~! was used. The gradient profile was set as follows: 0~0.5 min:
40% B; 0.5-5.5 min: 40-70% B; 5.5-6 min: 70-40% B; 6-8 min: 40% B. Twenty microliters
were injected into the system. The autosampler and column were at a temperature of 5 °C
and 35 °C, respectively.

Positive mode operation of the mass spectrometer was used. The drying gas flow was
set to 16 L min~! at a temperature of 130 °C and the nebulizer gas pressure was established
at 30 psi. On the other hand, the sheath gas temperature was 300 °C and the flow rate was
set at 11 L min~!. The following voltages were used for the capillary spray, fragmentor,
nozzle and 1 RF Vpp octopole: 4000, 360, 500 and 750 V.

MS scans in the range of 50-1500 m1/z were set for data acquisition. Moreover, an MS
scan collection was configured for an extended dynamic 2 GHz range mode with 2675 tran-
sients/spectrum, 3 spectra/s and 333.3 ms/spectrum. All ions mode was used for non-targeted
data acquisition. The following collision energies were used in each cycle: 0, 10 and 40 V.

Data from UHPLC-HRMS were transformed into analysis Base Framework (ABF) for-
mats and further processed using MS-DIAL which comprises peak selection, deconvolution,
compound identification and peak alignment. A targeted data analysis was then performed
for quantitation of the main AFs according to retention time, exact mass MS and MS/MS
data. Supplementary Table S4 summarizes the UHPLC-HRMS setups to monitor AFB1,
AFB2, AFG1 and AFG2 ions as well as their precursor ions (11/z), retention times, and the
instrumental error associated with the measurements in ppm. The difference between the
experimental and theoretical m/z divided by the theoretical m/z value and multiplied by
10°, was used to calculate the instrumental error.

4.7. HPLC-MS/MS Analysis

Secondary short validation was carried out in a 1200 high-performance liquid chro-
matograph (HPLC), where AFs chromatographic separation was performed using an
Agilent InfinityLab Poroshell 120 EC-C18 column, 4.6 x 150 mm i.d. and 2.7 um of particle
size. Mobile phases used were A (H,O with 0.1% of HCOOH and 2 mM of HCOONHy,)
and B (MeOH containing 0.1% of HCOOH). The flow rate was 0.5 mL min~!. The gradient
profile was set as follows: 30% B, increased linearly to 99% B after 20 min, which was held
until 35 min, then decreased progressively to reach again 30% B at 37 min and was held for
8 min. Twenty microliters were injected into the system.

Analyses were conducted setting positive electrospray ionization (ESI) mode in a
6410 triple quadrupole mass spectrometer detector (QqQ-MS/MS) from Agilent Technolo-
gies coupled to the HPLC system. The MS data were obtained using the mode of multiple
reaction monitoring (MRM) and the source parameters were set as follows: 350 °C gas
temperature, 3000 V capillary voltage, 40 psi nebulizer pressure and 9 L min~! gas flow.
Fragmentor voltages and collision energies (EC) were tested from 120 to 180 V and from
4 to 100 V, respectively.

4.8. Method Validation

The developed method was validated for AFB1, AFB2, AFG1 and AFG2 mycotoxins in pa-
prika. The validation was performed according to Commission Regulation (EC) No 401/2006 [45].

Linearity was calculated by least-square regression. The LODs and LOQs were cal-
culated for a signal-to-noise ratio (5/N) of 3 and 10, respectively. The precision of the
proposed method was evaluated in terms of repeatability and intermediate precision (in-
traday and interday precision, respectively). The whole procedure was applied to three
spiking samples at two concentration levels (10 and 25 pug kg~!) on the same day and in-
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jected in triplicate to assess repeatability. In addition, intermediate precision was estimated
by analyzing three samples, which were also spiked at the same two concentration levels,
on four different days.

In order to test the trueness of the proposed method, recovery studies were carried out
in paprika samples free of mycotoxins. Samples were fortified at two concentration levels
(10 and 25 pg kg~ ') and the optimized method was applied. The injection was carried out in
triplicate. Recoveries were calculated as 100 * (concentration found /real concentration added).

Finally, the SSE effect due to matrix interferences for each aflatoxin, and the slopes
of linear calibration built in a blank matrix and a neat solvent were compared. There-
fore, this effect was quantified as follows: SSE (%) = 100 * (Slope spiked cleaned-up
extract/slope spiked matrix-free injection solvent). The entity of matrix effect is calculated
as 100 — SSE (%) where values above 100 imply signal enhancement and values below
100 indicate signal suppression.
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desorption solvent nature on AFs preconcentration efficiency; Figure S6: Influence of the desorption
solvent volume on AFs preconcentration efficiency; Figure S7: Influence of the desorption time on AFs
preconcentration efficiency; Figure S8. LC-HRMS chromatogram of AFB1, AFB2, AFG1 and AFG2
in spiked paprika at 10 pg kg~!; Table S1: Comparison of the novel proposed method with other
methods for the determination of AFs in food samples; Table S2: Validation data for the determination
of aflatoxins in paprika using HPLC-MS/MS; Table S3: AFs and their derivatives investigated using
untargeted processing; Table S4: UHPLC-HRMS parameters of the target aflatoxins.
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Chapter 5
Use of polypiyrrole ferrite in microparticles and liquid
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An analytical methodology based on the combination of dispersive magnetic solid-

ABSTRACT

phase extraction (DMSPE) and liquid chromatography-mass spectrometry (LC-MS) is
proposed to explore the occurrence of 13 mycotoxins (aflatoxins B1, G1, B2, and G2,
deoxynivalenol, T-2 toxin, ochratoxin A, HT-2 toxin, enniatins A, Al, B and B2, and
beauvericin) and their derivatives in natural grass samples. Magnetic nanoparticles
(Fe304) coated with polypyrrole (PPy) polymer were used in DMSPE sample treatment
as adsorbent phase and Fourier-transform infrared spectroscopy, field emission
scanning electron microscopy and energy dispersive X-ray spectroscopy have been used
for its characterization. The experimental parameters influencing the adsorption and
desorption steps of DMSPE have been optimized. Method validation has been carried out
obtaining limits of quantification between 0.07 and 92 ug kg-1 corresponding to enniatin
B or A1 and DON, respectively. A total of 83 natural grass samples from 8 dehesa farms
were analysed. Enniatin B was found in all the samples (0.29 to 488 pg kg-1
concentration range) followed by enniatin B1 (92.8% of the samples) with a 0.12-137
Mg kg-1 concentration range. Moreover, co-occurrence of mycotoxins was studied and
between 2 and 5 mycotoxins appeared simultaneously in 97.6% of the samples.
Distribution of the contamination according to natural grass location was also
investigated.

https://doi.org/10.1007/s00604-023-05763-6



https://doi.org/10.3390/toxins15020160




Microchimica Acta (2023) 190:178
https://doi.org/10.1007/s00604-023-05763-6

ORIGINAL PAPER q

Check for
updates

Use of polypyrrole ferrite microparticles and liquid
chromatography-mass spectrometry for testing natural grass
contamination by multiclass mycotoxins

Maria Garcia-Nicolas' - Natalia Arroyo-Manzanares' - Natalia Campillo’ - Carolina Reyes-Palomo? -
Santos Sanz-Fernandez? - José Fenoll® - Vicente Rodriguez-Estévez? - Pilar Vifias'

Received: 2 January 2023 / Accepted: 26 March 2023 / Published online: 6 April 2023
© The Author(s) 2023

Abstract

An analytical methodology based on the combination of dispersive magnetic solid-phase extraction (DMSPE) and liquid
chromatography-mass spectrometry (LC-MS) is proposed to explore the occurrence of 13 mycotoxins (aflatoxins B, G,
B,, and G,; deoxynivalenol; T-2 toxin; ochratoxin A; HT-2 toxin; enniatins A, A, B, and B,; and beauvericin) and their
derivatives in natural grass samples. Magnetic microparticles (Fe;0,) coated with polypyrrole (PPy) polymer were used in
DMSPE sample treatment as adsorbent phase, and Fourier-transform infrared spectroscopy, field emission scanning electron
microscopy, and energy dispersive X-ray spectroscopy have been used for its characterization. The experimental parameters
influencing the adsorption and desorption steps of DMSPE have been optimized. Method validation has been carried out
obtaining limits of quantification between 0.07 and 92 ug kg~ corresponding to enniatin B or A, and DON, respectively. A
total of 83 natural grass samples from 8 dehesa farms were analysed. Enniatin B was found in all the samples (0.29 to 488
pg kg™! concentration range) followed by enniatin B, (92.8% of the samples) with a 0.12-137 pg kg™ concentration range.
Moreover, co-occurrence of mycotoxins was studied and between 2 and 5 mycotoxins appeared simultaneously in 97.6% of
the samples. Distribution of the contamination according to natural grass location was also investigated.

Keywords Dispersive magnetic solid-phase extraction - HPLC-MS - Mycotoxins - Magnetic polypyrrole microcomposite -
Natural grass analysis

Introduction system, retardation of growth, lower weight gain, decrease

in production of meat, eggs, or milk, and fertility problems

The ingestion of mycotoxins in animals can cause renal,
hepatotoxic, mutagenic, teratogenic, or carcinogenic
effects. Moreover, they can cause suppression of immune

< Pilar Vifias
pilarvi@um.es

Department of Analytical Chemistry, Faculty of Chemistry,
Regional Campus of International Excellence “Campus Mare
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including abortions. Some mycotoxins are neurotoxic, pro-
ducing paralysis and convulsions, and although subacute
and chronic effects are more frequent, mycotoxins are also
related to high mortality [1]. In addition, the consumption of
several mycotoxins together can have a synergistic, additive,
antagonistic, or potentiating effect on animal health.
Natural grasses are essential resources for animal feed-
ing being susceptible to contamination by mycotoxins. In
general, less information is available regarding mycotoxin
levels in natural grass compared to the data in grains and
conserved feeds. A recent review has summarized the
occurrence of mycotoxins in fresh pastures and conserved
forage, concluding that Fusarium mycotoxins are the most
frequent in this type of matrices. Zearalenone (ZEN) was
the most prevalent mycotoxin followed by deoxyniva-
lenol (DON) and T-2 and HT-2 toxins [2]. It should be
noted that most of the studies focus on the monitoring of
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regulated mycotoxins in animal feed (aflatoxin B1 (AFB)),
DON, ZEN, fumonisins (FBs), ochratoxin A (OTA), and
T-2 and HT-2 toxins) [3, 4], and to date, there is scarce
information on the contamination of pastures by emerging
mycotoxins (enniatins (ENNs) and beauvericin (BEA)) or
modified mycotoxins, derivatives of the main mycotoxins
whose structure has changed due to their binding to other
matrices, or to the modification of their basic structure
caused by chemical or biological modifications [5].

Given the potential for mycotoxin contamination of pas-
tures and forages and the frequent co-occurrence of fungal
metabolites in these animal feed, multiple mycotoxin detec-
tion methods are in demand. At present, liquid chromatog-
raphy (LC) coupled to high-resolution mass spectrometry
(HRMS) or tandem mass spectrometry (MS/MS) sensitive
analytical devices has been more widely applied for multiclass
mycotoxin determination in forage, silage, and pasture sam-
ples [5-19]. To a lesser extent, enzyme-linked immunoassay
(ELISA), thin layer chromatography (TLC), electrochemical
assay, and gas chromatography (GC) have also been used for
the same purpose with high accuracy and precision [20-23].

Concerning the sample treatment for multiclass myco-
toxin assessment in pastures and forages, in recent years,
mainly QuEChERS (acronym of Quick, Easy, Cheap,
Effective, Rugged, and Safe), solid-phase extraction (SPE),
and extraction with organic solvents [5-7, 9-12, 15-19,
24] have been used. Dispersive magnetic solid-phase
extraction (DMSPE) is a novel miniaturized technique
that simplifies and reduces sample preparation stage and
time required with respect to conventional SPE. DMSPE
provides great results for analyte recovery and precon-
centration due to the high contact surface generated by
dispersing the sorbent into the sample matrix [25].

In case of mycotoxin contamination of pasture, the
choice of a low-cost, rapid, and high-throughput analytical
approach is crucial. In this respect, nanotechnology plays a
fundamental role in the design and construction of promis-
ing materials, and therefore, the use of a suitable magnetic
sorbent is key when using the DMSPE technique. So far,
different nanomaterials have been used for the determi-
nation of specific groups of mycotoxins, including multi-
walled carbon nanotubes for AFB; and ZEN extraction from
wheat flour and for main aflatoxins (AFs) (aflatoxins B, B,,
G, and G,). In addition, other multi-walled carbon nano-
tubes based materials have also been used for the determina-
tion of aflatoxins M, (AFM,) and M, (AFM,), OTA, ZEN,
zearalanone (ZAN), a-zeralanol, B-zeralanol, a-zeralenol
and p-zeralenol in liquid milk [26, 27], as well as core-
shell nanomaterials in the form of covalent or metal-organic
frameworks for the analysis of maize (AFs, ochratoxins and
ENNGs) or liquorice (AFG,, AFB,, sterigmatocystin, ZEN
and OTA) [28, 29]. Other magnetic nanoparticles (MNPs)
based on ferrite cores with nonporous silica shell have been

@ Springer

used for fumonisin B1, ZEN, and OTA preconcentration
from vegetable oil [30], or with cellulose shell for ENNs
and BEA from paprika samples [31].

The main objective of this work is the development of
an analytical methodology based on the combination of
DMSPE and LC-MS for the determination of 13 mycotox-
ins derived from Aspergillus and Fusarium (AFB,, AFB,,
AFG,, AFG,, OTA, enniatin A (ENNA), enniatin B (ENNB),
enniatin Al (ENNA,), enniatin B1 (ENNB,), DON, HT-2,
BEA, and T-2 toxin) and their derivatives including modified
mycotoxins in natural grass samples from different Span-
ish dehesa farms, with the aim of studying its occurrence
in this type of little-explored matrices. To the best of our
knowledge, this is the first application of a DMSPE-based
method not only for the analysis of natural grass samples but
also for the quantification of 13 mycotoxins of high interest
and belonging to different families, resulting in a multiclass
mycotoxin assessment tool not previously reported and of
great novelty. The combination of low- and high-resolution
MS allows both targeted and non-targeted analysis enabling
the quantification of 13 mycotoxins but also the monitoring
of other derivatives for which there are no standards, with
the aim to obtain a better understanding of the occurrence
of mycotoxins in the natural grass samples.

Materials and methods
Reagents and standards

Individual mycotoxin standards of AFG,, AFB,, AFG,,
AFB,, OTA, ENNB, ENNA, ENNB,, ENNA,, BEA, and
DON were acquired from Sigma-Aldrich (St. Louis, MO,
USA). HT-2 and T-2 were provided by n’TOX (Saint Jean
d'llac, France). All mycotoxins were prepared as separated
stock solutions at 1000 ug mL~" in acetonitrile (MeCN) and
placed in storage at —20 °C. Ethyl acetate (EA), methanol
(MeOH), ethanol (EtOH), and MeCN of chromatographic
grade were supplied by ChemLab (Zedelgem, Belgium).

For the synthesis of the microcomposite, pyrrole, iron
(IIT) chloride hexahydrate (FeCl;-6H,0), ammonia solution,
iron (II) chloride tetrahydrate (FeCl,-4H,0), sodium per-
chlorate, and sodium hydroxide reagents were all acquired
from Sigma-Aldrich. Milli-Q water was generated by a Mil-
lipore Milli-Q system (Bedford, MA, USA).

Formic acid and ammonium acetate were used for the
mobile phase. In addition, during the DMSPE procedure
optimization, sodium chloride was used. All the reagent
above mentioned were supplied by Sigma-Aldrich.

Before chromatographic analysis, sample extract filtration
was carried out using 0.22 pm X 25 mm nylon syringe filters
purchased from Agilent Technologies (New York, USA).
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Instrumentation and software

The targeted analysis was carried out using a 1200 series
high-performance LC from Agilent Technologies cou-
pled to an Agilent G6410A triple quadrupole (QqQ) mass
spectrometer furnished with an ionization source based on
electrospray (ESI). Chromatographic separation of myco-
toxins was performed using an InfinityLab Poroshell 120
EC-C18 column (4.6 mm of inner diameter, 2.7 pm of
particle size, and 150 mm of length). Multiple reaction
monitoring (MRM) mode was used for MS/MS detection
with ESI in positive mode.

For non-targeted analysis, an Agilent 1290 Infinity II
Series HPLC (Agilent Technologies, Santa Clara, CA,
USA) with a high-speed binary pump (thereby comprising
the UHPLC system) was used. Separations were carried out
using a ZORBAX RRHD Eclipse Plus C18 column (2.1-mm
inner diameter, 1.8-pm particle size, and 100-mm length)
and a 0.3-pm Agilent Technologies inline filter. Detection
was performed with an Agilent 6550 Quadrupole Time of
Flight (QTOF) mass spectrometer provided with an Agilent
jet stream dual electrospray (AJS-Dual ESI) source.

For sample processing, an IKA A1l basic analytical
mill (Wilmington, USA), an orbital shaker IKA-KS-
130-Basic (Staufen, Germany), and an air-drying system
(XcelVap) from Horizon Technology (Salem, USA) were
used. A magnet block consisted of Nd-Fe-B with a 33-kg
strength, 50 X 15 X 15 mm dimensions, and weight of 86
g was employed. Such magnets were acquired in Super-
magnete (Gottmadingen, Germany).

An ApreoS Thermo field emission scanning electron
microscopy (FESEM) system from ThermoFisher Sci-
entific (Massachusetts, USA) and an EDAX Ametek
(Mahwah, USA) were used for image data acquisition and
energy dispersive X-ray spectroscopy (EDS) analyses.
A Jasco FT/IR-4600 spectrophotometer obtained from
Jasco Corporation (Japan) was used for Fourier-transform
infrared spectroscopy (FTIR). Data acquisition was per-
formed with Jasco Spectra Manager software, and spectra
were saved as JCAMP-DX files. Malvern Zetasizer Nano
ZS (Malvern Instruments Ltd., UK) instrument was used
for dynamic light scattering (DLS) measurements. XPow-
der X software (Granada, Spain) was used for X-ray dif-
fraction pattern analysis using PDF2.DAT database of the
International Centre for Diffraction Data (ICDD).

Agilent MassHunter Quantitative Analysis and
Profinder were the software used for mycotoxin and metab-
olite identification and quantification. SigmaPlot 13.1
(Systat Software Inc., San Jose, CA, USA) was used for
data treatment. Statgraphics Centurion XV version 15.1.02
was used for multivariate experimental designs.

Samples

Different natural grass samples from 8 different dehesa
farms (pilot farms within the LIFE project LiveAdapt)
located in 4 Spanish provinces with Mediterranean climate
(Sevilla, Huelva, Cérdoba, and Badajoz) were obtained,
specifically, a total of 83 samples (Supplementary Table
S1). The most frequent natural pastures of the dehesa are
annual grasses on shallow and poor acid soils. These pas-
tures are composed of short species of the communities
Helianthemetalia, Thero-Brometalia, and Sisymbrietalia,
with premature drying at the end of spring [32].

The samples came from grazing exclusion cages of 1
m? and were collected by mid-May. All samples were mix-
tures of freshly mowed natural grasses dehydrated at 60
°C for 48 h.

Samples were ground and transferred to sterile plastic
containers and stored at room temperature until analysis. The
average dry matter (DM) content of the natural grass sam-
ples was also calculated as follows: DM (%) = 100 * [(wet
sample weight — dry sample weight)/wet sample weight].

Fe;0,@PPy microcomposite synthesis

The synthesis of Fe;O,@PPy microcomposite was performed
as reported by Asgharinezhad et al. [33] with slight modi-
fications and is presented in the Supplementary Material. A
summary scheme of the synthesis can be seen in Fig. S1.

Sample preparation and extraction

An amount of 0.5 g of the homogenized ground sample
was weighed into a 15-mL polypropylene tube and 10 mL
of ultrapure water containing 2% m/v NaCl and 400 pL
Fe;0,@PPy microcomposite suspension was added, and the
resulting mixture was subjected to orbital shaking at room
temperature for 15 min. Afterwards, external magnetically
attraction with neodymium magnet was performed and the
supernatant was discarded. To desorb the mycotoxins, 2 mL
of EA was added to the enriched magnetic material, and
orbital shaking was performed for 10 min at ambient tem-
perature. Separation of the microcomposite from the super-
natant was then again performed using the magnet. Finally,
the collected EA supernatant solution was evaporated under
a N, stream (1200 mbar) until dryness at 35 °C, reconsti-
tuted in 500 pL of (50:50, v/v) MeOH/H,0O mixture and
submitted to vortex agitation for 1 min. Then, filtration with
0.2-pm nylon filter of the reconstituted extract was carried
out prior injection.
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LC-QqQ-MS/MS analysis

The 13 parent mycotoxins were eluted using a mobile phase
A consisting of 0.1% v/v HCOOH and 2-mM HCOONH,
aqueous solution and a mobile phase B consisting of 0.1%
v/v HCOOH in MeOH. The elution gradient was set as fol-
lows: 0-20 min, 30% B-99% B; 20-35 min, 99% B; 35-37
min, 99% B-30% B; and 37-45 min, 30% B. The mobile
phase flow-rate was set at 0.5 mL min~'. Sample injection
volume was 20 pL. Gas temperature, capillary voltage, nebu-
lizer pressure, and gas flow were 350 °C, 3000 V, 40 psi, and
9 L min~!, respectively. Collision energies (CE) between 4
and 100 V and fragmentor voltages from 120 to 180 V were
evaluated. Table S2 shows the MS conditions used for the
mycotoxin determination.

LC-Q-TOF-MS/MS analysis

Mobile phases consisted of (95:5, v/v) water/MeOH (solvent
A) and (95:5, v/v) MeOH/water (solvent B), both containing
0.3% viv HCOOH as ionization agent and 5-mM HCOONH,
and applying a flow rate of 0.4 mL min~'. The elution gradi-
ent was the following: linear gradient from O to 99% solvent
B for 20 min; then, solvent B ratio decreased in 1 min to 0%;
and finally, an isocratic step of 5-min duration maintaining
a 0% ratio of solvent B. ESI source parameters operated in
positive mode were the following: nebulizer gas pressure
of 30 psi, drying gas temperature and flow rate of 130 °C
and 16 L min~!, respectively, and sheath gas flow rate and
temperature of 11 L min~" and 300 °C, respectively. Capil-
lary voltage was 4000 V, while the nozzle, fragmentor, and
octopole voltages were set at 500, 360, and 750 V, respec-
tively. Data-dependent analysis approach for MS detection
was performed by using auto MS/MS mode in a 100-1200
m/z range.

Results and discussion
Microcomposite characterization

To characterize the synthesized Fe;O,@PPy composite in
terms of nature, surface morphology, and elemental com-
position, field emission scanning electron microscopy
(FESEM) and EDS techniques were used.

The composite was assembled on special SEM alumin-
ium holders, heated at 60 °C for 10 min till dehydration
and coated in a vacuum sputter with 5 nm of platinum.
FESEM acquired image is presented in Fig. 1A and pro-
vides the morphology of Fe;O,@PPy material at 1-pm
resolution. Noticeably, the microcomposite consists of
many spherical grains with a high homogeneity grade
regarding particle size and distribution.
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For EDS analysis, an accelerating voltage of 20 kV was
employed. Peaks related to C, Fe, O, and N atoms are
shown in the EDS spectrum (Fig. 1B). The weight and
atomic percentages were calculated at 3 different points
of the material. Quantitative analysis average values
obtained were 41.56 and 59.28% for C, 30.66 and 9.76%
for Fe, 22.42 and 24.29% for O, and 5.37 and 6.66% for
N, which corresponded to weight and atomic percentages,
respectively. In the right corner of Fig. 1B, it can be seen
a FESEM image which corresponds to the Fe;O,@PPy
micromaterial area where the measurements were carried
out.

For FTIR spectroscopic measures, the spectrophotometer
used was equipped with an ATR PRO ONE attenuated total
reflection accessory that uses a monolithic diamond crystal
to provide high optical processing performance. It features
a “torque-limited” pressure applicator to press the sample
into good contact with the diamond. Data acquisition was
performed over a range of 4000 to 250 cm™! with a resolu-
tion of 4 cm™!. Thirty-two accumulations were recorded for
each sample with a total measurement time of 38 s. Fig.
S2 shows the FTIR spectra of Fe;O,@PPy microcomposite,
PPy, and Fe;0,. The curve (a) of the Fe;0,@PPy microcom-
posite seemingly reveals peaks of both the PPy and Fe;0O,
components shown in curves (b) and (c), respectively. The
peak observed at 541 cm™" in Fe,0, and Fe;0,@PPy spec-
tra corresponded to the absorption peak of the Fe-O group
[34]. The peaks at 924 cm~! and 1205 cm™! are observed at
almost the same place in both PPy and Fe;O0,@PPy curves
and are attributed to C—C out-of-plane ring deformation
and C-N stretching vibrations, respectively [35]. Further-
more, the peak observed at 1044 cm™ in PPy and Fe,0,@
PPy spectra shows the C-O-C absorption function of a shift
in the stretching vibrations when PPy was added, which is
due to energy changes and the PPy-Fe;0, interaction [34,
S36]. Besides that, the appearance of a peak at 3393 cm™!
is attributed to the existence of —OH groups on the surface
of the Fe;O, [S37], which is a vibration of stretching and
bending [34].

In addition, DLS and X-ray diffraction (XRD) techniques
were used to carry out a more thorough characterization of
the material. DLS measurements were performed by add-
ing 5, 15, and 25 mg of solid Fe;O,@PPy to 2 mL of water.
A single cycle of 13 runs was applied and no equilibration
time was required. Under these conditions, the hydrody-
namic diameter (d, ) values obtained were 509.9, 512.6, and
523.5 nm for each amount of micromaterial measured, which
means an average diameter of 515.3 nm (Fig. S3). XRD data
revealed the presence of two types of magnetic iron oxide:
magnetite (Fe;0,) and maghemite (y-Fe,05) with weight
percentages around 61% and 39%, respectively. The stand-
ard X-ray diffraction peaks (20 = 30.18°, 35.56°, 43.14°,
57.20°, and 62.79°) which can be assigned to maghemite
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Fig. 1 Field emission scanning
electron microscopy (FESEM)
image (A) and energy disper-
sive X-ray spectroscopy (EDS)
spectrum (B) of Fe;0,@PPy
microcomposite
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or magnetite match with those observed in the spectrum
depicted in Fig. S4.

DMSPE procedure optimization

For the optimization of the DMSPE procedure, the factors
affecting the stages of adsorption and desorption were inves-
tigated in detail.

To carry out the preliminary experiments, a pool of differ-
ent mycotoxin-free natural grass samples, which were previ-
ously analysed, was made. The pool was done by adding 5
g of each of the samples, and the resulting mixture was left
to stand for 24 h at room temperature. Thus, initial experi-
ments were conducted using 0.5-g pooled natural grass sam-
ple spiked at 100 pg kg~! with the five emerging mycotoxins
(ENNA, ENNB, ENNAI1, ENNB1, and BEA), the four AFs
(AFB1, AFG1, AFB2, and AFG2), and OTA and at 500 pg
kg_1 with HT-2, DON, and T-2 toxin.

The influence of the nature of the magnetic material
on MSPE efficiency was studied by adding 30 mg of each
material type assayed to 0.5 g of natural grass suspended
in 10 mL of water, which was followed by an adsorption
time of 30 min and the addition of 1.5 mL of MeCN and
orbital shaking during 8 min for mycotoxin desorption. The
appropriate choice of sorbent is essential for the isolation of
analytes and depends on the nature of the particles and of
the sample being tested. Seven different magnetic materi-
als were evaluated using ferrite (Fe;0,) core with differ-
ent coating materials: polypyrrole (PPy), cellulose, silver
(Ag), oleic acid, multi-walled carbon nanotubes (MWCNTs),
3-aminopropyl-triethoxysilane (APTS), and MWCNTs/PPy.
Coating with PPy and APTS was tested due to their environ-
mental and mechanical steadiness, ease of synthesis, regen-
eration, and low cost [S38]. Fe;O,@cellulose (S39) was
tested since this coating material presents a high potential
for biodegradation. Fe;0,@Ag (S40) was examined because
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the presence of heteroatoms in the structure of mycotox-
ins makes them capable of interacting with silver, and this
potential interaction between amino groups of other ana-
lytes with Ag nanoparticles has been previously investigated
(S41). Moreover, the strongest benefit of oleic acid coating
lays on the chemical bond between the iron oxide amorphous
nanoparticles and the carboxylic acid group (S42). Finally,
Fe;0,@MWCNTs [33] was considered because of its high
efficiency, porosity, and large surface area.

Fig. S5 shows that signals increased for the 13 myco-
toxins when the Fe;O,@PPy microcomposite was used, the
other tested materials providing lower enrichment. This is
probably due to the intense n-n stacking, hydrogen bond-
ing, and electrostatic adsorption interactions between the
PPy polymer and the mycotoxins. Then, PPy coating was
compared in Fe;0, and cobalt ferrite (CoFe,0,) core as the
corrosion resistance, excellent stability and high coercive
force, and saturation magnetization of CoFe,O, core have
been previously described (S43, S44). However, best results
were obtained when the core was made of Fe;O,.

Once the nature of the extractant phase was optimized,
other parameters influencing the DMSPE adsorption step
were studied, such as the effect of directly adding the solid
material or suspended in water, the amount of material,
the adsorption time, and the ionic strength of the sample
solution.

Whether the addition of the Fe;O,@PPy microcomposite
as an aqueous suspension or as solid material influences the
sensitivity of the method was examined. This comparison
was carried out by adding 102 pL of an aqueous Fe;O,@PPy
suspension (976 mg mL~' MNP concentration) or 100 mg of
Fe;0,@PPy solid material. Preconcentration was enhanced
when the microcomposite was added in suspension form as
can be seen in Fig. S6. It may be a result of a weaker MNP
assembly in suspension in comparison to their directly addi-
tion to the sample solution. For this reason, the suspension
form of the adsorbent phase was used.

The other variables involved in the adsorption step, MNP
suspension volume, adsorption time, and ionic strength were
optimized together because their effect is closely related to
each other. Thus, using the peak area as analytical response,
a face-centred surface response multivariate method design
(2% + star) with three spaced central points was performed.
A total of 17 runs were carried out to create the response
surface by evaluating the following ranges for each factor:
Fe;0,@PPy suspension volume (100-400 pL), adsorption
time (15-45 min), and NaCl concentration (0-10% m/v).

As expected, the micromaterial suspension volume sig-
nificantly affected the analytical signal for all compounds,
whereas the adsorption time and NaCl percentage only
affected OTA and ENNA |, respectively. Determination coef-
ficients (R?) resulted in a range of 87.9-91.1%, proving the
suitability of the design. Including the analytical signal of all
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compounds, a robust joint desirability study was performed,
being the optimal conditions for the variables involved in
the adsorption step: 400 pL of Fe;0,@PPy microcomposite
suspension, 15 min of adsorption time, and 2% m/v NaCl
(Fig. S7).

Four solvents with different polarities, being EA, chloro-
form, MeCN, and MeOH, were further investigated for the
desorption of mycotoxins from the PPy-magnetic material.
The results showed that EA gave the highest desorption effi-
ciency, followed by MeCN, MeOH, and chloroform. Conse-
quently, EA was selected as the desorption solvent.

To evaluate the influence of desorption time and EA vol-
ume, a face-centred multivariate method design was again
used to assess the potential effect of these variables and
interaction between them. For this purpose, 10 mL of water
containing 2% m/v NaCl were added to 0.5 g of pooled natu-
ral grass sample, fortified at 100 pg kg~! with ENNs, AFs,
BEA, and OTA and at 500 pg kg~! with HT-2, DON, and
T-2. Then, 400 pL of MNP suspension was added, and the
mixture was submitted to orbital shaking for 15 min to carry
out analyte adsorption on the MNP surface. In this case, the
response surface was created carrying out a total of 11 runs
by evaluating each factor at three levels. Desorption time
was studied between 1 and 15 min and EA volume between
1 and 3 mL. The mycotoxins that showed significant differ-
ences were AFB,, AFG,, AFB,, AFG,, ENNA, and OTA,
whose R? coefficients were in a range of 87.4-96.3%. Includ-
ing only those mycotoxins with significant differences, the
optimal conditions for desorption step were 2 mL of EA and
10 min of orbital shaking (Fig. S8).

Validation of the analytical method

For method validation, a sample of natural grass previously
checked to be free from the studied mycotoxins was used.
Before applying the analytical procedure, this sample was
fortified at different concentration levels with the mycotox-
ins, homogenized and left to stand for 1 h in the dark at room
temperature to allow interaction between mycotoxins and
natural grass matrix.

Matrix-matched calibration graphs were set by fortifying
natural grass samples at seven concentration levels which
were injected in duplicate. AFs, OTA, BEA, and ENN cali-
bration concentration levels varied from 0.07 to 100 pg kg™,
and concentrations from 17 to 750 pg kg™' were carried out
for DON, HT-2, and T-2, depending on the mycotoxin. Reso-
lution achieved can be seen in Fig. S9. Table 1 shows the
calibration parameters obtained after applying least-square
regression. Linearity in the studied ranges was demonstrated
as regression coefficient (R?) values were greater than 0.985
in all cases.

Adequate values were obtained for all mycotoxins. LODs
varied between 0.02 pg kg~! for ENNB, ENNA, or ENNA,
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Table 1 Method validation data
for mycotoxin determination in
natural grass samples

Analyte Linear range (ug kg™") Linearity, R LOD (ug kg™ LOQ (ug kg™
DON 92-750 0.990 27 92
AFG, 1.7-100 0.989 0.51 1.7
AFG, 0.95-100 0.998 0.28 0.95
AFB, 1.3-100 0.996 0.38 1.3
AFB, 0.61-100 0.998 0.18 0.61
HT-2 37-750 0.994 11 37
T-2 17-750 0.995 53 17
OTA 1.9-100 0.985 0.57 1.9
ENNB 0.07-100 0.993 0.02 0.07
BEA 0.09-100 0.994 0.03 0.09
ENNB, 0.09-100 0.997 0.03 0.09
ENNA, 0.07-100 0.987 0.02 0.07
ENNA 0.08-100 0.996 0.02 0.08
Trueness, % RSD (n =9) SSE (%)
Low level High level
DON 90 (4.2) 98 (5.9) 42.0
AFG, 96 (2.1) 97 (5.3) 524
AFG, 110 (5.9) 100 (2.8) 57.7
AFB, 90 (4.4) 105 (5.8) 56.4
AFB, 108 (6.5) 110 (2.1) 59.9
HT-2 82 (7.1) 106 (1.9) 66.3
T-2 76 (2.8) 92 (8.7) 47.1
OTA 78 (2.7) 103 (8.1) 424
ENNB 107 (4.5) 106 (1.8) 91.9
BEA 95 (5.3) 97 (1.9) 89.6
ENNB, 102 (4.7) 104 (6.1) 922
ENNA, 99 (3.1) 104 (2.6) 89.5
ENNA 104 (5.0) 108 (3.2) 88.0
Repeatability, % RSD (n = 6) Intermediate precision, % RSD (n = 18)
Low level High level Low level High level
DON 5.4 3.7 7.3 6
AFG, 1.5 2.6 5.4 6
AFG, 3.8 4.1 8.1 59
AFB, 4.8 8.5 7.3 9.5
AFB, 5.6 5.5 7.8 8.8
HT-2 29 6.8 8.7 10.2
T-2 32 5.1 42 10.2
OTA 4.7 6.1 6.4 7.1
ENNB 2.8 5.8 3.6 7.3
BEA 49 54 7.1 7.8
ENNB, 2.4 3.6 4.5 5.6
ENNA, 2.6 4.8 4.9 8.4
ENNA 35 3.6 6.8 6.9

LOD, limit of detection (S/N = 3); LOQ, limit of quantification (S/N = 10); SSE, magnitude of signal sup-
pression/enhancement

Low level: 5 pug kg_l for AFs, OTA, BEA, and ENNSs; 300 pg kg‘1 for DON, HT-2, and T-2

High level: 25 pg kg™! for AFs, OTA, BEA, and ENNs; 500 pg kg~! for DON, HT-2, and T-2
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and 0.57 pg kg~! for OTA, not considering DON, for which
a significantly higher LOD was obtained (27 pg kg™!). By
comparison, LOQs were in the 0.07-92 pg kg~! range, cor-
responding to ENNB or ENNA, and DON, respectively
(Table 1). The limits obtained allow the correct determina-
tion of the mycotoxins studied, complying with the limits
established in the legislation [3, 4].

The magnitude of signal suppression/enhancement (SSE)
allowed to evaluate the presence of matrix interferences. For
this purpose, slopes obtained by linear calibration built in
a blank matrix and on pure solvent were compared. Conse-
quently, SSE effect was quantified as follows: SSE (%) =
100 * (slope for spiked cleaned-up extract/slope for spiked
matrix-free solvent). SSE values in the 42.0-92.2% range
were obtained (Table 1). These results showed SEE val-
ues below 100% in all cases, revealing signal suppression
in the presence of matrix. Specifically, the highest signal
suppression occurred for DON, T-2 toxin, and OTA, while
the mycotoxins whose SEE values were closest to 100%
were ENNs and BEA. Given this, the high matrix effect for
some of the studied mycotoxins justified the need to perform
matrix-matched calibrations for quantification purposes.

Trueness of the proposed method was evaluated by con-
ducting recovery studies. Hence, fortification at two concen-
tration levels was carried out: 5 pg kg™ for the four AFs,
OTA, BEA, and the four ENNs and 300 pg kg™' for DON,
HT-2, and T-2 and the second level stated at 25 pg kg™ for
AFs, OTA, BEA, and ENNs and at 500 pg kg~! for DON,
HT-2, and T-2. Accordingly, the apparent recovery was cal-
culated as follows: 100 * [concentration determined/actual
(spiked) concentration]. The mean recoveries of nine experi-
ments, each concentration level was prepared and injected
in triplicate, are shown in Table 1. Recoveries were in the
76—110% range and the relative standard deviation (RSD)
values ranged from 1.8 to 8.7%.

Precision was assessed in terms of repeatability and
intermediate precision. The whole procedure was applied
to perform experiments which consist of sample spiked at
two concentration levels in triplicate along the same day to
evaluate repeatability. Low and high concentration levels

were set at 5 and 25 pg kg_l for AFs, OTA, BEA, and ENNs,
as well as 300 and 500 pg kg~! for DON, HT-2, and T-2.
RSD values in a range of 3.6-8.7% were obtained (Table 1).

In addition, analysis on three different days of three sam-
ples fortified at the same two concentration levels was used
to establish intermediate precision. In all cases, RSD was
calculated, and the results were below 10.2%, demonstrating
the good precision of the method.

Occurrence of mycotoxins in natural grass samples

Mycotoxin occurrence in natural grass samples has been
assessed by performing the analysis of 83 samples from 8
dehesa farms using the developed method. Duplicates of the
samples were prepared, processed by the described DMSPE
method for mycotoxin extraction, and injected into the chro-
matographic system. The samples were treated in duplicate
and injected into the LC-QqQ-MS/MS system.

Among the 13 mycotoxins studied, all the samples
resulted positive (considering samples with concentrations
above the LOQ) for emerging mycotoxins with the following
incidence: ENNB (100%), ENNB, (92.8%), ENNA (51.8%),
ENNA, (71.1%), and BEA (74.7%). However, none of the
samples tested positive for the other examined mycotoxins
(DON, AFB,, AFB,, AFG,, AFG,, HT-2, and T-2). The lack
of aflatoxins in natural grasses has been already reported
(S45).

A summary of all results obtained for emerging myco-
toxin occurrence is shown in Table 2, referring to both
dry matter and fresh natural grass. Thus, Table 2 includes
number and percentage of positive samples, mean concen-
tration value of positive samples, and 1% and 3 quartile of
positive samples. The mycotoxin quantified at the highest
level was ENNB at 488 pg kg™!, with an average con-
centration in the positive samples of 51.1 pg kg™!, being
these concentrations equivalent to 1154 and 83.7 pug kg™
in terms of wet matter, respectively. Moreover, ENNB was
also the most occurring mycotoxin (100%) followed by
ENNB, (92.8%), ranging from 0.29 to 488 pg kg~! and
from 0.12 to 137.1 pg kg™!, respectively, related to dry

Table2 Summary of emerging

: ENNB ENNB, ENNA ENNA, BEA
mycotoxins occurrence
No. of positive samples 83 77 59 43 62
Incidence (%) 100.00 92.8 71.1 51.8 74.7
Referred to dry matter (wet matter)
Mean (ugkg™) +SD  51.1+954 7.82 +£19.5 2.16 +4.21 1.74 £ 4.79 2.76 + 6.57
(83.7 % (11.6 = (3.02 + (2.69 + 4.01 +
176.6) 26.4) 5.47) 8.50) 9.34)
1 quartile (pg kg™ 2.26 (3.73) 0.33 (0.53) 0.20 (0.33) 0.12 (0.18) 0.25 (0.35)
3" quartile (ug kg™ 54.9 (74.6) 6.02 (10.80) 1.40 (2.62) 1.31 (1.83) 2.41(3.04)

SD, standard deviation
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matter. In the case of BEA and ENNA concentrations,
these ranged from 0.10 to 36.5 pug kg™! and 0.07 to 18.6
png kg~! in terms of dry matter, respectively. On the other
hand, the emerging mycotoxin that appeared with the low-
est incidence in the samples was ENNA, (51.8%) with a
mean concentration of 1.74 pg kg~! and a range of 0.09 to
22.6 png kg~!. Fig. S10 shows the box plot where the sta-
tistical data are summarized. As can be seen in Fig. S10,
ENNB shows the widest interquartile range, followed by
ENNB,, while ENNA, ENNA ,, and BEA are similar, with
the lowest point of the 5 emerging mycotoxins being below
0.3 pg kg™! of dry matter. In the case of ENNB, positive
asymmetry is also observed, as the part of the box above
the median is longer, indicating that the data are concen-
trated in the lower part of the distribution. In addition, in
all cases, some values out of range were found beyond the
lower or upper limits.

In addition, the co-occurrence of the toxins in the samples
was also investigated. Thus, 97.6% of the samples contained
between 2 and 5 mycotoxins (Fig. 2) and the remaining 2.4%
corresponded in all cases to the presence of ENNB singly.
This co-occurrence of emerging mycotoxins is observed in
the form of different combinations. The most frequent com-
binations are, in the case of 2 mycotoxins, ENNB+ENNB,
(9.6%); when 3 co-occur, ENNB+ ENNB,+BEA (10.8%),
and when the combination is quaternary in 12.1%, the most
frequent is ENNB+ENNB;+ENNA +BEA. On the other
hand, the 5 emerging mycotoxins co-occur in most of the
positive samples, accounting for 47% of the total number of
positive natural grass samples.

The presence of emerging mycotoxins and their co-occur-
rence have been previously reported in animal feed [15],
and similar results have been obtained, with ENNB being
again the emerging mycotoxin with the highest incidence
and the co-occurrence of ENNB+BEA+ENNB, being the
most frequent ternary combination.

Fig.2 Frequency and co-occur-
rence of different emergent
mycotoxins (ENNA, ENNA,,
ENNB, ENNB,, and BEA) in
natural grass samples

5 mycotoxins

Then, the contamination obtained by emerging myco-
toxins was evaluated according to the province of origin of
the natural grass. The samples were classified into 4 groups
corresponding to the provinces of origin (Sevilla, Huelva,
Cérdoba, and Badajoz), and one-way analysis of variance
(ANOVA) test was performed to evaluate the differences.
Significant differences were obtained for ENNA concen-
tration (p-value = 0.0282) for natural grass samples from
Sevilla province and for BEA (p-value = 0.0206) in the natu-
ral grass from Badajoz province with respect to the contents
found in the rest of the provinces. On the other hand, ENNB,
ENNA,, and ENNB, showed no significant differences with
respect to their location. Finally, Fig. S11 shows a Southern
Spain heatmap with the emerging mycotoxin average con-
tamination obtained in the different provinces.

Non-targeted approach

With the objective of presenting a complete understand-
ing of the occurrence of this class of mycotoxins in natural
grass, a non-targeted approach was carried out to determine
the occurrence of derivatives of the 13 mycotoxins stud-
ied, including modified mycotoxins, for which no reference
standards were available.

Samples were prepared by duplicating and analysed using
the LC-Q-TOF method. Data processing consisted of peak
alignment and deconvolution on the raw data using Agilent
Profinder software. Beside 13 parent mycotoxins, a total of
134 derived metabolites were sought (Table S3). Adducts
with the ions Na*, K*, H*, and NH,* were researched and
384 possible features were obtained. Subsequently, Mass-
Hunter Qualitative software was used for selective extrac-
tion of MS/MS information of the monitored molecular
features. Tentative identification of mycotoxin metabolites
was accomplished by comparing the experimental MS/MS
fragmentation spectrum with the data stored in the databases

1 mycotoxin

2 mycotoxins

3 mycotoxins

4 mycotoxins
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(MassBank MS/MS (http://www.massbank.jp), MassBank
of North America (https://mona.fiehnlab.ucdavis.edu/), and
METLIN MS and MS/MS (https://metlin.scripps.edu)) and
in the literature. The identification of emerging mycotoxins
ENNA1, ENNA, ENNB1, ENNB, and BEA could be con-
firmed, no detecting metabolite derivatives in the analysed
samples.

Micromaterial reuse study

A drawback of DMSPE is the requirement for a synthesis
step of the magnetic material. This step can delay the ana-
lytical procedure as it requires to be performed thoroughly
to obtain reproducible results. The possibility of reusing the
nanomaterial would be one way to avoid this disadvantage.
Consequently, a study of the reusability of the synthesized
Fe;0,@PPy microcomposite for the determination of mul-
ticlass mycotoxins in natural grass samples was carried out.

For this study, 400 pL of the Fe;0,@PPy microcomposite
suspension was used to analyse a spiked natural grass at 100
png kg~! with the five emerging mycotoxins, the four AFs,
and OTA and at 500 pg kg~! with DON, HT-2, and T-2
toxin. Optimal adsorption and desorption conditions were
applied, and, after this last step, the MNPs were consecu-
tively reused with four other natural grass samples fortified
at the same concentration levels.

The results were evaluated jointly, and for this purpose,
the sum of the different mycotoxin areas for each experiment
was used to perform ANOVA and least significant differ-
ence (LSD) tests to compare the difference reuse experi-
ments. The results are shown in Fig. S12. Even though a
slight MNP mass loss during sample treatment was assumed,
the results confirmed that the material can be reused up to
five times. However, it was decided not to continue reusing
the MNPs from the fifth experiment as it was observed that
the loss of microcomposite was already significative, and it
could not be collected completely.

Comparison with previously reported methods

The analytical characteristics of the developed method based
on the use of Fe;0,@PPy microcomposite combined with
LC-MS/MS were compared with previously reported nano-
material-based chromatographic methods.

As shown in Table S4, the Fe;0,@PPy microcomposite
had one of the best performances in the determination of
multiclass mycotoxins, allowing the preconcentration of 13
mycotoxins and being one of the two methods that allowed
the simultaneous determination of more mycotoxins and
the only one that allowed the determination of DON, T-2,
and HT-2 toxins, in addition to the main aflatoxins and the
emerging mycotoxins.

@ Springer

Furthermore, sample preparation time (25 min) is compara-
ble or better than extraction times previously reported, which
are in the 15 min to 1 h and 10 min range [26-30]. In terms of
analysis results, it can be observed that the proposed method
showed comparable or higher validation parameters to the pre-
viously reported methods for other magnetic adsorbents.

However, although other existing methods required less
adsorbent consumption in terms of solid material, the pro-
posed method is the first one in which the micromaterial
is added as a suspension, thus saving the time needed to
dry the nanoparticles, which is very long. A drawback of
DMSPE procedure is the requirement for a synthesis step of
the magnetic material.

In conclusion, the proposed method has proven to be sen-
sitive, accurate, and quick and offers great prospects for the
determination of the 13 mycotoxins studied in natural grasses.

Conclusions

In this work, a survey of thirteen mycotoxins in natural grass
samples from different farms and regions of Spain has been
carried out using DMSPE with Fe;0,@PPy microcomposite
as sample treatment. The potential of the magnetic material
is demonstrated, as it allows accurate detection of emerging
mycotoxin contamination in all samples tested. This multiclass
mycotoxin method, compared to others described above, allows
the monitoring of the targeted mycotoxins with high sensitiv-
ity in such a complex matrix as natural grass for the first time.

Although a disadvantage of the method could be the need
for microcomposite synthesis beforehand, reusability stud-
ies have shown its capability to be reused up to five times
without extraction efficiency losses.

Considering the exciting results described here, we con-
clude that Fe;0,@PPy microcomposite has a great potential
as adsorbent to be used in DMSPE sample treatment for many
challenging matrices as demonstrated with natural grass sam-
ples, particularly given the need to strengthen quality control
of mycotoxins in the current context of climate change.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-023-05763-6.
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ABSTRACT

The present work is focused on the development of an analytical platform to
elucidate the metabolic pathway of PTSO from onion, an organosulfur compound well-
known for its functional and technological properties and its potential application in
animal and human nutrition. This analytical platform consisted in the use of gas
chromatography-mass spectrometry (GC-MS) and ultra-high performance liquid
chromatography quadrupole with time-of-flight MS (UHPLC-Q-TOF-MS) in order to
monitor volatile and non-volatile compounds derived from the PTSO. For the extraction
of the compounds of interest, two different sample treatments were developed: liquid-
liquid extraction (LLE) and salting-out assisted liquid-liquid extraction (SALLE) for GC-
MS and UHPLC-Q-TOF-MS analysis, respectively. Once the analytical platform was
optimized and validated, an in vivo study was planned to elucidate PTSO metabolization,
revealing the presence of dipropyl disulfide (DPDS) in liver samples with concentrations
between 0.11 and 0.61 upg g'. The DPDS maximum concentration in the liver was
observed 0.5 h after the intake. DPDS was also present in all plasma samples with
concentrations between 2.1 and 2.4 ug mL'. In regard to PTSO, it was only found in
plasma at times above 5 h (0.18 pg mL1). Both, PTSO and DPDS, were excreted via
urine from 24 h after ingestion.
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Abstract: The present work is focused on the development of an analytical platform to elucidate the
metabolic pathway of PTSO from onion, an organosulfur compound well-known for its functional and
technological properties and its potential application in animal and human nutrition. This analytical
platform consisted of the use of gas chromatography-mass spectrometry (GC-MS) and ultra-high
performance liquid chromatography quadrupole with time-of-flight MS (UHPLC-Q-TOF-MS) in
order to monitor volatile and non-volatile compounds derived from the PTSO. For the extraction of
the compounds of interest, two different sample treatments were developed: liquid-liquid extraction
(LLE) and salting-out assisted liquid-liquid extraction (SALLE) for GC-MS and UHPLC-Q-TOF-MS
analysis, respectively. Once the analytical platform was optimised and validated, an in vivo study
was planned to elucidate PTSO metabolisation, revealing the presence of dipropyl disulfide (DPDS) in
liver samples with concentrations between 0.11 and 0.61 pg g~!. The DPDS maximum concentration
in the liver was observed at 0.5 h after the intake. DPDS was also present in all plasma samples with
concentrations between 2.1 and 2.4 ug mL~1. In regard to PTSO, it was only found in plasma at times
above 5h (0.18 ug mL~1). Both PTSO and DPDS were excreted via urine 24 h after ingestion.

Keywords: propyl propane thiosulfonate; rats; metabolisation; in vivo study; analytical platform

1. Introduction

Allium essential oils contain a great number of organosulfur compounds (OSCs),
which are related to their well-known antimicrobial, antiviral, antiprotozoal, antifungal,
and antioxidant properties [1]. Among them, propyl propane thiosulfonate (PTSO) is
one of the compounds responsible for the odour of freshly cut onion and is also the most
studied thiosulfonate present in onions. It has been used in different applications due
to its multiple health benefits [2], including modulation of inflammatory response and
improvement of gut health. In addition, PTSO has also shown interesting properties
with potential applications in human nutrition, such as its ability to attenuate metabolic
alterations in obese mice, reduce weight gain, and improve plasma markers related to
glucose and lipid metabolisms [3-6]. Moreover, its antioxidant and antimicrobial activities
against Enterobacteriaceae, Escherichia coli, Salmonella enterica, Campylobacter jejuni [5,7],
Eimeria acervulina, and Clostridium spp. have been reported [4]. Thus, PTSO is capable of
inhibiting the growth of Gram-negative and Gram-positive bacteria and also moulds and
yeasts in animal models [8]. In addition, an in vitro study has recently demonstrated its
antibacterial activity when compared with antibiotics commonly used against bacterial
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contamination in human clinical samples [9]. Moreover, in vitro anti-candidiasis activity
through aerial diffusion of PTSO has been proved [10].

Following the European Union’s ban on the use of antibiotic growth promoters in
animal production, there is a clear demand for natural additives capable of guaranteeing
performance in animal production while avoiding the adverse effects of antibiotics [5].
In this sense, the use of PTSO as a supplement to animal feed has demonstrated some
benefits that could be related to the inhibition of methane production during rumen
fermentation [11] and its anti-inflammatory properties [3], also guaranteeing the safety and
sensory attributes of animal products. Moreover, the addition of Allium extract rich in PTSO
at 5 mg kg~! improves pig microbiota, and it would be a good supplement to increase the
pig growth rate [9]. In addition, the intake of PTSO in the diet has been shown to modulate
the intestinal microbiota of piglets and laying hens, improving their performance [12].
PTSO toxicity was also evaluated in humans using cytotoxicity assays [13], in vitro and
in vivo genotoxicity, and in vitro mutagenicity assays [14,15]. The acute toxicity of PTSO
was also evaluated in vivo [13], proposing the maximum tolerable dose (MTD) at 55 mg
kg~!. An in vivo study in rats, administering PTSO for 90 consecutive days, confirmed
the safety profile of PTSO for food applications since the dose corresponding to the no-
observed-adverse-effect level (NOAEL) was equal or greater than MTD (55 mg kg’l day’l).

In order to ensure the safety of the use of PTSO as a food or feed ingredient, the
assessment of safety for consumers is essential. For this purpose, it is necessary to consider
the potential toxicity of the additive [8,13], consumer exposure to higher concentration
levels, and the metabolic fate and residues of the additive in laboratory animals.

For the metabolomic study, it is necessary to carry out in vivo studies and monitor
PTSO and derivative compounds in biological fluids and tissues. Nevertheless, no in vivo
studies for PTSO metabolisation have been found in the literature to date. However,
in vitro and in vivo metabolic studies have been developed by other authors to elucidate
the metabolic pathway of dipropyl disulfide (DPDS) [16,17], which always appears in
very low concentrations besides PTSO [2]. Teyssier et al. [16] used Wistar rats housed
individually in wire cages with light-dark cycles and fed for 4 weeks. After this, intragastric
administration of DPDS was applied to each rat during the established period of time
before their sacrifice. Rat liver cell subfractions and isolated perfused rat livers were
analysed using gas chromatography with mass spectrometry (GC-MS), founding several
following compounds: dipropyl thiosulfinate (DPDSO); propyl mercaptan (PM); and
propyl glutathione sulphide (PGS), which were detected in the presence of liver subcellular
fractions, whereas PM, PGS, methyl propyl sulphide (MPS), and methyl propyl sulfone
(MPSO,) were formed in the perfused liver.

Furthermore, Germain et al. [17] fed Wistar rats for 1 week before starting the exper-
iment. A single dose of DPDS was administered by gastric intubation at 200 mg kg !
body weight, and some rats were euthanized at different times up to 48 h after oral dosing.
PM, MPS, MPSO, and MPSO, were identified using GC-MS as DPDS metabolites in the
stomach, intestine, liver, and plasma.

Furthermore, it has been demonstrated that PTSO reacts with cysteine and glutathione,
both present in a wide range of biological tissues, resulting in s-propyl mercaptocysteine
(CSSP) and s-propyl mercaptoglutathione (GSSP) as products. The development of analyti-
cal methods that allow the determination of PTSO and its metabolites at the low expected
concentrations is essential. Due to its different physicochemical properties, the analysis im-
plies the combination of different analytical techniques in a platform that allows to monitor
as many PTSO metabolites as possible, including volatile and non-volatile compounds.

The analytical methods for the determination of PTSO and/or its derivatives, such
as DPDS, PTS, CSSP, and GSSP, are mainly based on liquid chromatography (LC) coupled
to different detectors as diode array (DAD) [15,18-20] or tandem MS using electrospray
ionisation (ESI-MS/MS) [11,19-22], and GC-MS [2,16,17].

These methods have been applied for the analysis of animal feed and biological fluids,
tissues, or food derived from animals that have been fed with PTSO, such as milk and eggs.
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For the treatment of these samples, solid-liquid extraction (SLE) or liquid-liquid extraction
(LLE) step using different solvents, such as methanol (MeOH), acetonitrile (ACN), acetone,
and dichloromethane, were commonly used after protein precipitation using trichloroacetic
acid or formic acid (FA) when biological samples, such as blood, plasma, and tissues, are
analysed [2,11,16-18,20,23]. In addition, other techniques, such as dispersive liquid-liquid
microextraction (DLLME) [2], have also been used for the analysis of animal feed in order
to clean the samples and pre-concentrate the analytes.

The aim of the present study is to develop and validate an analytical platform to obtain
an approach to the metabolic pathway of PTSO, which has demonstrated several beneficial
properties and high stability being a very interesting compound of great interest to be
exploited in the food and feed industry. The analytical platform is based on the combination
of LLE followed by GC-MS and salting-out assisted liquid-liquid extraction (SALLE)
coupled by ultra-high performance liquid chromatography quadrupole with time-of-flight
hybridisation (UHPLC-Q-TOF-MS). Finally, an in vivo study after oral administration of
PTSO is proposed as being of utmost relevance and remaining unexplored so far.

2. Materials and Methods
2.1. Reagents and Standards

Standards with purities higher than 99% of DPDS, PTS, PTSO, CSSP, and GSSP were
provided by the DMC Research Center (Granada, Spain). Standard solutions of each
compound at 1000 mg L~! were prepared in MeOH purchased from ChemLab (Zedelgem,
Belgium) and stored at —20 °C. A working solution containing all compounds at 10 mg L~?
was daily prepared by diluting the previous solutions in MilliQ water (Millipore, Bedford,
MA, USA). ACN provided by ChemLab, sodium chloride, FA, and ethyl acetate (EA)
from Sigma Aldrich (Steinheim, Germany) were used to extract the compounds from the
biological samples. Helium, provided by Air Liquide (Madrid, Spain), was used as a carrier
gas in GC-MS instrumentation.

Rabbit liver purchased from a local butcher shop, human urine, and freeze-dried
synthetic pig plasma supplied by Sigma Aldrich were used for method optimisation.

2.2. Instrumentation

A GC Agilent 6890 N equipped with a split/splitless injector coupled to a 5973 mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA) with an electron impact ioni-
sation source and a quadrupole analyser was used as GC-MS instrumentation. UHPLC-
Q-TOE-MS analyses were carried out using an Agilent 1290 Infinity II Series UHPLC
instrument (Agilent Technologies) with a binary pump. The LC system was coupled to
an Agilent 6550 Q-TOF Mass Spectrometer (Agilent Technologies) equipped with an ESI
source (Agilent Jet Stream Dual electrospray, AJS-Dual ESI). MassHunter Workstation Data
Acquisition software (Agilent Technologies, Rev.B.08.00) was used for data processing.

For a sample treatment, a vortex shaker LLG-uniTEXER (Constanti, Tarragona, Spain)
and a refrigerated centrifuge MPW-150R (Warsaw, Poland) were used.

2.3. GC-MS Analysis

The GC-MS methodology applied is based on the previous work developed by Pastor-
Belda et al. with slight modifications. A HP-5MS ultra inert capillary column (Agilent, 5%
diphenyl-95% dimethylpolysiloxane), with dimensions of 30 m length, 0.25 mm internal
diameter, and 0.25 pm film thickness, was used as stationary phase. The mobile phase (He)
was established at 1 mL min~! in a constant flow mode. The sample (2 uL) was injected
at 280 °C in splitless mode. The oven programme, with a total time of 9.5 min, consisted
of an isothermal stage at 50 °C for 1 min and two linear temperature gradients. The first
one achieved 160 °C at a rate of 25 °C min~" and after that, the temperature increased
up to 250 °C at a rate of 30 °C min~!, maintaining this temperature for 1.1 min. GC-MS
transfer line was maintained at 300 °C. Mass spectrometer ionisation source operated at a
voltage of 70 eV with a temperature of 230 °C, and the quadrupole temperature was fixed
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at 150 °C. A mass spectrometer was used in scan mode to be able to search and identify
other compounds for which no standard was available. Table 1 shows the retention times,
as well as the identification and quantification ions used for PTSO and DPDS for which
standards were available.

Table 1. Chromatographic and detection characteristics of the compounds monitored by GC-MS and
UHPLC-Q-TOF-MS.

GC-MS
Compound tg (min) Quantification Ion, m/z Qualifier Ions, m/z
DPDS 5.27 150 43,108
PTSO 6.91 76 41,43
UHPLC-Q-TOF-MS
[M+H]* [M+H]* .
. . . Error Products ions,
Compound tg (min) Theoretical, Experimental,
(ppm) mlz
mlz mlz
179.0195,
CSSP 2.359 196.0460 196.0461 -0.27 106.9984
GSSP 2.551 382.1101 382.1111 —2.61 74.0028, 84.0412
PTS 2.989 167.0559 167.0562 -1.9 64.9490, 73.0078

2.4. UHPLC-HRMS Analysis

UHPLC separation conditions are based on the work developed by Abad et al. [20]
using a ZORBAX RRHD Eclipse Plus C18 column (100 mm x 2.1 mm, 1.8 pum) from Agilent
Technologies (Diegem, Belgium) with a 0.3 um in-line filter. The mobile phase consisted of
a 0.05% v/v formic acid solution (Solvent A) and MeOH (Solvent B). The elution gradient
was as follows: 0-0.5 min: 10% B; 2-3.5 min: 100% B. Finally, the initial conditions were
re-established in 0.5 min and maintained for 2 min to equilibrate the column. The mobile
phase flow rate was set at 0.4 mL min~! and the column temperature was maintained at
35 °C. The injection (20 puL) was carried out using an autosampler, thermostated at 5 °C,
using 2 mL vials provided with 250 uL capacity micro-inserts.

The Q-TOF system was operated in positive ESI mode polarity with the following
operating parameters: capillary voltage, 4000 V; nebuliser gas pressure, 40 psi; drying
gas flow, 16 L min~!; drying gas temperature, 150 °C; fragmentor voltage, 360 V; nozzle
voltage, 500 V; 1 RF Vpp octapole, 750 V. Data acquisition was carried out in the 50-500 m1/z
mass range. Both untargeted and targeted acquisition modes were used. The untargeted
acquisition combines Full MS and all-ion fragmentation mode at 10 and 40 V, where no
precursor ion isolation is carried out. On the other hand, targeted acquisition (Targeted
MS/MS) allows the isolation of the precursor and the fragmentation of the compounds at
high resolution (40 V). Data were acquired in a 2 GHz extended dynamic range mode with
3 spectra, 333.3 ms/spectrum, and 2675 transients/spectrum.

The Q-TOF spectrometer calibration was performed using a dual ionisation source
with an automatic calibrant supply system, which simultaneously introduced the flow
from the chromatograph with small amounts (about 20 uL min~') of a calibrant solution
containing the reference mass 121.0509 Da in positive ESI mode.

Compound identification was carried out by comparison of retention times, exact
mass, isotopic profile and mass spectra of available standards. For quantification purposes,
the area obtained in the extracted ion chromatogram (EIC) for the protonated molecules,
with a window of 0.01 Da, was used.

Table 1 shows the retention times, experimental and calculated m/z values, m/z error,
and qualifier ions for three PTSO metabolites (PTS, CSSP and GSSP) for which the standards
were available. The exact theoretical masses based on the formula were calculated using
the molecular mass calculator tool included in MassHunter software. The instrumental
error committed by the measurement of m/z was calculated as the difference between the
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experimental value and the theoretical value divided by the theoretical mass and multiplied
by 10°.

2.5. In Vivo Study

The in vivo study has been carried out following the “Guide for the care and use of
laboratory animals” of the National Institute of Health (USA), and the protocols have
been approved by the Committee of Ethics of the University of Granada (Reference
No. 28/03/2016/030). Adult female Sprague Dawley rats (240 g), provided by Charles
River Laboratories (Les Oncins, France), were maintained individually in metabolic cages
and in an air-conditioned atmosphere with a 12 h light-dark cycle and provided with food
and tap water ad libitum. Rats were randomly assigned to different experimental groups: a
control group (n = 10) and a treated group (n = 25), which received by oral gavage a single
dose of PTSO (55 mg kg !), suspended in sterile water. A single dose of 55 mg kg ! was
selected according to the previously described NOAEL value [8]. The control group was
administered with the vehicle. Rats from the treated (n = 5) and control groups (n = 2) were
anaesthetized with isoflurane; the blood was collected by cardiac puncture, and then the
rats were sacrificed to obtain liver and faeces. This was performed at different times from
the PTSO administration: (30 min, 2 h, 5 h, 24 h, and 48 h). For plasma collection, the blood
was centrifuged at 3000 x g for 10 min at 4 °C. All samples were stored at —20 °C until use.
One day prior to the administration of PTSO and 24 and 48 h after, the urine was collected
from animals from the different experimental groups.

2.6. Sample Treatment

Different sample treatments were carried out depending on the matrix and type of
chromatography employed. LLE was used for GC-MS analysis, whereas SALLE with
UHPLC-Q-TOF-MS analysis was used, as shown in Figure 1.

LLE with GC-MS

0.2 g liver

2mL FA
(5% viv)

| Vortex, 5 min
2.5mL EA
: Vortex, 5 min

Centrifugation
10 min, 6000 rpm, 10 °C

| 2uL

GC-MS

200 pL urine and plasma 0.2 g liver 200 pL urine and plasma

2 mL H,O
2mL ACN (5% v/v FA)

0.5mL ACN

0.5mL EA
M (5% v/v FA)

1| Vortex, 5 min

Vortex, 1 min Vortex, 1 min
Centrifugation
5 min, 6000 rpm,10 °C 0.3 g NaCl 0.1 gNaCl
[| 2L Mix manually Mix manually
GC-MS Centrifugation Centrifugation
S min, 6000 rpm, 10°C Smin 6000 rpm, 10 °C
20 uL 20 L.

UHPLC-Q-TOF-MS UHPLC-Q-TOF-MS

Figure 1. Scheme of sample procedures applied to the analytical platform.

2.6.1. LLE

Liver samples were manually crushed before analysis. Then, 0.2 g was weighed in a
Falcon tube, and 2 mL of a 5% v/v FA aqueous solution was added and shaken by vortex for
5 min. Subsequently, 2.5 mL of EA was added and vortexed again for 5 min to promote the
transfer of the analytes to the organic phase. A centrifugation step for 10 min at 6000 rpm
and 10 °C was applied to separate organic and aqueous phases.
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In the case of urine and plasma, 200 pL of the sample was placed into a 2 mL Eppendorf
tube, and 0.5 mL of EA was added. The mixture was shaken by vortex agitation for 5 min
and centrifuged for 5 min at 6000 rpm and 10 °C.

In all cases, after centrifugation, the supernatant (organic phase of EA) was collected,
and 2 pL of filtered solution (0.22 um nylon filters) was injected into the GC-MS system.

2.6.2. SALLE

0.2 g of the crushed liver samples was placed in a Falcon tube. Then, 2 mL of water
and 2 mL of ACN containing 5% v/v FA were added. After vortexing for 1 min, 0.3 g of
NaCl was added and mixed manually, saturating the aqueous phase and resulting in a
two-phase system (ACN and water saturated with NaCl) after centrifugation at 10 °C for
5 min at 6000 rpm.

For urine and plasma samples, a volume of 200 uL was placed into a 2 mL Eppendorf
tube, and 0.5 mL of ACN containing 5% v/v FA was added. The mixture was vortexed
for 1 min, and 0.1 g of NaCl was added and mixed manually. After that, the mixture was
centrifugated for 5 min at 6000 rpm and 10 °C.

In all cases, the supernatant (organic phase of ACN) was collected, filtered (0.22 um
nylon filters), and 20 uL was injected into the UHPLC-Q-TOF-MS system.

3. Results and Discussion
3.1. Separation and Detection Conditions of PTSO and Its Metabolites

PTS and DPDS participate in the biosynthetic pathway for PTSO [10]. For that reason,
they were included as possible derived metabolites in the PTSO metabolisation. In addition,
it has been described that PTSO can react with other compounds, such as cysteine and
glutathione, giving rise to the products CSSP and GSSP, respectively [20,22], so they were
also included in this study.

The separation and detection conditions were established using PTSO and some of the
previously mentioned derivatives (DPDS, PTS, CSSP, and GSSP), for which standard solu-
tions were available. Due to the different physic-chemical characteristics of the compounds,
their determination was possible thanks to the combination of two different analytical plat-
forms, one for the analysis of PTSO and DPDS using GC-MS and another for the analysis
of PTS, CSSP, and GSSP by UHPLC-Q-TOF-MS. Although both LC and GC-MS methods
were reported to be appropriate for PTSO determination, in this case, the best results were
obtained with GC-MS. This section may be divided into subheadings. It should provide a
concise and precise description of the experimental results, their interpretation, as well as
the experimental conclusions that can be drawn.

3.2. Sample Treatment Optimisation

Biological samples require an exhaustive extraction and clean-up treatment prior to
chromatographic analysis. Sample treatment was optimised using PTSO and some of its
possible metabolites (DPDS, PTS, CSSP, and GSSP), for which standard solutions were
available. The matrices used for the method optimisations were rabbit liver, commercial
lyophilized pig plasma (Sigma Aldrich P2891-10 mL, reconstituted in 10 mL of water) and
human urine fortified at 500 ng g~! or 500 ng mL~!, depending on the sample.

SALLE procedure was initially applied to the analysis of the samples in the biological
tissue and fluids (plasma, urine and liver). This methodology, in addition to providing an
optimal solvent for GC injection, allows the matrix clean-up, thus improving the selectivity
of the method. The most important parameters affecting SALLE efficiency are aqueous
phase volume, nature and volume of extractant solvent, and the amount of NaCl used,
being, therefore, studied.

The optimisation of the extractant solvent for liver analysis was carried out by mixing
0.2 g of liver, 2 mL of water, the extractant solvent (ACN) and 0.3 g of NaCl. Three different
volumes (1, 2 and 3 mL) were tested, and no significant differences were found between
1 and 2 mL. The use of 1 mL of ACN could provide higher preconcentration factors, but a



Foods 2023, 12, 823 7 of 15

greater matrix effect was observed, with analytical signals similar to those obtained with
2 mL. On the other hand, the use of 3 mL of ACN resulted in a signal decrease due to the
dilution effect (Figure 2A). Therefore, a volume of 2 mL of ACN was finally chosen.

20
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Figure 2. (A) Optimisation of ACN volume used for SALLE technique. (B) Signals obtained using
different sample masses.

In the case of biological fluids, 2 mL urine or 200 pL plasma was mixed with ACN
and 0.3 or 0.1 g NaCl, respectively. For urine analysis, the ACN volume was varied
between 1-3 mL, again obtaining maximum signals for a 2 mL volume. Due to the lower
volume of plasma used (200 puL), the volume of ACN was accordingly studied between
0.25and 1 mL. Using 0.25 mL, no supernatant phase could be collected, whereas, for
0.5 and 1 mL, approximately 0.3 and 0.6 mL were collected, respectively. The increment of
the supernatant phase volume resulted in a decrease in the signal, so the best extraction
efficiency was obtained using 0.5 mL of ACN.

The extraction efficiency of the compounds by SALLE was also studied in acidic
conditions. Therefore, the results obtained after the addition of ACN or ACN containing
5% v/v FA were compared, and an increase in the extraction efficiency using acid was
observed for all biological matrices studied. Consequently, the solvent extract selected was
ACN containing 5% v/v FA.
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However, the recoveries of DPDS and PTSO from plasma samples using SALLE
methodology and GC analysis were not completely satisfactory; thereupon, the LLE tech-
nique was tested as an alternative, using different extractant solvents, obtaining excellent
recoveries for both compounds when using EA as extractant. The sensitivity of the method
improved considerably compared to that obtained by the SALLE procedure, so the LLE
technique was chosen for the GC-MS analysis.

The volume of EA was also optimised for the different matrices. For liver and urine,
EA volume was studied in the 1-3 mL range. For liver samples, no supernatant phase was
obtained with volumes lower than 2 mL, so finally, a volume of 2.5 mL was chosen for both
matrices. The volume selected for the plasma samples was 0.5 mL, as already described
for SALLE.

The presence of FA was also tested for the LLE technique. In this case, 2 mL of a 5% v/v
FA aqueous solution was added to the liver sample; meanwhile, 10 and 100 uL of FA were
directly added to plasma and urine samples, respectively. The results obtained with and
without FA were compared, and it was proved that the extraction efficiency for the analytes
was only improved for the liver samples. Thus, FA was only added for liver analysis.

Hence, two different sample treatment techniques, SALLE and LLE, were chosen for
the determination of compounds by LC and GC, respectively.

The sample amount was then optimised. For the liver analysis, two different masses
(0.2 and 0.5 g) were studied, selecting 0.2 g due to a significant matrix effect found when
using 0.5 g (Figure 2B). Urine volume was optimised up to 2 mL, and the results showed a
continuous signal improvement. However, it was not possible to collect this amount from
the rats, so a volume of 200 puL was finally selected. Similar behaviour was observed for the
plasma samples, and a 200 L volume was also selected. Figure 3 shows the extracted ion
chromatograms (EICs) obtained for a liver sample fortified at 500 ng g ! of all compounds
and analysed using both methodologies. As can be seen, a good resolution was achieved
for all the compounds in both UHPLC and GC techniques.

3.3. Validation of the Analytical Methods

The optimised methods were validated in terms of extraction efficiency, linearity
range, limit of detection (LOD), limit of quantification (LOQ), and precision. All validation
experiments were carried out using reference matrices: rabbit liver, commercial lyophilised
pig plasma, and human urine.

3.3.1. Validation of the LLE and GC-MS Procedure

Linearity was evaluated by obtaining calibration curves in the presence of a matrix at
six different concentration levels (between 50-5000 ng g ! for the liver and 50-5000 ng mL~!
for plasma and urine). The least square regression analysis showed satisfactory results,
obtaining regression coefficients higher than 0.98 in all cases. Calibration curves in the
absence of a matrix were also obtained using six different concentration levels between
5-500 ng mL~! since, in the absence of a matrix, greater sensitivity was achieved. Sig-
nificant differences were found between the slopes obtained in the absence and presence
of matrix calibration curves (p-value < 0.001 using the one-factor ANOVA statistical test).
Significant differences were also found between the different types of liver, urine, and
plasma samples (p-value < 0.001). Nevertheless, when the slopes for each sample type were
compared, the ANOVA test showed no significant differences. Therefore, matrix-matched
calibration was proposed. Table 2 summarises the results obtained, including quantification
slopes (average of n = 3 calibration lines of each type of sample) and linearity range.
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Figure 3. EICs obtained using GC-MS and UHPLC-Q-TOF-MS methodologies for a rat liver fortified
at500 ng g~ 1.
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Table 2. Analytical characteristics of LLE with GC-MS procedure.

Linearity Sensitivity Accuracy (n=9)
Compound
P Slope 2 R? Linearity Range® LODPY LOQP® }“{es‘glc’l’% Iﬁes‘glc’z %

Liver

DPDS 403 6 0.99 50-5000 13 43 8.3 6.8

PTSO 247 + 14 0.98 150-5000 38 125 10.1 9.3

Plasma

DPDS 1575 4+ 32 0.99 50-5000 11 36 9.6 8.7

PTSO 530 + 28 0.98 200-5000 57 190 9.9 8.8

Urine

DPDS 2835 £ 53 0.99 50-5000 6 20 7.5 6.9

PTSO 929 + 54 0.98 100-5000 30 100 8.1 7.1
2 Liver reported in g ng~'; urine and plasma reported in mL ng~!. P Liver reported in ng g~'; urine and plasma
reported in ng mL~. € Level 1: Liver concentration 500 ng g~!. Urine and plasma concentration 500 ng mL~!.
Level 2: Liver concentration 3000 ng g~ 1. Urine and plasma concentration 3000 ng mL .

The sensitivity of the method was assessed through the LOD and LOQ values, being
obtained by applying the signal-to-noise ratio (S5/N) criteria equal to 3 and 10, respectively
(Table 2). The LOQ values for DPDS and PTSO were 43 and 125 ng g~ ! for the liver, 20 and
100 ng mL~! for urine, and 36 and 190 ng mL~! for plasma, respectively, obtaining higher
sensitivity for DPDS than for PTSO in all types of samples.

Relative standard deviation (RSD) was calculated to evaluate the precision of the
method by means of repeatability studies (analyses performed on the same day) using
liver, plasma, and urine samples. For this purpose, three aliquots (experimental replicates)
of each type of sample fortified at two concentration levels, 500 and 3000 ng g~ ! in liver
samples and 500 and 3000 ng mL~! in urine and plasma samples, were submitted to the
GC-MS method. Each sample was injected in triplicate (instrumental replicates). The
obtained results were in accordance with current legislation [24], with RSD values below
11% (Table 2).

3.3.2. Validation of the SALLE and UHPLC-Q-TOF-MS Procedure

Calibration curves were performed in the absence and presence of matrix at six
concentration levels, between 100-2000 ng g~ for the liver and 25-1000 ng mL~! for
plasma and urine, to establish the linearity of the analytical method. Regression coefficients
were higher than 0.98 in all cases (Table 3).

Table 3. Analytical characteristics of SALLE with UHPLC-QTOF-MS procedure.
Linearity Sensitivity Accuracy (n =9)
Compound
P Slope 2 R? Linearity Range® LODPY LOQP }fs‘glcl’% kesxglcz %
Liver
cssp 69 £25 0.99 250-2000 71 240 8.8 6.8
GSSP 69 =19 0.99 150-2000 41 140 9.7 7.5
PTS 270 £19 0.98 100-2000 21 70 9.5 6.6
Urine
PTS 1592 £ 16 0.99 50-1000 10 33 9.3 8.9
cssp 86 = 3.7 0.99 200-1000 55 185 11.5 10.6
GSSP 281 +3.8 0.99 50-1000 12 41 11.6 10.8
Plasma
CSSP 128 £12 0.99 150-1000 37 124 11.1 10.8
GSSP 439 +13 0.98 50-1000 9 30 10.9 9.7
PTS 4006 £ 29 0.99 25-1000 6 20 8.5 79

2 Liver reported in g ng™'; urine and plasma reported in mL ng~!. ® Liver reported in ng g™!; urine and plasma
reported in ng mL~!. € Level 1: Liver concentration 500 ng g~ !. Urine and plasma concentration 300 ng mL~!.
Level 2: Liver concentration 1000 ng g~!. Urine and plasma concentration 800 ng mL~
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The comparison of the different slopes led to proposing a matrix-matched calibration
for quantification purposes.

LOQ for PTS and CSSP in the liver analysis were 70 and 240 ng g~ !, respectively.
For urine and plasma, the most sensitive compound was also PTS, with LOQs of 20 and
33 ng mL~! for urine and plasma, respectively. In addition, LOQ for GSSP were 140, 41,
and 30 ng g~ for liver, urine, and plasma, respectively (Table 3).

Repeatability studies were carried out using three aliquots of each matrix fortified at
two concentration levels (500 and 1000 ng g~ ! in the liver and 300 and 800 ng mL~! in
plasma and urine), each sample injected by triplicate. The RSD values were lower than 12%
in all cases (Table 3), in accordance with current legislation [24].

3.4. In Vivo Animal Model for Establishing the Metabolic Pathway of PTSO

The developed analytical platform was applied to verify the presence of the proposed
organosulfur derivatives during the metabolisation of PTSO. For this purpose, samples
obtained from in vivo study (30 liver, 30 plasma and 15 urine samples) were analysed by
duplicate using both methodologies (GC-MS and UHPLC-Q-TOF-MS). In addition to PTSO
and derivatives for which standards were available, other related compounds described
in the literature were monitored. Specifically, PM, MPS, MPSO, MPSO,, acetylated-CSSP,
and acetylated-GSSP were investigated (Figure 4) [16,17]. All of them were monitored
using UHPLC-Q-TOE-MS (Table 4), and only the volatile compounds PM, MPS, MPSO,
and MPSO, were explored by GC-MS.

Q\\s/s\\/\\ /\;\\5/8\/\ s/s\/\

N

Propyl propane thiosulfonate Propyl propanc . -
thiosulfinate {PTS) Dipropyl disulfide {DPDS}
I
\ S 8 sH
Methyl propyl sulfone Methyl propyl sulfoxide Methyl propyl sulphide Propyl mercaptan (PM)
{MPS0) (MPS)

PPN /\/\AHL/\H/ /\”“’W)L/Y

s-propyl mercaptucysteme {CS5P)

PN

~ —

]

HM

]

H He

Acetylated-CSSP s-propyl mercaptoglutathione (GS5P) Acetylated-GSSP

Figure 4. Structural formulas of the studied compounds and possible metabolic products.

Table 4. Possible PTSO-derived products monitored by UHPLC-Q-TOF-MS.

Compound Molecular Formula Molecular Ion mlz

PM C3HgS [M+H]* 77.0419
MPS C4HyoS [M+H]* 91.0576
MPSO C4H;p0S [M+H]* 107.0525
MPSOZ C4H10025 [1\/[+H]+ 123.0474
Acetylated—CSSP C8H15NO3SZ [M+H]+ 238.0566
Acetylated—GSSP C15H25N30752 [M+H]+ 4241207
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The results obtained for the group of rats fed with PTSO are shown in Table 5. Specif-
ically, the mean concentration of the analytes at each time (n = 10, 5 rats at each time in
duplicate) found in each matrix (liver, plasma, and urine) are shown.

Table 5. Analysis of the samples.

Content?, ng g1 orng mL~1

Time, h

DPDS PTSO
Liver
0 ND ND
0.5 610 =90 ND
2 110 £ 60 ND
5 310 £+ 100 ND
24 520 £ 210 ND
48 530 4+ 110 ND
Plasma
0 ND ND
0.5 2400 + 900 ND
2 2200 + 500 ND
5 2400 + 400 180 + 50
24 2100 + 700 170 £ 20
48 2300 + 800 190 + 50
Urine
0 ND ND
24 21+6 50 + 40
48 23+5 43+6

a Mean value + standard deviation (n = 10). ND: No detected.

Only DPDS was detected in liver samples at concentrations levels between 110-610 ng g~V
with the highest concentration at 0.5 h, whereas both PTSO and DPDS were detected
in urine and plasma samples. In plasma, DPDS was found at concentrations between
2100-2400 ng mL~! from 0.5 h, and PTSO was present from 5 h at a practically constant
concentration of 180 ng mL~!. Therefore, it would be convenient to propose a longer
in vivo study.

In urine, the lower concentrations were obtained for PTSO and DPDS, compared with
the other matrices, which could indicate that the excretion of PTSO requires a time greater
than 24 h. Figure 5 shows the identification and quantification of DPDS and PTSO in
plasma, and Figure 6 shows the evolution with the time of DPDS in different samples. It
should be noted that PM, MPS, MPSO, MPSO,, acetylated-CSSP, and acetylated-GSSP, for
which standard analytical were not available, were not detected in any analysed sample.

5.0 | 40
—— Plasma 24 h Plasma 24 h
DPDS, TS0
4.0 H 1
il 30 4
|
‘® 30 | i)
- | -
4 1 *
o I © 20+
% 2.0 4 I| =
‘w | | ‘B
c c
a | 1o
£ 104 E 10
.'
o T T R
0.0
50 51 52 53 5.4 655 60 62 64 66 68 70 72 74
Time, min Time, min

Figure 5. EICs obtained for DPDS and PTSO for a rat plasma sample obtained 24 h after PTSO ingestion.
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Figure 6. DPDS concentration found (ng g_l) in the different types of samples (liver, plasma, and
urine) over time.

4. Conclusions

A new analytical platform based on LLE with GC-MS and SALLE with UHPLC-
QTOF-MS techniques has been developed and applied to the study of PTSO derivatives
formed during its metabolisation pathway. Both methods have been validated, establishing
matrix-matched calibration curves and LODs that were, in all cases, adequate for all the
compounds of the study. After digestive absorption, PTSO concentrations were found in
plasma samples after 5 h with a concentration of 180 ng mL~! and DPDS concentrations
between 2100-2400 ng mL~! throughout the sampling time, meaning that PTSO was
distributed through the blood in the form of DPDS but also appeared without chemical
modification after 5 h. In contrast, we only found that it biotransformed into DPDS in
the liver over the whole exposure time with concentrations between 110 and 610 ng g~
Regarding excretion, both PTSO and DPDS were present in urine at 24 and 48 h; both were
at very low concentration levels compared to the contents described in the other matrices.
Conversely, no PTS, CSSP, or GSSP above the LODs were found. Furthermore, none of
the monitored metabolites for which no standards were available was detected. Despite
further experiments being convenient to elucidate the complete metabolic pathway for the
PTSO and its derivatives, our present work shows that no PTSO is accumulated in the liver
at any time, and only 5 h after the intake, trace amounts were detected in plasma.
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ABSTRACT

Citrus fruits are recommended components of the human diet because of their
enriched composition in bioactive compounds and health benefits. Among their notable
components are phenols, with a special emphasis on flavonoids, limonoids, and carboxylic
acids. In this research, we have carried out a spatial metabolomics analysis for the
characterization of these bioactive families in three citrus fruits, namely, lemons, limes,
and mandarins. Sampling was undertaken, for which the juices and three fruit tissues,
namely, albedo, flavedo, and segments, were analyzed. This characterization allowed for
the determination of 49 bioactive compounds in all the samples. The composition of the
different extracts was correlated with the antioxidant capacity measured by the DPPH
radical scavenging activity and B-carotene bleaching assays. Flavonoids, found in the
albedo and flavedo at higher concentrations, were the main components responsible for
DPPH radical scavenging activity. On the other hand, the combined action of flavonoids
and limonoids contributed to explaining the antioxidant activity measured by the B-
carotene bleaching assay. Generally, the antioxidant capacity of juices was lower than
that estimated for extracts from citrus tissues.

https://doi.org/10.3390/antiox12040781



https://doi.org/10.3390/antiox12040781




antioxidants

Article

Spatial Distribution and Antioxidant Activity of Extracts from

Citrus Fruits

Maria Garcia-Nicolas 1

check for
updates

Citation: Garcia-Nicolas, M.;
Ledesma-Escobar, C.A.;
Priego-Capote, F. Spatial Distribution
and Antioxidant Activity of Extracts
from Citrus Fruits. Antioxidants 2023,
12,781. https://doi.org/10.3390/
antiox12040781

Academic Editor: Sergio Borghi

Received: 21 February 2023
Revised: 17 March 2023
Accepted: 20 March 2023
Published: 23 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Carlos A. Ledesma-Escobar

2,3,4,5,% 2,3,4,5,%

and Feliciano Priego-Capote

! Department of Analytical Chemistry, Faculty of Chemistry, Regional Campus of International Excellence

“Campus Mare Nostrum”, University of Murcia, E-30100 Murcia, Spain
Department of Analytical Chemistry, Annex Marie Curie Building, Campus of Rabanales,
University of Cérdoba, E-14014 Cérdoba, Spain
Maimoénides Institute of Biomedical Research (IMIBIC), Reina Sofia University Hospital,
University of Cérdoba, 14004 Cérdoba, Spain
4 Nanochemistry University Institute IUNAN), Campus of Rabanales, University of Cérdoba,
E-14014 Cérdoba, Spain
5 CIBER Fragilidad y Envejecimiento Saludable (CIBERFES), Instituto de Salud Carlos III, 28029 Madrid, Spain
*  Correspondence: z32leesc@uco.es (C.A.L.-E.); feliciano.priego@uco.es (F.P.-C.)

Abstract: Citrus fruits are recommended components of the human diet because of their enriched
composition in bioactive compounds and health benefits. Among their notable components are
phenols, with a special emphasis on flavonoids, limonoids, and carboxylic acids. In this research,
we have carried out a spatial metabolomics analysis for the characterization of these bioactive
families in three citrus fruits, namely, lemons, limes, and mandarins. Sampling was undertaken,
for which the juices and three fruit tissues, namely, albedo, flavedo, and segments, were analyzed.
This characterization allowed for the determination of 49 bioactive compounds in all the samples.
The composition of the different extracts was correlated with the antioxidant capacity measured by
the DPPH radical scavenging activity and (3-carotene bleaching assays. Flavonoids, found in the
albedo and flavedo at higher concentrations, were the main components responsible for DPPH radical
scavenging activity. On the other hand, the combined action of flavonoids and limonoids contributed
to explaining the antioxidant activity measured by the (3-carotene bleaching assay. Generally, the
antioxidant capacity of juices was lower than that estimated for extracts from citrus tissues.

Keywords: citrus fruits; metabolomics; spatial distribution; antioxidant activity; flavonoids; limonoids;
carboxylic acids

1. Introduction

Citrus fruits constitute a characteristic element of the Mediterranean diet and are
extensively researched due to their bioactive composition and health benefits. Among the
most known citrus fruits, lemons (Citrus limon), mandarins (Citrus reticulata), and Persian
limes (Citrus latifolia) have been demonstrated to be outstanding sources of bioactive
compounds such as ascorbic acid, limonoids, and flavonoids [1].

Flavonoids are the most predominant phenolic compounds in citrus fruits and are the
main sources of their flavor and coloration [2]. These phytochemicals have been described
as beneficial to human health and are used to prevent some diseases [3] because of their
anti-inflammatory, anti-cancer, or anti-obesity properties [4-7]. Citrus flavonoids’ phenolic
activities, such as their free radical scavenging activity, pro-oxidant metal ion chelation,
and ability to act as enzyme cofactors, explain their beneficial properties.

Limonoids have also received great attention because of their anti-inflammatory, anti-
aging, anti-tumor, immunomodulatory, and antioxidant activity [8]. Limonoids can be
found as glucosides (water soluble) or aglycones (water insoluble), which contribute to the
unflavored or bitter taste of citrus fruits. In a recent study, a total of 18 limonoid glucosides
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and 55 limonoid aglycones were reported in citrus fruits [9]. The most representative
limonoid glucoside is limonin-17-3-D-glucopyranoside, while the most abundant aglycones
are limonin and nomilin [10,11]. The presence of limonoids has mainly been detected in
essential oils obtained from citrus flavedo, and these oils have received special attention
in previous years because of their high antimicrobial and preservative activity in various
foods [12-14].

Limonoids and flavonoids have been determined by different techniques, with the
most extensive being liquid chromatography coupled with diode array detection (LC-
DAD) [15]; however, this technique requires the use of analytical standards for identification.
For this reason, in the few last years, the use of liquid chromatography coupled with high-
resolution tandem mass spectrometry (LC-MS/HRMS) has been increasing. Although this
technique also requires standards for confirmation, it provides better identification capacity
by comparing MS2 spectra with those included in databases. Most citrus fruits have been
characterized by this technique, for example, limes, oranges, tangerines, lemons, grapefruit,
etc. [16-22].

The antioxidant properties of citrus limonoids and flavonoids have been previously
described using various techniques, including 2,2-diphenyl-1-picrylhydrazyl (DPPH) an-
tioxidant capacity and (3-carotene blenching assay studies. The DPPH method relies on
the strength of a 30 min radical scavenging time, which allows DPPH to react efficiently,
even with weak antioxidants providing high sensitivity, while 3-carotene test allows both
lipophilic and hydrophilic samples to be analyzed with high reproducibility [23]. The com-
bination of these two assays has been used for the determination of the antioxidant activity
of limonoid and flavonoid extracts from different tissues [17,24]. Specifically, grapefruit
seeds [25], Rutaceae species peel [26], albedo and flavedo from pompia fruits [16], kinnow
peel [27], and Spanish clementine fresh pulp [28] have been analyzed for the presence of
these high valuable compounds using both antioxidant determination assays. Moreover,
changes in the limonin and nomilin concentrations in different tissues from pummelo and
mandarin varieties have been studied during fruit growth and maturation [29]. However,
although citrus antioxidant activity has been widely studied, to the best of our knowledge,
the spatial distribution of the antioxidant capacity in the different tissues (flavedo, albedo,
pulp segments, and juice) of citrus fruits and the synergistic interaction between limonoids
and flavonoids have not been studied in detail. For this reason, the aim of this research
was to characterize the limonoid and flavonoid fractions of three Citrus fruits, namely,
lemons, limes, and mandarins. For this purpose, three main tissues (albedo, flavedo, and
pulp segment) and their respective juices were studied. A highly selective and sensitive
LC-MS/HRMS approach was used for the characterization of these citrus tissues. In addi-
tion, their antioxidant activity was evaluated through the DPPH radical scavenging activity
and [3-carotene bleaching assays to ascertain the properties of limonoids and flavonoids
and elucidate any synergistic interactions.

2. Materials and Methods
2.1. Samples

Limes, mandarins, and lemons were purchased in two local markets in Cordoba and
Murcia (La Corredera and Veronicas local markets, Spain) in October 2022. Fruits were
washed and processed to separate the albedo, flavedo, pulp segments, and juice. The solid
samples were lyophilized and subsequently ground. The powder was stored in the dark at
—20°C.

2.2. Reagents

Ethanol (EtOH), methanol (MeOH), ethyl acetate (EA), acetone, chloroform, acetoni-
trile (ACN), and formic acid were purchased from Scharlab (Barcelona, Spain). n-Hexane
was obtained from Sigma—Aldrich (St. Louis, MO, USA). All solvents were LC- or MS-
grade. Simplicity® UV Millipore equipment (Burlington, MA, USA) was used to generate
purified Milli-Q-water. Syringaldehyde (SA), used as external standard, was acquired from
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Sigma— Aldrich. For antioxidant assays, we used 1,1-diphenyl-2-picrylhydrazyl (DPPH),
linoleic acid, Tween-20, and [3-carotene standards obtained from Sigma-Aldrich. Silica
gel 60 (0.06-0.2 mm particle size) from Merck (Darmstadt, Germany) was used for the
fractionation of extracts.

2.3. Instrumentation and Software

The analytical equipment consisted of a 1200 series LC system from Agilent Tech-
nologies (Palo Alto, CA, USA) coupled with a dual electrospray ionization source and a
high-resolution Agilent 6540 quadrupole-time of flight detector QTOF (LC-MS/HRMS).

Agilent MassHunter Workstation (version B6.00 Profinder, Agilent Technologies, Santa
Clara, CA, USA) was used for data acquisition. MassHunter Qualitative v7.0 software and
MetaboAnalyst 5.0 (https:/ /metaboanalyst.ca/, accessed on 9 January 2023) were used for
targeted extraction of MS/MS information, metabolomics data analysis, and interpretation.

2.4. Metabolites Extraction

Albedo, flavedo, and pulp segments of mandarins, limes, and lemons were crushed
and homogenized after lyophilization. A total of 1 g of each tissue was extracted in 10 mL
of n-hexane while stirring at 1000 rpm for 30 min at 30 °C to remove the lipidic fraction.
The n-hexane extract was discarded, and the solids were recovered and dried under gentle
nitrogen flow prior to the triplicate extraction of bioactive compounds with 10 mL of
(50:25:25 v/v/v) EA/acetone/EtOH for 30 min at 30 °C. The three fractions were mixed,
evaporated under vacuum, and then reconstituted in 1 mL of MeOH containing SA at
1 pg/mL. Six extracts were obtained from each tissue (three extracts for triplicate analysis
of the antioxidant activity and three extracts for fractionation).

Lyophilized juice samples of the three fruits were solubilized in water at 150 mg of
total solids/mL. A total of 10 mL of reconstituted juice was extracted with 5 mL of EA for
10 min at 30 °C. The EA fraction was dried under vacuum and reconstituted in 1 mL of
MeOH with SA at 1 ug/mL.

2.5. LC-MS/HRMS Analysis

Chromatographic separation of the extracts was performed by using a Zorbax Eclipse
Plus C18 chromatographic column (1.8 pm particle size, 150 x 3.0 mm i.d., Agilent Tech-
nologies). The injection volume was 2 uL, and the mobile phases were composed of 0.1%
of formic acid in both deionized water (phase A) and acetonitrile (phase B). Flow rate was
constant at 0.25 mL/min. Chromatographic gradient was programmed as follows: 4%
phase B was selected as initial composition; then, from min 0 to 1, mobile phase B was
increased to 25%; from min 1 to 6, phase B was changed to 40%; from min 6 to 8, phase B
was modified to 60%; and from min 8 to 10, mobile phase B was increased from 60 to 100%.
The latter composition was maintained for 12 min to guarantee the elution of metabolites
and the sterilization of the column. A post-time of 13 min was set to equilibrate the initial
conditions for the next analysis.

The dual electrospray ionization source (ESI) was operated in both positive and
negative ionization modes. ESI parameters were as follows: nebulizer gas at 50 psi and
drying gas flow rate and temperature at 10 L/min and 325 °C, respectively. The capillary
voltage was set at 3500 V, while the fragmentor, skimmer, and octapole voltages were 130,
65, and 750 V, respectively. Data were acquired in centroid mode in the extended dynamic
range (2 GHz). Full scan was carried out at 6 spectra/s within the m/z range of 60-1200,
with subsequent activation of the three most intense precursor ions (allowed charge: single
or double) by MS/MS using a collision energy of 20 eV and 40 eV at 3 spectra/s within
the m/z range of 30-1200. An active exclusion window was programmed for 0.75 min
to avoid repetitive fragmentation of the most intense precursor ions, thus increasing the
detection coverage. To assure the desired mass accuracy of recorded ions, continuous
internal calibration was performed during analyses with the use of signals at m/z 121.0509
(protonated purine) and m/z 922.0098 (protonated hexakis (1H, 1H, 3H-tetrafluoropropoxy)
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phosphazene or HP-921) in the positive ionization mode and m/z of 112.9856 (trifluoroacetic
acid anion) and m/z 1033.9881 (HP-921) in the negative ionization mode. A quality control
sample (QC) obtained by mixing aliquots of extracts was used to ensure the reproducibility
and robustness of the methodology and chemometric results.

2.6. Data processing and Statistical Analysis

MassHunter Profinder (version B10.00; Agilent Technologies, Santa Clara, CA, USA)
was used to process the data obtained by LC-MS/HRMS. Treatment of the raw data
file started with the extraction of potential molecular features (MFs) by the applicable
algorithm included in the software. The recursive extraction algorithm considered all ions
exceeding 5000 counts as cut-off value. Additionally, the isotopic distribution used to
determine whether a molecular feature is valid should be defined by two or more ions
(with a peak spacing tolerance of m/z 0.0025 plus 10.0 ppm in mass accuracy). Apart from
[M +HJ* and [M—H] ™~ ions, adduct formation in the positive (Na*) and negative ionization
(HCOO™, C17) modes and neutral loss by dehydration were included to identify features
corresponding to the same potential metabolite. Thus, ions with identical elution profiles
and related m/z values (representing different adducts or isotopes of the same compound)
were extracted as entities characterized by their retention time (RT), the intensity at the
apex chromatographic peak, and accurate mass. Then, a recursion step assured correct
integration of the entities in all analyses.

Identification was achieved following the methodology previously described by
Ledesma-Escobar et al. [17]. After extraction and alignment of all MFs, the software
MassHunter Qualitative v.7.0 was used for targeted extraction of MS2 information as-
sociated with the monitored MFs in the whole dataset. This information was used for
tentative identification of metabolites by searching the MoNA-MassBank of North Amer-
ica (https:/ /mona.fiehnlab.ucdavis.edu/spectra/search, accessed on 13 December 2022)
database and others developed by the research group. Additionally, some compounds
were confirmed according to both their MS2 information and retention time by using com-
mercially available standards. Finally, the compounds that were not found in the databases,
or whose commercial standards were unavailable, were identified via an analysis of neutral
mass losses combined with the characteristic fragmentation patterns of their derivatives
confirmed by commercial standards.

Quantitative analysis was carried out in relative terms by preparing calibration models
for limonin, nomilin, hesperidin, and quercetin as standard compounds (determination
coefficients > 0.98; calibration range between 50 ng/mL and 20 pg/mL). Syringaldehyde
(1 pg/mL) was used as external standard. Flavonoid glucosides and aglycones were quan-
titated with models prepared with hesperidin or quercetin, respectively, while limonoids
were determined using their corresponding aglycone standards.

2.7. Silica Gel Column Fractionation of Crude Extracts

Crude extracts (1 mL) were fractioned by being passed through a normal-phase silica
gel (5 g) column. The solid phase was conditioned with hexane and the metabolites were
eluted with 2 mL of EA (fraction 1), 2 mL of 1:1 (v/v) EtOH/acetone (fraction 2), and 2 mL
of 1:1 (v/v) EtOH/H,O (fraction 3). Each fraction was evaporated under vacuum and
dissolved with 1 mL of MeOH. The solutions were stored at —80 °C in darkness until use.

2.8. Antioxidant Assays
2.8.1. DPPH Radical Scavenging Activity

DPPH radical scavenging activity was evaluated by mixing 100 pL of sample (either
crude extract or fraction) with 900 pL of 20 mg/L DPPH solution in MeOH. The mix-
ture was stirred for 30 min at room temperature and the absorbance was measured at
517 nm. Reference solution was prepared following the same procedure but using MeOH
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instead of sample. The antiradical scavenging potential was expressed as the percentage of
decoloration of DPPH solution according to the following equation:

%Radical scavenging = [1 — :25] * 100 (1)
R

where: As, absorbance of the sample; Ag, absorbance of the reference solution.

2.8.2. 3-Carotene Bleaching Assay

A stock solution for this test was prepared as follows: 500 pL of Tween-20 was
dissolved in 50 mL of water previously saturated with O, by air bubbling and mixed with
25 pL of linoleic acid and 500 pL of 1 mg/mL (-carotene solution in chloroform. The
mixture was subjected to rotary evaporator under reduced pressure at 30 °C to remove
chloroform. Then, the mixture was shaken vigorously until a crystalline emulsion was
obtained (approximately 5 min) with the characteristic orange color of 3-carotene. Stock
solution was immediately used after preparation.

For the measurement of antioxidant activity, 100 uL of the crude extract or fraction was
added to 900 puL of the B-carotene/linoleic acid stock solution and stirred for 2 h at 50 °C.
The absorbance of the samples was measured at 470 nm immediately after preparation (time
0 min) and after 2 h (time 120 min). A control sample was prepared with MeOH instead
of sample. The blank was composed of water, Tween-20, and linoleic acid at the same
proportions as those used in the stock solution. The antioxidant activity was calculated as
the ability to inhibit the discoloration of 3-carotene using the following equation:

| (a2 am)

-— 7| %100 2
(A~ AID) @

% Antioxidant activity =

where: As, Absorbance of the sample; Ac, absorbance of control; 0 and 120 refer to time
(min).

3. Results
3.1. Characterization of Bioactive Compounds in Citrus Fruits

The analysis of the sample citrus extracts led to the identification of 49 compounds
distributed in 31 flavonoids, 9 limonoids, 6 simple phenols, and 3 carboxylic acids by
following the methodology previously described by the authors [17]. Thirty-two metabo-
lites were successfully identified as confirmed by the analytical standards. In addition,
six isomers (MS2 spectrum correlation with that of the standard above 0.9) were detected
at different retention times. The rest of the 11 metabolites were tentatively identified via
the detection of neutral mass losses and fragmentation patterns. Thus, for the tentative
identification of flavonoid derivatives, the MS2 spectrum should include the product ion
of the aglycone as the dominating peak and the neutral loss of the distinctive glucoside.
Concerning limonoids, their product ion at 7/z 161.0595 in the positive ionization mode
dominated the MS2 spectra together with the precursor ion. The identification parameters
are summarized in Table S1.

3.2. Locations of the Bioactive Compounds in Citrus Fruits

Flavonoids were the most abundant phenolic compounds among the studied metabo-
lites, followed by limonoids, simple phenols, and carboxylic acids. However, each metabo-
lite class was distributed in a different proportion depending on the fruit. Figure 1 shows
that flavonoids constituted the most abundant bioactive fraction in limes and mandarins,
representing 64.4% and 73.1% of the total content of identified compounds, respectively. In
addition, carboxylic acids were the second largest group in both fruits (36.7% in limes and
23.3% in mandarins). However, acids predominated in lemons, constituting 58.9% of the
total quantified compounds, followed by flavonoids (34.2%), limonoids (5.6%), and simple
phenols (1.3%).
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Figure 1. Proportion of flavonoids, limonoids, simple phenols, and carboxylic acids in limes, man-
darins, and lemons.

A spatial analysis was carried out to determine the distribution of these metabolites
in the analyzed fractions (flavedo, albedo, segments, and juice). Generally, we observed
that flavonoids were mostly located in the flavedo and albedo, while carboxylic acids were
abundant in the segments and juice. Regarding limonoids, they were mostly found in
albedo and segments, while simple phenols were equally distributed in all parts. Despite
the similar distribution of the monitored families in the analyzed samples, our results
revealed that the fruit was also determinant (Figure 2).
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Figure 2. Spatial distribution of flavonoids, limonoids, simple phenols, and carboxylic acids in
citrus fruits.



Antioxidants 2023, 12, 781

7 of 12

Finally, the concentration of simple phenols was mainly represented by pyrogal-
lol among the three studied fruits. The concentrations of individual metabolites can be
found in Table S2. Calibration curves were obtained for limonin, nomilin, hesperidin, and
quercetin, which were used also to quantify the rest of the flavonoid glucosides, aglycones,
and limonoids.

To confirm the observed differences among the fruits and samples, a non-supervised
principal component analysis (PCA) was conducted by grouping the matrix by fruit or
by sample, including the QCs (Supplementary Figure S1). This analysis revealed clear
discrimination in the 3D scores plot for both grouping cases. Once clustering was confirmed,
a multivariate analysis by partial least squares discriminant analysis (PLS-DA) was applied
by (i) grouping the matrix by fruit (Figure 3A) and (ii) by sample (Figure 3B). The results
of these two analyses revealed that the most important variables distinguishing the fruits
were flavonoids and coumaric acid (especially naringenin derivatives, tangeritin, and
luteolin, Figure 3C). On the other hand, discrimination by samples was mainly explained
by limonoid and carboxylic acid concentrations (Figure 3D).
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Figure 3. Multivariate PLS-DA for discrimination of citrus fruits (A) and samples (B) based on the
composition of extracts. Variable importance projection (VIP) scores for identification of metabolites
with the highest discrimination capability of citrus fruits (C) and samples (D).

3.3. Antioxidant Activity of Extracts from Different Citrus Fruit Tissues

Concerning the antioxidant activity measured by the 3-carotene assay (Figure 4A), our
results revealed that, generally, the lemon extracts from the flavedo, albedo, and segments
possessed the highest antioxidant activity followed by those from limes and mandarins;
however, it was observed that mandarin juice has superior activity compared to lemon
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and lime juices. Considering the composition of the extracts, it is possible to assume that
limonoids play a key role with respect to antioxidant capacity since this class of metabolites
is particularly concentrated in the extracts from the flavedo, albedo, and segments of lemons
as well as in mandarin juice. Moreover, a Spearman correlation supported this assumption
for limonoids (Figure 4B). The mechanism of the (3-carotene bleaching assay supports the
ability of bioactive compounds to minimize the peroxidation of linoleic acid, given that
hydroperoxides from linoleic acid can react with 3-carotene. Therefore, greater activities
determined by this assay indicate a higher capacity to prevent the oxidation of lipids.
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Figure 4. Antioxidant activity (A) and radical scavenging capacity (B) measured in extracts from
citrus fruits. Spearman correlation between antioxidant assays and concentrations of families of
metabolites (3-carotene test, (C); DPPH assay, (D)). Different letters for the same fruit indicate
significant differences among tissues extracts in terms of antioxidant or radical scavenging activity.
* p-value < 0.001.

On the other hand, the DPPH assay is based on the ability of bioactive compounds
to stabilize free radicals by donating protons. In this sense, this study revealed that the
mandarin extracts obtained from flavedo had higher radical scavenging potential than
those from limes and lemons (Figure 4C), which could be attributed to a higher proportion
of flavonoids (see Figure 2A-C). This assumption is not supported by the analysis of the
radical scavenging activity in other samples. Thus, the mandarin extracts obtained from
albedo, which were highly enriched in flavonoids, presented greater antioxidant activity
than lemons, even when their content in flavonoids was very similar. On the other hand,
the lime extracts exhibited almost half of the radical scavenging potential of lemons or
mandarins, whose concentrations of flavonoids were only 20%, approximately. These
discrepancies were also observed in the segment extracts that were expected to provide
the highest radical scavenging activity due to their flavonoid content. Particularly, lemon
and lime extracts, which proportionally had lower content in flavonoids than mandarins,
provided greater scavenging potential. Finally, similar inconsistencies were observed
regarding lemon juice, for which higher scavenging activity was reported compared to that
of limes despite the reduced content of flavonoids in the former. According to the extracts’
compositions, it seems that the content of carboxylic acids should have affected antioxidant
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capacity. In fact, the Spearman correlation revealed that acids, especially ascorbic acid,
greatly influence radical scavenging potential despite the content of flavonoids (Figure 4D).

3.4. Antioxidant Activity of Three Fractions of the Extracts from Different Citrus Fruits

To disclose the observed complexity of the studied fruits” antioxidant activity and rad-
ical scavenging potential, the extracts were partially purified by using a chromatographic
column packed with silica. The purification of complex mixtures such as citrus extracts is
not simple; however, three defined fractions were collected: (i) the less polar fraction (L)
(with high content of limonin and nomilin), the major limonoids in the extracts, aglycone
flavonoids, the minor flavonoids, and a low concentration of conjugated flavonoids; (ii) the
mid-polar fraction (F), which is mainly composed of major flavonoids, simple phenols, and,
to a lesser extent, conjugated limonoids (minor fraction); and, finally, (iii) the polar fraction,
(A) containing mainly carboxylic acids and small amounts of flavonoids and simple phenols
(Supplementary Figure S1). As expected, the activity of the three fractions was lower than
that of the unfractionated extracts. Nevertheless, the obtained results suggest a synergic
effect since the addition of the activities of the three fractions resulted in a higher value
than those observed in the crude extracts (Figure 5).

P-carotene bleaching assay (L) fi-carotene bleaching assay (F) P-carotene bleaching assay (A)

Lime

Mandarin

tioxidant
2 F 5
tionxidant actavity (

Flavedo  Albedo  Segments  Juice Flavedo  Albedo Scgments  Juice Flavedo  Albedo  Segments  Juice

DPPH assay (L) DPPH assay (F) DPPH assay (A)

40

Lemon

Relative radical scavenging (%)

Flavedo Albedo Segments  Juice = Flavedo  Albedo Segments  Juice Flavedo  Albedo Segments  Juice

Figure 5. Antioxidant activity ((3-carotene bleaching assay) and radical scavenging potential (DDPH
assay) measured in fractions enriched in limonoids (L), flavonoids (F), and carboxylic acids (A)
obtained by separation of extracts from citrus fruits. Different letters for the same fruit and fraction
indicate significant differences in antioxidant or radical scavenging activity.

4. Discussion

In this report, the spatial distribution and antioxidant activity of bioactive compounds
in limes, lemons, and mandarin tissues were studied. We observed that flavonoids were
predominant in the flavedo and albedo of the three fruits (97.1% and 67.8%, respectively,
in limes; 97.0% and 92.5% in mandarins; and 92.4% and 56.9% in lemons). However, hes-
peridin, diosmin, and eriocitrin were the most concentrated flavonoids in limes; hesperidin
and naringin were predominant in mandarins; and apigenin and diosmetin derivatives and
hesperidin were highly concentrated in lemons. The presence of these functional ingredi-
ents has been previously described in other citrus limon varieties but not distributed in the
different tissues of the fruit [16]. Similarly, limonin derivatives were the most concentrated
limonoids in limes and mandarins, while nomilin derivatives were the most abundant
in lemons.

The highest proportion of carboxylic acids was found in lemons, followed by man-
darins and limes, with citric acid being the most concentrated in all cases, followed by
malic and ascorbic acids. However, it is worth noting that lemons were the richest fruit in
terms of carboxylic acids (Figure 1), especially ascorbic acid, which was found at a twofold
higher concentration in lemons than in limes and mandarins. The presence of the identified
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carboxylic acids along with others was examined in lemons prior to this study and thus
confirms this statement [17].

The antioxidant activity and radical scavenging capacity of citrus fruits have been
widely discussed in the literature, but most studies have targeted two main sources: juice
and industrial residue extracts [24]. Generally, citrus fruit’s antioxidant activity is mainly
attributed to ascorbic acid, phenols, and, to a lesser extent, other minor compounds such
as limonoids [24]. Measuring the antioxidant activity of complex mixtures such as citrus
juices or extracts is not an easy task since this act is affected by diverse aspects such
as the structural [30], pH [31], or synergistic effects precipitated by different chemical
families [32,33]. In this study, we evaluated the antioxidant activity in extracts from
different citrus fruits to discern the contribution of the studied compounds to bioactivity.
For this purpose, we used the [-carotene bleaching assay and the radical scavenging
potential test (DPPH assay).

The 3-carotene assay, which accounted for the composition of the extracts, showed that
limonoids are crucial for antioxidant capacity given that this class of metabolites is particu-
larly concentrated in mandarin juice and in the extracts from flavedo, albedo, and segments
of lemons. Our DPPH assay revealed that despite their flavonoid content, carboxylic acids
are believed to influence antioxidant capacity. Altunkaya et al. [31] demonstrated that the
antioxidant activity of lettuce extracts also depended on the pH and level of synergism
with added phenols. Hence, the content of carboxylic acids alters the total antioxidant
activity of extracts.

Finally, the purification of the extracts was carried out using a column packed with
silica defining three fractions (less, mid, and polar). Concerning the limonoid fraction
(L), we observed that the antioxidant activity was like that of the extract, with only an
approximate decrease of 20% for all samples. This result reinforces the hypothesis that
limonoids play a key role in reducing the formation of hydroperoxides from linoleic acid
and thus lipidic peroxidation. In addition, the antioxidant activity was generally lower
in the juices compared to the extracts from fruit tissues. On the contrary, the radical
scavenging activity in juice was reduced by more than 50% compared to the extract. In this
case, juices demonstrated higher capacity than the extracts from fruit tissues. These results
agree with those observed by Yu et al. [25], who showed that limonin had reduced radical
scavenging capacity. On the other hand, the fractions rich in flavonoids (F) presented an
antioxidant activity around 30% lower than that measured in the extracts, with the highest
levels observed in lemon flavedo and mandarin and lime segments. Complementarily,
the radical scavenging potential of this fraction was only reduced by around 10%. The
maximum DPPH activity was found in flavedo from limes and mandarins and in lemon
albedo, while minimum values were measured in juices. Finally, the carboxylic acids
fraction (A) was particularly affected with respect to antioxidant capacity as determined in
both assays. Thus, juice provided better values than those found in fruit tissues except for
lime and lemon segments, which presented an antioxidant capacity similar to that obtained
from juice.

5. Conclusions

This study revealed that the spatial distribution of bioactive compounds is constant in
the three citrus fruits. Thus, flavonoids are mostly located in the citrus peel (in both the
flavedo and albedo); on the contrary, carboxylic acids are mainly found in segments and,
therefore, are extracted in the juice. Regarding limonoids, they are quantitatively distributed
in the albedo and segments and, consequently, are also extracted in the juice. Additionally,
the composition of bioactive compounds allows for the discrimination of both citrus tissues
and fruits. Our determination of these fruits” antioxidant properties demonstrated that
limonoid content can be correlated with the antioxidant activity measured by the 3-carotene
bleaching assay, for which there is a synergistic effect caused by other families. However,
the radical scavenging activity was explained by flavonoids and ascorbic acid. Finally,
these results do not enable us to draw plausible conclusions about the contributions of
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individual compounds to the bioactive properties of the complex extracts. However, the
fractionation of the extracts provided information about the antioxidant capacity of the
three main chemical families.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox12040781/s1, Figure S1: 3D PCA score plots obtained by
considering all extracts grouped by fruit, tissue, and fruit x tissue. Figure S2: Relative concentrations
of the monitored chemical families in the three fractions and crude extracts from citrus fruits. These
results were obtained as mean results by considering the three citrus fruits in order to demonstrate
their respective capacities after fractionation. Table S1: Parameters for identification of bioactive
compounds in the studied citrus fruits. Table S2: Concentrations (ug/g) of flavonoids, limonoids,
phenolic acids, and carboxylic acids found in citrus fruits.
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ABSTRACT

Avocado seed is a waste product that is not commonly used due to the toxicity of
some of the components called acetogenins that comprise it. This work evaluates the
influence of different sample treatments on the profile of bioactive compounds in
avocado seeds. For this purpose, 9 different pretreatments of the seed were carried out
including sample of fresh avocado seed without any treatment, subjected to freeze-
drying, convective drying at 40 and 80 °C and solar drying, and sample of fermented
avocado seed without any treatment, subjected to freeze-drying and subjected to
convective drying at 40 and 80 degrees. After sample pretreatment, the resulting
avocado seed powder was submitted to an appropriate extraction and analyzed using
liguid chromatography coupled to high resolution mass spectrometry, which resulted in
the identification of 41 compounds comprising 12 phenolic acids, 14 procyanidins, 3
flavonoids and 12 acetogenins. The effect of the sample pretreatment on avocado seed
bioactive composition and distribution was evaluated by grouping the identified
metabolites in phenolic acids, procyanidins, flavonoids and acetogenins.
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8.1. Introduction

Avocado (Persea americana) is a fruit member of the flowering plant family
Lauraceae native to Mexico and Central America, although it is currently cultivated
worldwide [1]. Currently, avocado is one of the most widely produced and consumed
tropical fruits as it is gaining more popularity worldwide because of its flavor, unique
nutritional characteristics and phytochemical composition compared to other fruits [2].
These beneficial health properties are mainly attributed to their high content in
unsaturated fatty acids (mainly oleic acid), sterols and dietary fiber, as well as a balance
between water-soluble and fat-soluble vitamins [3]. For this reason, the avocado is
used for the industrial production mainly of guacamole and avocado sauce and, to a
lesser extent, for the production of avocado oil [4].

The industrial processing of avocado generates a large amount of waste, since
many parts such as the seed are not used. Depending on the variety, the size of the
fruit and the seed of an avocado can range widely in size [5]. In general, it has been
described that seed size can represent between 16 and 20% of the fresh fruit, which
weighs between 100 and 1000 g including flesh, peel and seed. This can result in at
least 1.6 million tons per year of avocado seeds and peels discarded worldwide, along
with other related industrial wastes [1].

Currently, several avocado seed potential uses are being developed to reduce the
unrecyclable waste produced by the avocado industry [6]. Considering cosmetic
applications, simple avocado seed extracts and products have been made with minimal
processing [7]. As it is a source of starch, avocado seed have been used as starch-
based bioplastics for food packaging [8], thickening agent in cream soup[9] and
emulsifier [10]. Moreover, given that avocado seed possess a high content of bioactive
compounds such as phenolic compounds or acetogenins [11,12]. It has been
demonstrated that avocado seed extracts possess a high antioxidant power, which has
been attributed mainly to their phenolic composition rich in catechin and epicatechin
derivatives [13,14], and antimicrobial activity that can be attributed to acetogenins
[17]. Due to its antimicrobial and preservative activity, extracts containing avocado
seed phytochemicals have been used in meat products [15] and in the production of an
orange dye for colouring beverages [16].

However, acetogenins are also associated with some toxic effects caused by
avocado in small animals as cats and dogs [18]. Persin is the main responsible
acetogenin of toxicity [19,20] derived from the biosynthesis of long-chain fatty acids
and possesses a similar structure to linoleic acid [21] which can be found in the avocado
fruit and leaves [20]. The toxicity of these compounds restricts the use of the seed and
for this reason, avocado seed starch has not been used in the manufacture of food

preparations.
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To date, it has not been described an effective way to obtain preparations rich in
bioactive compounds from avocado seed without altering the starch composition of the
seed. Therefore, the objective of this research is to evaluate the influence of different
types of sample pretreatment on the bioactive compound profile of avocado seed and
the physicochemical characteristics of the solid extraction residues. For this purpose,
different sample pretreatments were carried out and selective extractions were
developed to obtain extracts rich in both phenolic compounds and acetogenins. The
extracts obtained were characterized by liquid chromatography coupled to high
resolution mass spectrometry (LC-HRMS).

8.2. Materials and methods
8.2.1. Samples and reagents

Avocados (Hass variety, Persea americana) were purchased in a local market from
Cordoba (La Corredera market, Spain) in November 2022. Fruits were washed and
processed to separate the avocado seed from the avocado fruit. Concretely, two groups
of seeds were established, twelve avocado seeds were submitted to fermentation for
four weeks and other twelve seeds were used without fermentation. Both seed groups
were grated to fine powder separately and submitted to different sample treatments.
The powder was stored in the dark at room temperature.

Acetonitrile (ACN), ethanol (EtOH) and formic acid were obtained from Scharlab
(Barcelona, Spain) and n-Hexane from Sigma-Aldrich (St. Louis, MO). All solvents were
LC or MS grade. Purified Milli-Q-water was obtained from a Simplicity® UV Millipore
equipment (Burlington, MA, USA). The internal standard used was syringaldehyde (SA),
acquired from Sigma-Aldrich.

8.2.2. Instrumentation and software

A 1200 series LC system from Agilent Technologies (Palo Alto, CA, USA) coupled
to a dual electrospray ionization (ESI) source and a high-resolution Agilent 6540
quadrupole-time of flight detector was used as analytical equipment to carry out the
analyses (LC-HRMS).

For data acquisition, Agilent MassHunter Workstation version B6.00 Profinder
(Agilent Technologies, Santa Clara, CA, USA) was used. For targeted HRMS data
extraction, metabolomics data analysis and interpretation, MassHunter Qualitative v7.0
software and MetaboAnalyst 5.0 (https://metaboanalyst.ca/) were employed.

8.2.3. Sample pretreatments for metabolites extraction

As mentioned in section 8.2.1. two groups of seeds were established, fermented
and no fermented or fresh avocado seed. Fermentation was performed naturally at
ambient temperature and humidity during 1 month. Then, both groups fresh and
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fermented seeds, were grated using a manual grater and homogenized, separately.
Thus, two pools of ground seed samples (fermented and fresh) were obtained from
which the samples were prepared to be subjected to different thermal pretreatments
prior to their solid liquid extraction and analysis by LC-HRMS. A total of 9 different
samples pretreatments were carried out to be further subjected to solid-liquid
extraction: fresh avocado seed sample without any treatment, submitted to
lyophilization, convective drying at 40 and 80 °C and solar drying, and fermented
avocado seed sample without any treatment, subjected to Iyophilization and subjected

to convective drying at 40 and 80 degrees. Convective dryings and lyophilization were

performed lasting up to constant weight. Figure 8.1 shows a summary scheme of the
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Figure 8.1. General scheme of avocado seed bioactive compounds characterization.

For metabolites extraction, 1.5 g of different avocado seed samples were firstly
extracted in 10 mL of n-hexane while stirring during 30 min at 1000 rpm at 30 °C to
remove the acetogenins fraction. Then the n-hexane extract was discarded and a
second extraction in 10 mL of EtOH:H.O (90:10, v/v) containing SA at 1 ug/mL was
performed. Both n-hexane and EtOH:H20 extracts were filtered using 0.45 ym PTFE and
0.22 um nylon filters prior to injection, respectively.

8.2.4. LC-HRMS analysis

A Zorbax Eclipse Plus C18 chromatographic column of 1.8 um particle size and
150%3.0 mm i.d., from Agilent Technologies was used for chromatographic separation
of the avocado seed extracts. Deionized water (solvent A) and ACN (solvent B) both
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containing 0.1% of formic acid, were used as mobile phases. A flow rate of 0.25 mL/min
was used. The elution gradient profile was set as follows: 0 min: 4% B; 0-1 min: 25%
B; 1-6 min: 40%B; 6-8 min: 60%B; 8-10min: 100% B; 10-12 min: 100% B. A post-
time of 13 min was set to equilibrate the initial conditions for the next analysis. Both
positive and negative ionization operation of the dual electrospray ionization source
(ESI) were used. ESI parameters were nebulizer gas at 50 psi, drying gas flow rate and
temperature at 10 L/min and 325°C, respectively. The capillary voltage was set at 3500
V, while the fragmentor, skimmer, and octapole voltages were 130, 65, and 750 V,
respectively.

Data acquisition in centroid mode in the extended dynamic range (2 GHz) was
conducted. Full scan was carried out at 6 spectra/s within the m/z range of 60-1200,
with subsequent activation of the three most intense precursor ions (allowed charge:
single or double) by MS/MS using a collision energy of 20 eV and 40 eV at 3 spectra/s
within the m/z range 30-1200. An active exclusion window was programmed for 0.75
min to avoid repetitive fragmentation of the most intense precursor ions, thus
increasing the detection coverage. To assure the desired mass accuracy of recorded
ions, continuous internal calibration was performed during analyses with the use of
signals at m/z 121.0509 (protonated purine) and m/z 922.0098 [protonated hexakis
(1H, 1H, 3H-tetrafluoropropoxy) phosphazene or HP-921] in the positive ionization
mode; and m/z 112.9856 (trifluoroacetic acid anion) and m/z 1033.9881 (HP-921) in
the negative mode. A quality control sample (QC) obtained by mixing different avocado
seed extraction aliquots was used during the analyses to ensure the reproducibility and
robustness of the methodology and chemometric results.

8.2.5. Data processing and statistical analysis

MassHunter Profinder (version B10.00; Agilent Technologies, Santa Clara, CA,
USA) was used to process the data obtained by LC-HRMS. Treatment of the raw data
file started with the extraction of potential molecular features (MFs) by the applicable
algorithm included in the software. The recursive extraction algorithm considered all
ions exceeding 5000 counts as cut-off. Additionally, the isotopic distribution to consider
a molecular feature as valid should be defined by two or more ions (with a peak spacing
tolerance of m/z 0.0025, plus 10.0 ppm in mass accuracy). Apart from [M+H]* and
[M—H]~ ions, adducts formation in the positive (Na*) and negative ionization (HCOO-,
ClI7) modes, as well as neutral loss by dehydration, were included to identify features
corresponding to the same potential metabolite. Thus, ions with identical elution profiles
and related m/z values (representing different adducts or isotopes of the same
compound) were extracted as entities characterized by their retention time (RT), the
intensity at the chromatographic peak apex, and accurate mass. Then, the recursion
step assured correct integration of the entities in all analyses.

The identification was achieved following the methodology previously described by
Ledesma-Escobar et al. [22]. After extraction and alignment of all MFs, the software
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MassHunter Qualitative v.7.0 was used for targeted extraction of MS2 information
associated with the monitored MFs in the whole dataset. This information was used for
tentative identification of metabolites by searching in the MoNA-MassBank of North
America (https://mona.fiehnlab.ucdavis.edu/spectra/search) database and others of our
research group. Additionally, some compounds were confirmed by both MS2 information
and retention time, using commercially available standards. Finally, the compounds that
were not found in the databases, or with commercial standards not available, were
identified by the analysis of the neutral mass losses combined with the characteristic
fragmentation patterns of their derivatives confirmed by commercial standards. The
resulting data set was normalized using the internal standard SA.

Also, non-supervised principal component analysis (PCA), heatmaps and VIPs
scores were applied to examine the discrimination among avocado seed sample
pretreatment using Metaboanalyst v5.0.

8.3. Results and discussion
8.3.1. Characterization of bioactive compounds in avocado seed

Analysis of avocado seed extracts results were interpreted following the
methodology previously described by Ledesma-Escobar et al. [22]. It resulted in the
identification of 41 compounds comprising 12 phenolic acids, 14 procyanidins, 3
flavonoids and 12 acetogenins. A total of 28 metabolites identification was confirmed
using analytical standards. In addition, 10 isomers were detected at different retention
times with a correlation of the MS2 spectrum with that of the standard higher than 0.9
in all cases. The remaining 3 metabolites were tentatively identified conjugates with
glucoside groups by detection of neutral mass losses and fragmentation patterns.
Identification criteria are described in Table 8.1.

Table 8.1. Parameters for identification of bioactive compounds in avocado pit.

Main product ions

Compound name Formula N;‘;tsr:' RT Adduct Pr?::Ct
1 2 3
Phenolic Acids
Dimethylt?éi_zaldehyde CsHi100 134.073  9.59  [M+H]*  135.0807  91.0541  105.068 79.0537  a
Dihydroxyi,esr;zaldehyde CHeOs  138.0313  9.31  [M+H]*  139.039 111.047 93.036 65.0412  a
3-Methoxycatechol CHiOs  140.0474  2.79  [M+H]*  141.0545  81.0338  53.0389 65.0392  a
Coumarin CoHeO2  146.0365  8.83  [M+H]*  147.0443  103.0550  91.0543 65.0389  a
Shikimicacid CHioOs  174.0527  2.82  [M+#H]*  173.0460  93.0350  73.0307 55.0204 &
Salsolinol CioHiNO;  179.0938  3.63  [M+H]*  180.1001  163.0756  145.0646  117.0704  a
Salidroside CiHn0; 3001209  8.51  [M-H  299.1144  119.0498  89.0245 59.0145  a
Hydroxytyrosol 1-0-Glu ~ CisH20s  316.1159 8.2 [M-H-  315.1098  153.0567  135.0451 c
3-Caffeoylquinicacid CiHisOs  354.0951 847  [M-H]*  353.0893  191.0558  127.0369 85.0287 a
(chlorogenic acid)

4-Caffeoylquinicacid CiHis0s  354.0951  8.85  [M-H]'  353.0893  191.0558  127.0369 85.0287  a
4-O-feruloyl-D-quinicacid ~ CiHx00s  368.1116 9.5 [M-H"  367.1033  193.0501  173.0447  134.0367  a
CsoH:O1r  692.1956  8.85  [M-H  691.1877  353.0814  191.0560  173.0457  a

3-Caffeoylquinicacid-3-0-
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Table 8.1. (continued)

Main product ions

Compound name Formula N;‘:;r:l RT Adduct Pr9duct
ion 1 2 3
Procyanidins
Epicatechin Ci5H1406 290.0788 9.31 [M+H]* 291.0885 247.0977 141.0554  125.0606
Catechin Ci5H1406 290.0787 9.04 [M+H]* 291.0885 247.0977  141.0554  111.0447
Procyanidin A2 C30H24012 576.1277  10.43 [M+H]* 577.1338 287.0543  425.0857  231.0671
Procyanidin A2
C30H24012 576.1268 9.93 [M+H]* 577.1338 287.0553  425.0816  231.0671
(isomer 1)
Procyanidin B1/B2 C30H26012 578.1427 8.59 [M+H]* 579.1541 409.0897  291.0847  247.0978
Procyanidin B1/B2 578.1424 579.1541 409.0934  291.0883  247.0976
C30H26012 8.99 [M+H]*
(isomer 1)
Procyanidin B1/B2 578.1428 579.1541 409.0934  291.0883  247.0976
C30H26012 9.45 [M+H]*+
(isomer 2)
Procyanidin B1/B2 578.1415 579.1566 291.0864  453.1181  409.0917
C30H26012 9.81 [M+H]*
(isomer 3)

Cinnamtannin B1 CasH36018 864.1903 9.44 [M-H]- 863.1871 711.1319  411.0695  289.0695
Pavetannin B2 CasH36018 864.1922 9.4 [M+H]* 865.1995 713.1521  575.1190  123.0443
Procyanidin C1 CasH3s01s 866.1996 9.4 [M+H]* 867.2141 715.1626  409.0915 -

Procyanidin C1 (isomer) CasH38018 866.2068 8.92 [M+H]* 867.2141 715.1583  579.1388 -

Procyanidin B2 +

CasH44021 932.2354 8.85 [M-H]- 931.2303 577.1347  353.0876  289.0712
3-Caffeoylquinicacid

Cinnamtannin B2 CooHag024 1152.253 9.15 [M+H]* 1153.2490  865.1955 575.1099  287.0500

Flavonoids
Quercetin CisH1007 302.0426 9.85 [M+H]* 303.0495 153.0189  201.0551  137.0223

Quercetin 3-0-Glu C21H20012 464.0953 9.85 [M+H]* 465.1031 303.0522

Quercetin-diGlu C27H30017 626.1484  11.72 [M+H]* 627.1539 303.0509

Acetogenins

Avocadene 1-acetate CisH3604 328.2624  18.69 [M+H]* 329.2656 121.1008  109.1004  95.0853
AVOCB‘:;’;;;‘;‘CEGE CioH3604 328.2624  19.29  [M+H]*  329.2656  121.1008 109.1004  95.0853
Persediene Ca1H3604 352.2615  17.28  [M+H]* 353.2669 121'11024 109.1019  95.0861
Persenone-C C21H3604 352.2626  20.56 [M+H]* 353.2683 275.2363  113.0588  95.0854
Persenone-C (isomer 1) C21H3604 352.2633  18.32 [M+H]* 353.2669 275.2375  121.1021  95.0487
Persenone-C (isomer 2) C21H3604 352.2634 18.84 [M+H]*+ 353.2669 275.2375 121.1021 95.0487
Persenone-C (isomer 3) C21H3604 352.2638  20.35 [M+H]*+ 353.2683 275.2363  113.0588  95.0854
Persenone-B C21H3804 354.2775  19.86 [M+H]* 355.2833 277.2524  121.1013  95.0853
Persenone-A C23H3804 378.2775  17.46 [M+H]* 379.2839 219.2096  135.1155  113.0590
Persenone-A (isomer) C23H380s 378.2775  20.78 [M+H]* 379.2839 219.2110 135.1177  113.0606
Persin C23H4004 380.2907 21.5 [M+H]* 381.2999 285.2518  121.1007  83.0846
1-acetoxy-2,4-dihydroxy- Co3He204 382.3083 182  [M+H]*  383.3137  287.2694 121.1000  95.0847

heneicosa-12,15-diene

O T T T 9

QU

a

RT: retention time; Glu: glucoside; Identification confirmed by standard (a), tentative identification by MS2 spectrum
similarity to the isomer (score > 90%) (b), tentative identification by neutral mass losses and fragmentation pattern

analysis (c).
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8.3.2. Effect of the sample pretreatment on avocado seed bioactive
composition

To assess the influence of different types of sample pretreatment on the profile of
bioactive compounds in the avocado seed samples, fresh avocado seed without drying
(FN), fresh lyophilized avocado seed (LN), fermented lyophilized avocado seed (LF),
fermented avocado seed without drying (FF), fermented avocado seed submitted to 40
°C convective drying (F40), fermented avocado seed submitted to 80 °C convective
drying (F80), fresh avocado seed submitted to 40 °C convective drying (40), fresh
avocado seed submitted 80 °C of convective drying (80) and fresh avocado seed
submitted to solar drying (S) were evaluated.

Therefore, a non-supervised principal component analysis or PCA was carried out
by grouping the matrix by sample pretreatment . Moreover, PCA was performed with
the 41 identified metabolites also grouped into phenolic acids, procyanidins, flavonoids
and acetogenins classes (Figure 8.2).

This analysis revealed clear discrimination in the scores plot for the nine
pretreatment groups. It can also be seen in Figure 8.2 that the samples were grouped
according to whether they are fresh, fermented or subjected to temperature at the top,
bottom, or left side of the score plot, respectively.

Concretely, in the group of fresh samples there is a clear separation between the
FN and LN groups and the rest of the groups to which a pretreatment with temperature
(40, 80 and S) was applied. The same occurs in the case of fermented samples where
the FF and LF groups were clearly separated from F80 and F40. If the PCA is observed
in general, the groups of samples whose pretreatment was lyophilization and the use of
fresh seed of both fermented and non-fermented seeds (FN, LN, FF and LF) were clearly
separated from the rest of the samples subjected to convective or solar drying (40, 80,
S, F40 and F80).
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Figure 8.2. PCA scores for sample pretreatment influence. FN: fresh avocado seed
without drying; LN: fresh lyophilized avocado seed; LF: fermented lyophilized avocado seed;
FF: fermented avocado seed without drying; F40: fermented avocado seed submitted to 40
°C convective drying; F80: fermented avocado seed submitted to 80 °C convective drying.
40: fresh avocado seed submitted to 40 °C convective drying; 80: fresh avocado seed
submitted 80 °C of convective drying; S: fresh avocado seed submitted to solar drying.

Focusing on the four metabolites groups previously established, Figure 8.3a shows
the heatmap provided by the relative abundance of them in avocado seed samples
pretreatments performed.

The Variables Importance in Projection analysis (VIPs) scores associated to the
multivariate analysis listing bioactive compounds of interest according to their
classification capability to discriminate avocado seed sample pretreatment can be seen
in Figure 8.3b. The two top metabolites category with the highest classification
capability were acetogenins and procyanidins. Thus, for acetogenins sample
pretreatment effect were ranked as follows: “S”, “80”, “40”, “F80"”, “F40", “LN", “LF”,
“FN” and “FF”, which means that these were more concentrated when temperatures are
applied to dry the avocado seed. Thus, whether fermentation was carried out or not on
the seed, when temperatures were increased, these compounds were generated in high
concentrations, while their generation is significantly reduced when the seeds were
analyzed fresh or after lyophilization.
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On the contrary, procyanidins were the second top metabolite category regarding
VIP scores for which sample pretreatment were rank as follows: “FF”, “LN”, “LF”, “40",
“FN”, “F40”, “F80”, "S” and “80”, meaning that higher abundances are present when the
seeds are fermented or fresh without any type of drying or when they are lyophilized,
the opposite of what occurred in the case of acetogenins.

In addition, phenolic acids described a similar trend to procyanidins, while the
ranking of flavonoid abundance was very different from the 3 trends already described,
being the following: “LN”, “S”, “FN”, “40”, “FF”, “80"”, “LF”, “F40” and “F80". Therefore,
there was no clear evidence about if flavonoids production depends either on the effect
of temperature or fermentation.

Phenalic Acids

Procyaniding

A
class
1.5 '|=',—_|j
1 I @ =
Flavanol ds
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=1 Acetogenins
=1.5
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Figure 8.3. Heatmap (a) and Variables Importance in Projection analysis (VIPs)
scores (b) obtained by monitoring the relative abundance of bioactive compounds during

different avocado seed sample pretreatments.
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8.3.3. Bioactive compounds distribution

As can be seen in Figure 8.4, according to their abundance in avocado seed,
acetogenins can be considered the target bioactive family when sample pretreatment
consists of a high temperature drying. Solar drying was the most favorable for the
appearance of acetogenins and at the same time resulted in a lower abundance of
procyanidins and phenolic acids.
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Figure 8.4. Bioactive compounds abundance distribution depending on the sample
pretreatment.

Procyanidins were the most abundant compounds using both fermented and
normal avocado seed submitted to lyophilization, or when no pretreatment was used
with fermented seed. In particular, no sample treatment for fermented avocado seed
resulted in the higher abundance of procyanidins compared to the rest of the
pretreatments. In addition, it was observed that abundance decreases significantly with
convective drying pretreatments at 40 or 80 °C and with the solar drying.

The trend in the abundance of phenolic acids is similar to that of procyanidins,
but their content is lower compared to this group. Therefore, as for the procyanidins,
the use of no treatment on the fermented seed resulted in the highest abundance, but
in this case it was 56% compared to the 89% obtained for procyanidins. This
pretreatment was followed in terms of abundance by the lyophilization treatments of
fermented and fresh seed. The other pretreatments significantly decreased in
abundance of phenolic acids.
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Flavonoids, on the other hand, represent less than 1% of the total bioactive
compounds described. Their appearance is irregular, and it is not possible to clearly
describe whether they are favored by drying at high temperatures or pretreatments at
lower temperatures such as lyophilization or the lack of any treatment.

In the context of these results, to obtain acetogenins from the avocado seed,
drying process under high temperatures should be carried out while if an extract rich in
phenolic acids and procyanidins is desired, drying by lyophilization or no treatment
would be appropriate. On the other hand, in both cases similar percentages of
flavonoids would be obtained.

8.4. Conclusions

This study revealed that the influence of bioactive compounds distribution in
avocado seed is strongly influenced by the sample pretreatment performed. Thus,
drying of avocado seed at high temperatures leads to acetogenins extraction while if an
extract rich in phenolic acids and procyanidins is desired, drying by lyophilization or no
treatment resulted appropriated. On the other hand, when it comes to flavonoids, the
composition of the seed is not affected whether it is subjected to pretreatment at high
or low temperatures, obtaining similar percentages in both cases. So, if the interest is to
obtain an extract rich in bioactive compounds including flavonoids, procyanidins and
phenolic acids, a pretreatment of this avocado residue at low temperatures should be
carried out. While if it is desired to take advantage of antimicrobial properties, despite
the toxic effects described, high temperatures should be employed to extract
acetogenins compounds.
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chromatography - ion mobility spectrometry
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Success validation rate of 100%

ABSTRACT

In this work, honey botanical origin characterization was carried out using
headspace gas chromatography coupled to ion mobility spectrometry (HS-GC-IMS). The
proposed methodology was applied for the analysis of 89 samples from ten different
botanical origins. A total of 15 volatile compounds could be identified named: 3-methyl-
1-butanol, heptanal, valeraldehyde, octanal, trans-2-hexenal, nonanal, hexanal,
benzaldehyde, 2-heptanone, 2-butanone, 2-hexanone, 6-methyl-5-hepten-2-one, 2-
pentanone, ethyl acetate and linalool. The analytical method was characterized in terms
of limits of detection and quantification, and precision, in order to quantify the identified
compounds. Compounds were quantified using the sum of protonated monomer and
proton-bound dimer and logarithmic regression (R? >0.98), although the establishment
of a concentration threshold that would allow to create classification rules was not possible
since variability encountered within group. Consequently, the establishment of
chemometric models was necessary. A non-targeted strategy using 275 features is
proposed. Orthogonal partial least squares-discriminant analysis (OPLS-DA) allowed the
differentiation of five botanical origins: thousand flowers, rosemary, albaid, orange
blossom, and “others” (the rest of investigated botanical origins, since a limited number
of samples was available). A success validation rate of 100% allowed the classification of
14 honeys with unknown botanical origin.
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In this work, characterization of the botanical origin of honey was carried out using headspace gas
chromatography coupled to ion mobility spectrometry (HS-GC-IMS). The proposed methodology was
applied for the analysis of 89 samples from ten different botanical origins. A total of 15 volatile
compounds could be identified, namely, 3-methyl-1-butanol, heptanal, valeraldehyde, octanal, trans-2-
hexenal, nonanal, hexanal, benzaldehyde, 2-heptanone, 2-butanone, 2-hexanone, 6-methyl-5-hepten-
2-one, 2-pentanone, ethyl acetate and linalool. The analytical method was characterized in terms of
limits of detection and quantification, and precision, in order to quantify the identified compounds.
Compounds were quantified using the sum of the protonated monomer and proton-bound dimer and
logarithmic regression (R? > 0.98), although the establishment of a concentration threshold that would
allow creation of classification rules was not possible since there was variability within the group.
Consequently, the establishment of chemometric models was necessary. A non-targeted strategy using
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1. Introduction

Honey is a natural product with great nutritional and medical
properties."” The nutritional and organoleptic properties of
honey and therefore its commercial value depend largely on the
botanical origin. Therefore, rapid and reliable analytical
methods capable of characterizing the botanical origin of honey
samples are needed in order to avoid fraud and reinforce
consumer confidence.

Several techniques have been developed for the determina-
tion of the botanical origin of honey, melissopalynology being
the most traditionally applied one,* based on the analysis of the
pollen structure by light microscopy. However, the effectiveness
of this technique depends on the skills of the palynologist in
interpreting the results and the method of extraction of pollen
from honey samples. In addition, it is time-consuming and
requires specific training, making it difficult to apply for routine
analysis.
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success validation rate of 100% allowed the classification of 14 honeys with unknown botanical origin.

Physicochemical characteristics, such as pH, moisture and
water insoluble content, sugars, free acidity, hydrox-
ymethylfurfural (HMF) content or diastase activity, have also
been used to investigate the authenticity of honey. However,
authors suggest the need to use these parameters only as
complementary information to other conventional methods,
since some of them vary considerably, even within the same
type of honey.”

Spectroscopic techniques can also be a valuable tool towards
the authentication of honey, enabling quick and effective
analyses, without complex sample preparation.* Front-face
fluorescence spectroscopy,® near-infrared (NIR), mid-infrared
(MIR),® attenuated total reflection and Fourier-transform
infrared spectroscopy (ATR-FTIR),® and Raman spectroscopy’
have been some of the most widely used techniques in this
regard.

Determination of the elemental composition through
inductively coupled plasma mass spectrometry (ICP-MS)® or
inductively coupled plasma optical emission spectroscopy (ICP-
OES),’ and isotopic composition through isotope ratio mass
spectrometry (IRMS)'*"* has also been investigated.

Other analytical methods for the characterization of the
botanical origin of honey include high-performance liquid

Anal. Method's, 2022, 14, 5047-5055 | 5047
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chromatography with electrochemical detection,"” electronic
nose,” and electronic tongue.*® A recent review summarizes the
analytical techniques that have been used in honey authenticity
studies.”

In the last few years, “omics” techniques have also shown
great potential for the authentication of the botanical origin of
honey. Genomics tools such as DNA barcoding have also been
proposed as alternatives to melissopalynology," whereas
proteins present in honey and their analysis using proteomic
approaches have allowed the establishment of several markers
of honey authenticity."> Metabolomics is considered the last
discipline in the omics cascade, the closest to the phenotype,
and therefore the most representative of the state of the sample
at a specific moment. In addition, the number of metabolites is
lower than that of genes and proteins, which significantly
reduces the complexity of the analysis. Nuclear magnetic reso-
nance (NMR) metabolomics fingerprinting has been success-
fully implemented to discriminate and classify honey of
different botanical sources.'**® Liquid chromatography (LC)
coupled to mass spectrometry (MS), both low- and high-
resolution MS (HRMS), has also been applied for metab-
olomic authenticity studies.”? In this case, phenolic
compounds are commonly used as potential authenticity
markers, although sugars and alkaloids have also been
proposed.

The metabolomic analysis of volatile compounds present in
honey is an important alternative for assessing the botanical
origin.” The main classes of volatile compounds that have been
reported in honey are aldehydes, esters, ethers, furans, ketones,
carboxylic acids, alkanes, terpenes, alcohols, nor-isoprenoids,
and pyrene derivatives.?

The volatile fraction of honey has been analyzed by gas
chromatography (GC) with MS,**?* also including GC-HRMS.*
Regarding sample treatment, this methodology is usually
combined with headspace-solid phase microextraction (HS-
SPME), using fibers with combinations of different coatings.?

Metabolomic studies require the monitoring of a large
number of compounds. In this sense, GC-ion mobility spec-
trometry (IMS) coupling has great potential since two-
dimensional separation is achieved. Therefore, compounds
are characterized by the retention time (GC separation) and
drift time (IMS separation), which generate complex multi-
dimensional data, chemometric
processing.

GC-IMS is a fast, cost-efficient, and robust tool for the reli-
able classification of the botanical origin of honey,***® as well as
for detection of adulterated honey.*®*' Regarding botanical
origin classification, Gerhardt et al. investigated GC-IMS for
discrimination of canola, acacia, and honeydew honeys,>®
obtaining a predictive accuracy of 98.6%. Wang et al. also
discriminated honey collected by Apis cerana and Apis melli-
fera,” and winter honey and sapium honey.”® However, to the
best of our knowledge, GC-IMS has not been explored as
a quantitative technique for the determination of volatile
compounds present in honey.

The aim of this work was to continue investigating the
potential of GC-IMS for the authenticity of the botanical origin

requiring exhaustive
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of honey, developing a non-targeted metabolomic strategy to
discriminate ten different botanical sources (including mono-
floral and multi-floral honey samples). Headspace (HS) is used
as the sample introduction system, minimizing sample prepa-
ration, as recommended by metabolomic studies, especially
those using sample metabolomic fingerprints to achieve origin
discrimination. In addition, a simultaneous targeted strategy is
developed that allows the quantification and identification of
volatiles in honey.

2. Materials and methods
2.1. Standards and reagents

A total of 37 analytical standards were used for the character-
ization of the volatile profile of honey: two acids (butyric acid
and dodecanoic acid), seven alcohols (3-methyl-1-butanol, 1-
pentanol, cis-2-penten-1-ol, 1-penten-3-ol, 1-hexanol, 1-octanol,
and 2-octanol), nine ketones (2-butanone, 2-pentanone, 4-
methyl-pentan-2-one, 2-hexanone, 2-heptanone, 6-methyl-5-
hepten-2-one, 2-octanone, 2-nonanone, and 4-methyl-
acetophenone), fifteen aldehydes (hexanal, heptanal, octanal,
nonanal, decanal, t¢rans-2-pentenal, trans-2-hexenal, trans-2-
heptenal, trans-2-octenal, trans-2-decenal, benzaldehyde, 3,4,5-
trimethoxybenzaldehyde, 3,4-dimethoxybenzaldehyde, p-ani-
saldehyde, and valeraldehyde), two esters (ethyl acetate and
ethyl butyrate) and one monoterpene (linalool). All of them were
supplied by Sigma-Aldrich (St Louis, MO, USA). Individual stock
solutions at 1000 pug g~ in refined oil were prepared and stored
at 4 °C.

A Milli-Q Plus system (Millipore Bedford, MA, USA) supplied
ultrapure water (18.2 MQ cm™'). Nitrogen gas (99.99% purity,
Air Liquide, Madrid) was also used.

A mixture of ketones (2-butanone, 2-pentanone, 2-hexanone,
2-heptanone, and 2-octanone) at 500 ug L™ in water was used as
quality control throughout the analyses.

2.2. Samples

A total of 89 honey samples from 10 different botanical origins
(orange blossom (13 samples), melon (7 samples), rosemary (11
samples), heather (3 samples), albaida (10 samples), broom (5
samples), thyme (7 samples), Spanish lavender (3 samples), oak
(4 samples) and thousand flowers (26 samples) honeys) were
supplied by Murcia beekeepers. Since the samples were ob-
tained from the apiaries, their botanical origin was ascertained
by means of sensorial analysis, and external authentication of
the samples was no longer performed. In addition, 14 honey
samples of unknown floral origin were purchased in local
markets from Murcia and analyzed in order to check the suit-
ability of the method.

The samples were stored in airtight flasks in the dark and
refrigerated at 4 °C. For their analysis, honey samples were
tempered at room temperature for approximately half an hour.
Then, 1 £+ 0.005 g of tempered samples were placed into 20 mL
glass vials provided with 18 mm aluminum screw caps and
silicone septa and injected in the HS-GC-IMS system.

This journal is © The Royal Society of Chemistry 2022
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2.3. Instrumentation and software

The gas chromatograph (Agilent Technologies 6890N, Wald-
bronn, Germany) was coupled to an IMS module (G.A.S., Dort-
mund, Germany) equipped with a tritium source and a drift
tube of 98 mm length. The headspace sampling was carried out
using a 2.5 mL syringe (Gerstel GmbH, Miihlheim, Germany),
and a non-polar GC column HP-5MS UI (30 m x 0.25 mm, 0.25
pm) also from Agilent was used for GC separation.

Data acquisition was carried out using LAV software (G.A.S.),
while data processing was carried out using SIMCA software
(Umetrics, Sweden, version 14.1).

2.4. HS-GC-IMS method

The HS-GC-IMS method used was previously optimized.*
Briefly, samples were incubated at 100 °C for 15 min (750 rpm of
speed agitation). Then, a total of 750 pL of the vial headspace
was injected using splitless mode. Both syringe and injector
were set at 100 °C. A flow rate of 1 mL min ' was set for the
carrier gas, nitrogen. The temperature program was 50 °C (3
min), 10 °C min~" to 130 °C and held at 130 °C for 6 min, giving
a total runtime of 17 min.

The IMS module was operated at atmospheric pressure and
positive ion mode using nitrogen as the drift gas (150
mL min~'). The temperature of the drift tube was set at 80 °C
operating with a constant voltage of 500 V cm ™. Blocking and
drift voltages were 80 and 241 V, respectively. The acquisition
parameters were as follows: average of 32 scans, repetition rate
of 30 ms, and grid pulse width of 150 ps.

2.5. Data processing

Initially, all the spectra were aligned using LAV software and
a total of 275 features were selected after visual examination of
the topographical plots of all the analyzed samples. The inten-
sity above the baseline was selected as the analytical response. A
normalization was carried out using the signal of the reactant
ion peak (RIP).

The dataset was randomly split into two groups: classifica-
tion set with 80% of samples, and validation set with the
remaining 20%. The classification set was used to train the
chemometric models, in this case orthogonal partial least
squares-discriminant analyses (OPLS-DA) were performed using
different scales (unit variance (UV), unit variance none (UVN),
Pareto (Par), Pareto none (ParN), centering (Ctr) and freeze) and
logarithmic transformation of the data.

The parameters R2X(cum), R2Y(cum) (cumulative explained
variation in X and Y, respectively), Q2(cum) (cumulative
predictive ability), classification rate (CR), sensitivity and
precision were evaluated in order to study the success of the
model.*> R2X(cum) and R2Y(cum) represent the cumulative
fraction of the variance explained by a specific component. Both
parameters should provide values closer to one, thus indicating
a better model fit. Q2(cum) indicates the predictive ability of the
chemometric model, which should have a value greater than
0.533. CR (%) was evaluated for both validation and classifica-
tion sets, whereas the sensitivity (Strue positives/(Ztrue

This journal is © The Royal Society of Chemistry 2022
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positives + =false negatives) x 100%) and the precision (Ztrue
positives/(Ztrue positives + Zfalse positives) x 100%) were
evaluated for the validation set.*

3. Results and discussion
3.1. Identification of compounds

The method was used to analyze honey samples of different
botanical origins, in order to find differences in the spectra
obtained by HS-GC-IMS that allowed the discrimination
between groups. Specifically, 89 honey samples from 10
botanical origins (orange blossom, melon, heather, rosemary,
albaida, broom, thyme, Spanish lavender, oak and multifloral
honeys) were analyzed. ESI Fig. S1-S31 show the spectra ob-
tained for each category of honey. As can be seen, the area
richest in signals is the initial part of the spectrum, which
collects the most polar compounds. Although the spectra are
very similar, and visual differentiation is difficult, some slight
differences can be observed. For example, heather honey has
a slightly higher number of less polar compounds (displayed in
the upper part of the spectrum) than the rest of the honeys. On
the other hand, the intensity of the volatile compounds detected
in broom, melon, orange blossom and albaida honey is lower
compared to the rest.

With the aim of investigating in detail the obtained spectra,
the identification of the volatile compounds detected by HS-GC-
IMS in the analyzed honeys was carried out. A total of 37
analytical standards of compounds that had been previously
identified in honey samples were analyzed.*** Specifically, two
acids (dodecanoic acid and butyric acid), seven alcohols (1-
octanol, cis-2-penten-1-ol, 1-pentanol, 3-methyl-1-butanol, 1-
hexanol, 1-penten-3-ol, and 2-octanol), nine ketones (2-penta-
none, 2-hexanone, 2-butanone, 2-nonanone, 6-methyl-5-hepten-
2-one, 2-heptanone, 4-methyl-pentan-2-one, 2-octanone, and 4-
methyl-acetophenone), fifteen aldehydes (decanal, heptanal,
hexanal, octanal, benzaldehyde, ¢rans-2-hexenal, trans-2-hepte-
nal, trans-2-decenal, trans-2-octenal, trans-2-pentenal, p-ani-
saldehyde, valeraldehyde, 3,4,5-trimethoxybenzaldehyde,
nonanal and 3,4-dimethoxybenzaldehyde), two esters (ethyl
acetate and ethyl butyrate) and one monoterpene (linalool) were
analyzed. Individual and mixed standards of the above-
mentioned compounds were prepared at 10 pug g~ in refined oil.

The proposed HS-GC-IMS method enables the separation
and monitoring of 27 of these compounds, as shown in Fig. 1.
Table 1 shows the retention and drift times and reduced
mobility constant (K,) of each identified compound. It should
be noted that both protonated monomer and proton-bound
dimer were detected for all compounds except for 6-methyl-5-
hepten-2-one, 3,4-dimethoxybenzaldehyde, cis-2-penten-1-ol
and linalool, for which only the protonated monomer was
detected. It allowed the identification of 15 compounds in the
analyzed samples, namely, 3-methyl-1-butanol, heptanal,
valeraldehyde, octanal, trans-2-hexenal, nonanal, hexanal,
benzaldehyde, 2-heptanone, 2-butanone, 2-hexanone, 6-methyl-
5-hepten-2-one, 2-pentanone, ethyl acetate and linalool. Fig. 2
shows the comparison of these features, including protonated
monomer and proton-bound dimer signals, in the different
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measurement run (s)

drift time{ms)

Fig. 1 Topographic map of the standard mixture showing the 27
identified volatile compounds. M1: 2-butanone monomer, M2: 2-
butanone dimer, M3: ethyl acetate monomer, M4: ethyl acetate dimer,
M5: 2-pentanone monomer, M6: valeraldehyde monomer, M7: 2-
pentanone dimer, M8: valeraldehyde dimer, M9: trans-2-pentenal
monomer, M10: 4-methyl-2-pentanone monomer, M11: 3,4-dime-
thoxybenzaldehyde, M12: 3-methyl-1-butanol monomer, M13: trans-
2-pentenal dimer, M14: 3-methyl-1-butanol dimer, M15: 4-methyl-2-
pentan-2-one dimer, M16: 1-pentanol monomer, M17: 1-pentanol
dimer, M18: cis-2-penten-1-ol, M19: 2-hexanone monomer, M20:
ethyl butyrate monomer, M21: hexanal monomer, M22: ethyl butyrate
dimer, M23: 2-hexanone dimer, M24: hexanal dimer, M25: trans-2-
hexenal monomer, M26: ethyl isovalerate monomer, M27: trans-2-
hexenal dimer, M28: ethyl isovalerate dimer, M29: 2-heptanone
monomer, M30: heptanal monomer, M31: 2-heptanone dimer, M32:
heptanal dimer, M33: benzaldehyde monomer, M34: trans-2-heptenal
monomer, M35: benzaldehyde dimer, M36: trans-2-heptenal dimer,
M37: 6-methyl-5-hepten-2-one, M38: 2-octanone monomer, M39:
octanal monomer, M40: 2-octanone dimer, M41: octanal dimer, M42:
trans-2-octenal monomer, M43: trans-2-octenal dimer, M44: 2-
nonanone monomer, M45: 2-nonanone dimer, M46: nonanal
monomer, M47: nonanal dimer, M48: linalool, M49: 1-penten-3-ol
monomer, M50: 1-penten-3-ol dimer.

types of honey samples studied. A visual exploration of this
figure reveals that the compounds valeraldehyde and hexanal
mainly appear in albaida honey, whereas linalool is more
abundant in heather honey. Heather, Spanish lavender and oak
honeys also showed a higher concentration of benzaldehyde.
Regarding ketones, the content of 2-pentanone was majority in
thyme honey and a higher content of 2-butanone was found in
thyme and oak honeys.

3.2. Method characterization and quantification of
identified volatile compounds

In order to quantify the content of the 15 volatiles identified in
the samples of honey, calibration curves were established using
refined oil spiked at eight concentration levels between 0.15 and
10 pg g '. The quantitative analysis was approached using
refined oil as it is an oily matrix more similar to honey than an
aqueous matrix as it was not possible to have access to a blank
honey sample lacking all volatile compound types. Each
concentration level was twice injected.
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With the purpose of obtaining the best calibration curve,
since the IMS analysis can give rise to the appearance of several
signals for a single compound, different analytical responses
were considered: the intensity of the protonated monomer, the
intensity of the proton-bound dimer or the sum of both
protonated monomer and proton-bound dimer intensities. In
addition, the least-square and logarithmic regressions were
tested. In all cases, the data were adjusted to a logarithmic
regression in agreement with previous studies.*® Table 2 shows
the results obtained when logarithmic regression adjustment
was evaluated and, as can be seen, the sum of the protonated
monomer and proton-bound dimer allows us to obtain the best
regression coefficients (R*> > 0.97), in addition to the better
sensitivity given by a greater slope of the regression curves. Note
that only protonated monomers were monitored for 6-methyl-5-
hepten-2-one, 3,4-dimethoxybenzaldehyde, cis-2-penten-1-ol,
and linalool in the range of concentrations studied, therefore
calibration curves for these compounds were obtained using the
protonated monomer only. Table 2 also shows the limits of
detection (LODs) and quantification (LOQs), which were calcu-
lated as 3 or 10 signal-to-noise ratios (S/N), respectively. LOQs
ranged between 0.03 and 0.53 pg g, which corresponded to
hexanal and linalool, respectively.

In order to fully characterize the method precision, it was
evaluated in terms of repeatability (intraday analysis) and
intermediate precision (inter-day analysis). The repeatability of
the procedure was assessed by preparing six replicates of
a standard mixture of all compounds at 1 and 5 pg g~ " in a non-
aqueous matrix (refined oil) on the same day and twice injecting
each one (n = 12). A similar procedure was carried out on six
consecutive days (samples at 1 and 5 pg g~ " each day and each
sample injected twice) in order to evaluate the intermediate
precision of the method (n = 12). Table 3 shows the relative
standard deviation (RSD%) values obtained for the sum of
intensities of protonated monomer and proton-bound dimer
peaks. RSDs below 10% were obtained in both cases.

Once the method was characterized, it was applied for the
quantification of honey compounds. The average contents
together with their standard deviation values for each category
are shown in Table 4. This information was used to compare the
different categories applying one-way analysis of variance
(ANOVA) and least significant difference (LSD) test. Considering
that the number of samples from some floral origins was
limited, honey samples were grouped into 5 groups: thousand
flowers, rosemary, albaida, orange blossom, and others. The
class “others” was composed of the following floral origins:
honey broom, thyme, heather, melon, Spanish lavender and
oak.

The results showed that the compounds valeraldehyde and
hexanal allowed differentiation of albaida honey from the rest
of the samples, since their concentration is higher in albaida
honey (0.4 + 0.6 ug g~ * for valeraldehyde and 0.8 + 0.3 ug g *
for hexanal), whereas the content of 6-methyl-5-hepten-2-one
was slightly higher in orange blossom than in the rest of the
botanical origins. The compound 3-methyl-1-butanol showed
the highest (0.39 + 0.04 pg g~ ') and lowest (0.35 & 0.03 ug g~ )
abundance in thousand flowers and blossom samples,

This journal is © The Royal Society of Chemistry 2022
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Table 1 Volatile compounds in honey monitored by HS-GC-IMS
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Retention time Monomer drift Dimer drift

Standard (s) time (ms) time (ms) Ko® K’
2-Butanone 279.18 7.821 9.356 1.953 1.633
Ethyl acetate 288.09 8.132 10.113 1.871 1.504
1-Penten-3-ol 341.55 9.115 9.602 1.676 1.591
2-Pentanone 346.50 8.266 10.335 1.844 1.475
Valeraldehyde 355.41 8.733 10.736 1.749 1.423
3-Methyl-1-butanol 396.00 9.134 11.203 1.672 1.363
3,4-Dimethoxybenzaldehyde 403.92 8.795 — 1.737 —
4-Methyl-2-pentanone 404.91 8.595 11.143 1.777 1.371
trans-2-Pentenal 422.73 8.128 10.196 1.879 1.498
1-Pentanol 435.60 9.369 11.236 1.630 1.359
cis-2-Penten-1-ol 439.56 9.822 — 1.555 —
2-Hexanone 462.33 8.778 11.359 1.740 1.345
Hexanal 476.19 9.312 11.804 1.640 1.294
Ethyl butyrate 478.17 8.729 11.53 1.750 1.325
Ethyl isovalerate 549.45 8.693 12.14 1.757 1.258
trans-2-Hexenal 549.54 8.778 11.515 1.740 1.326
2-Heptanone 597.96 9.267 12.382 1.648 1.234
Heptanal 611.82 9.868 12.850 1.548 1.189
trans-2-Heptenal 689.14 9.280 12.636 1.646 1.209
Benzaldehyde 699.93 8.511 11.092 1.795 1.377
6-Methyl-5-hepten-2-one 727.65 8.844 — 1.727 —
2-Octanone 734.58 9.718 13.319 1.572 1.147
Octanal 749.43 10.433 13.86 1.464 1.102
trans-2-Octenal 834.57 9.842 13.816 1.552 1.106
2-Nonanone 886.05 10.277 14.375 1.486 1.063
Linalool 900.90 9.148 — 1.670 —
Nonanal 905.85 10.973 14.8 1.392 1.032

“ K, monomer. © K, dimer.
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Fig. 2

respectively, while a high variability was found in the rest of the
groups. Something similar was concluded for trans-2-hexenal,
where the highest concentrations were detected in the thousand
flowers honey samples (0.43 4 0.03 pg g ). The aldehydes
octanal and nonanal presented the same distribution, their
concentration was higher in rosemary honey samples (0.51 +
0.07 ug g ' and 1.3 £ 0.7 ug g ' for octanal and nonanal,
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Intensity comparison of the compounds identified in the samples of each category.

respectively) and lower in orange blossom and the category
named as “others”, respectively. In addition, 2-hexanone was
also detected in a higher concentration in rosemary (0.18 & 0.04
ug g~ 1), whereas benzaldehyde was present in a lower amount
in orange blossom samples (0.7 + 0.2 pg g '). Finally, no
significant differences were found for 2-heptanone, heptanal, 2-
butanone, 2-pentanone and ethyl acetate. Although linalool was
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Table 3 Precision study of the HS-GC-IMS method for compounds
identified in honey samples calculated using the sum of intensities of
the protonated monomer and proton-bound dimer (n = 12)

Repeatability Intermediate

(RSD, %) precision (RSD, %)
Compounds lpgg™ S5Spgg ' 1ngg ' Spgg’
2-Butanone 1.2 0.5 2.1 0.7
Ethyl acetate 1.5 0.4 4.2 0.9
2-Pentanone 2.2 0.6 5.3 1.3
Valeraldehyde 1.5 0.6 7.2 6.1
3-Methyl-1-butanol 4.4 1.3 8.1 5.4
2-Hexanone 3.0 0.9 7.6 3.5
Hexanal 2.0 0.3 7.8 5.6
trans-2-Hexenal 4.0 1.9 9.4 6.4
2-Heptanone 3.4 1.5 9.2 5.4
Heptanal 2.4 0.9 9.4 5.2
Benzaldehyde 5.6 1.8 9.7 6.1
6-Methyl-5-hepten-2-one 3.6 1.9 8.7 6.9
Octanal 5.7 2.3 7.4 7.1
Linalool 6.4 3.1 9.3 8.7
Nonanal 2.3 2.7 9.7 9.0

very characteristic of the samples of heather botanical origin
(Fig. 2), when heather honey was included in the group
“others”, no significant differences were found between
categories.

As has been demonstrated, certain compounds can be
associated with a concrete category. Moreover, VOCs identified
in similar honey types harvested in other parts of the world are
shown in ESI Table S2.f Nevertheless, only the compounds
benzaldehyde, linalool, octanal and nonanal are among the
fifteen VOCs identified in our study, which have been previously
reported in honeys from Greece, Portugal, Italy or Argentina.
But this comparison did not yield to relevant findings.

In addition, the high variability encountered within a group
did not allow the establishment of a concentration threshold for
each category that would allow us to create classification rules,
and consequently, the establishment of chemometric models is
necessary.

3.3. Chemometric models for honey classification according
to its floral origin

As described above, topographic maps were initially aligned by
overlaying the samples to a reference honey. A dataset was built
enclosing all samples and features whose dimensions were 89
(known samples) x 275 (features). This matrix was divided into
two groups, 80% of samples for model training and 20% of
samples for model validation. The models were also con-
structed to differentiate between the 5 categories established in
Section 3.2 (thousand flowers, rosemary, albaida, orange
blossom, and others). Specifically, the training set (71 samples)
consisted of 10 samples of orange blossom honey, 8 samples of
albaida honey, 9 samples of rosemary honey, 21 samples of
thousand flowers honey and 23 samples of the group “others”.
On the other hand, the validation set (18 samples) was
composed of 3 samples of orange blossom honey, 2 samples of

This journal is © The Royal Society of Chemistry 2022
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Table 4 Average concentrations (ng g~ and standard deviation of the identified volatile compounds in each category including results of the

LSD test®

Compound Thousand flowers Rosemary Albaida Orange blossom Others
2-Butanone 0.06 + 0.02% 0.05 + 0.02% 0.046 =+ 0.003% 0.050 =+ 0.007° 0.06 + 0.01%
Ethyl acetate 0.5 + 0.4% 1.3 +1.4% 0.069 =+ 0.006* 1.1+ 1.8 0.2 £+ 0.2%
2-Pentanone 0.07 + 0.01% 0.08 + 0.01% 0.0685 + 0.0001° 0.071 = 0.009% 0.07 + 0.01%
Valeraldehyde 0.05 + 0.02° 0.04 + 0.01° 0.4 £ 0.6° 0.04 + 0.01% 0.04 + 0.01%
3-Methyl-1-butanol 0.39 + 0.04° 0.36 + 0.01*° 0.39 + 0.04*° 0.35 + 0.03% 0.38 + 0.03%°
2-Hexanone 0.15 + 0.02%P 0.18 + 0.04° 0.15 + 0.01®P 0.17 + 0.02%P 0.15 + 0.02%
Hexanal 0.05 + 0.03% 0.035 =+ 0.006° 0.8 +0.3° 0.035 =+ 0.004% 0.033 = 0.004%
trans-2-Hexenal 0.43 £ 0.03° 0.402 + 0.004%P 0.40 £ 0.01*P 0.399 + 0.001% 0.40 + 0.01%
2-Heptanone 0.25 + 0.02° 0.26 + 0.03% 0.243 =+ 0.002% 0.242 =+ 0.007° 0.25 + 0.02%
Heptanal 0.0 £ 0.0° 0.0 + 0.0° 0.05 =+ 0.08% 0.0 + 0.0° 0.01 =+ 0.05%
Benzaldehyde 1.2 + 0.6™° 1.2 + 0.6° 1.0 + 0.1*P 0.7 + 0.2° 2.0 + 1.5°
6-Methyl-5-hepten-2-one 0.31 + 0.01° 0.31 + 0.01° 0.30 + 0.022 0.33 + 0.01° 0.299 =+ 0.003%
Octanal 0.48 + 0.02%P 0.51 + 0.07° 0.49 + 0.02% 0.46 + 0.02% 0.47 + 0.022
Linalool 1.0 + 0.5% 0.8 + 0.2° 0.67 + 0.09? 1.1+ 0.7% 1.4 +1.9°
Nonanal 0.9 + 0.3% 1.3 +0.7° 1.0 + 0.4 1.0 + 0.22 0.8 + 0.2%

“ a, b superscripts represent the results of ANOVA and LSD test, i.e., the classification into different groups for a specific compound.

albaida honey, 2 samples of rosemary honey, 5 samples of
thousand flowers honey and 6 samples of honey from the group
“others”.

Raw data or data with logarithmic transformation were used
to assess the performance of different OPLS-DA models. In both
cases six different scalings (UV, UVN, Par, ParN, Crt and Freeze)
were tested. In addition, the normalization using RIP intensity
was also investigated. The results obtained for each model are
shown in ESI Table S1.f As can be seen, all models presented
Q2(cum) values above 0.5, which prove their robustness, except
for the Ctr scale without log transformation, and the UVN and
ParN scales with log transformation. The results demonstrate
the need to normalize the signals with RIP intensity, where the

10

5. “

1

UV scale with logarithmic transformation showed the best
results. Fig. 3 shows the score plot of the optimal OPLS-DA
model, where there is a clear separation between classes. The
classification and validation rates were both 100%, correctly
classifying all honey samples, and therefore obtaining 100%
sensitivity and precision.

3.4. Model application for classification of honey samples
with unknown floral origin

The applicability of the HS-GC-IMS method was evaluated by
analyzing 14 honey samples of unknown floral origin. Samples
were analyzed in triplicate, obtaining a final set of 42 samples.

W ~ibaid

Orange blossom
[l Thousand fiowers
[l Other

B Rosemary

' O
. ... e

1.00186 * t[2]

-10

15 ~ T - .
-15 -10 -5

L J

5 *

0 5 10

1.00073 * t[1]

R2x[1] = 0.112 R2x[2] = 0.0589

E1lipse: Hotelling's T2 (95%)

Fig. 3 OPLS-DA score plot using the UV scale with logarithmic transformation.
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The optimal OPLS-DA models classified seven of them as
thousand flowers honey, two as orange blossom honey, and one
as albaida honey, and four samples belong to other classes.

4. Conclusions

In this work, the potential of the HS-GC-IMS methodology has
been evaluated for classification of different types of honey
according to their floral origin. In addition, identification and
quantification of characteristic honey volatile compounds have
been carried out. Specifically, fifteen compounds were identi-
fied and quantified using logarithmic regression and the sum of
protonated monomer and proton-bound dimer intensities as
the analytical response. The volatile compound contents were
used to compare five different honey floral origins by means of
ANOVA and LSD tests, concluding that valeraldehyde and
hexanal were more abundant in albaida honeys, whereas the
concentration of 6-methyl-5-hepten-2-one was higher in orange
blossom honey. However, the high within-group variability
observed prevented the determination of the concentration
limit of the compound in each category, requiring the use of
chemometric models. HS-GC-IMS analysis combined with che-
mometric tools has shown great potential for the classification
of honey samples according to their floral origin. In particular,
the use of the normalised data with the RIP intensity adjusted to
the UV scale with logarithmic transformation in an OPLS-DA
model allows us to correctly classify 100% of the samples. The
applicability of the method was demonstrated by analysing 14
unknown samples being classified into three different groups.
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Chapter 10

Headspace gas chromatography coupled to mass
spectrometry or and ion mobility spectrometry: Classification
of virgin olive oils as a study case
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ABSTRACT

Due to its multiple advantages, ion mobility spectrometry (IMS) is being
considered a complementary technique to mass spectrometry (MS). The goal of this
work is to investigate and compare the capacity of IMS and MS in the classification of
olive oil according to its quality. For this purpose, two analytical methods based on
headspace gas chromatography (HS-GC) coupled to MS or to IMS have been optimized
and characterized for the determination of volatile organic compounds from olive oil
samples. Both detectors were compared in term of sensitivity and selectivity,
demonstrating that complementary data were obtained and both detectors have proven
to be complementary. MS and IMS showed similar selectivity (ten out of 38 compounds
were detected by HS-GC-IMS whereas twelve compounds were detected by HS-GC-MS).
However, IMS presented slightly better sensitivity (LOQ ranged between 0.08 and 0.8
Mg gt for HS-GC-IMS, and between 0.2 and 2.1 pg g for HS-GC-MS). Finally, the
potential of both detectors coupled to HS-GC for classification of olive oil samples
depending on its quality was investigated. In this case, similar results were obtained
when using both HS-GC-MS and HS-GC-IMS equipments (85.71 % of samples of the
external validation set were classified correctly (validation rate)) and, although both
techniques showed to be complementary, data fusion did not improve validation results
(80.95% validation rate).
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Abstract: Due to its multiple advantages, ion mobility spectrometry (IMS) is being considered as a
complementary technique to mass spectrometry (MS). The goal of this work is to investigate and
compare the capacity of IMS and MS in the classification of olive oil according to its quality. For this
purpose, two analytical methods based on headspace gas chromatography (HS-GC) coupled with
MS or with IMS have been optimized and characterized for the determination of volatile organic
compounds from olive oil samples. Both detectors were compared in terms of sensitivity and
selectivity, demonstrating that complementary data were obtained and both detectors have proven to
be complementary. MS and IMS showed similar selectivity (10 out of 38 compounds were detected
by HS-GC-IMS, whereas twelve compounds were detected by H5-GC-MS). However, IMS presented
slightly better sensitivity (Limits of quantification (LOQ) ranged between 0.08 and 0.8 ug g~! for
HS-GC-IMS, and between 0.2 and 2.1 pg g~! for HS-GC-MS). Finally, the potential of both detectors
coupled with HS-GC for classification of olive oil samples depending on its quality was investigated.
In this case, similar results were obtained when using both HS-GC-MS and HS-GC-IMS equipment
(85.71 % of samples of the external validation set were classified correctly (validation rate)) and,
although both techniques were shown to be complementary, data fusion did not improve validation
results (80.95% validation rate).

Keywords: gas chromatography; ion mobility spectrometry; mass spectrometry; olive oil classification;
headspace; chemometric models

1. Introduction

Ion mobility spectrometry (IMS) is a cutting-edge technique that, coupled with gas chromatography
(GCQ), is proving to be a powerful analytical tool in a wide range of research fields, such as foodomics [1,2].
IMS is based on gas phase ion separation inside a drift tube under the influence of a constant electric
field at atmospheric pressure. Neutral and gaseous molecules are ionized through the ionization
source, and generated ions travel to the drift tube through the shutter grid. The drift time of the ions is
characteristic of the analyte because of their different size and shape and is measured in milliseconds
(ms). IMS is able to provide analytical information of a great number of samples due to it being a fast
and very sensitive technique and, moreover, it requires minimal or no sample preparation; due to
its multiple advantages, it is being considered as a complementary technique for mass spectrometry
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(MS). In this work, both analytical detectors (IMS and MS) are investigated and compared using the
characterization of olive oil as a case of study.

According to its quality, olive oil is classified into three different categories: extra virgin (EVOO),
virgin (VOO) and lampante (LOO) olive oil. The official method to differentiate between these categories
is based on Regulation (EC) 640/2008 of the European Commission and involves physico-chemical
analysis together with a sensory assessment by a Panel Test [3]. It is important to take into account that
sensory assessment is based on panel tasters and there are few accredited panels in some countries.
Moreover, the time required to analyze an olive oil sample, and the high number of tasters necessary,
increases the cost of analysis. All of these facts are the main reasons for the search of analytical methods
as an alternative or complement to Panel Test analysis.

Olive oil contains a large variety of organic volatile organic compounds (VOCs), which are
closely linked to its sensory characteristics and are responsible for its aroma [4]. The determination
of VOCs in olive oil can therefore be regarded as a good strategy to classify this high-quality food
product. In recent years, several techniques have been reported for this purpose, among them being
GC coupled with different sample introduction systems and detectors. Solid phase microextraction
(SPME) and GC coupled with MS [5-11] or flame ionization detectors (FID) [12-15] have been used for
the differentiation of EVOO, VOO, and LOO.

Most of these analytical methods are based on the use of targeted features of VOCs for the
differentiation of olive oils, monitoring between 11 and 73 VOCs [5-9]. Although some authors have
proposed a strategy based on untargeted fingerprinting combined with chemometric tools [10,11].
In addition, most of the methods propose a binary chemometric model to differentiate between EVOO
and non-EVOO samples [8], LOO and non-LOO samples [5,6], or EVOO and VOO samples. The use
of two binary models for the discrimination of the three categories has also been explored [7,10].
Sales et al. [11] also proposed a ternary model for the differentiation between the three categories.
The chemometric models are based on principal component analysis (PCA), PCA- linear discriminant
analysis (LDA), partial least squares-discriminant analysis (PLS-DA) and orthogonal partial least
squares discriminant analysis (OPLS-DA).

In addition, two-dimensional GCxGC-MS has demonstrated its analytical advantages in terms
of sensitivity, reproducibility, and information potential of the 2D patterns [16]. This method was
based on the use of targeted fingerprinting to build a binary model to differentiate between EVOO
and non-EVOO also using PCA, PLS-DA, and OPLS-DA. Other analytical methods proposed include
metal-oxide sensors (MOS), which have been applied to detect the rancid defect in olive oils [17], and to
discriminate edible olive oil (EVOO and VOO) from LOO [18,19].

In recent years, the use of headspace (HS)-GC coupled with IMS [20-27] has also shown great
potential as an alternative or complementary strategy to the Panel Test. In the case of GC-IMS,
strategies based on targeted [20,24-26] and untargeted [20,22-24,27] analysis have also been explored.
The targeted analysis consisted of the monitoring from two compound (2-hexenal and hexanal or the
sum of propanal and 2-propenal) to 15 VOCs. Since a tridimensional map is obtained by GC-IMS,
the untargeted analysis consisted of the monitoring of specific untargeted markers or untargeted
fingerprinting. The chemometric models were based on the use of PCA, LDA, the k-nearest neighbor
method (K-NN), OPLS-DA, hierarchical cluster analysis (HCA), or support Vector Machines (SVM).

As mentioned above, several analytical methods have been proposed for the monitoring of VOCs
in olive oil samples and for the classification of olive oil according to its quality, most of them are based
on GC-MS and GC-IMS. However, it has not been possible to establish which analytical technique is
best for this purpose or if both can be used as alternatives or complementary techniques, since the
analytical conditions, the number of samples, and the chemometric procedure are very different in
each work. For this reason, the goal of this work is to investigate and compare the capacity of IMS and
MS in the classification of olive o0il according to its quality. For this purpose, two analytical methods
based on HS-GC-MS and HS-GC-IMS have been optimized and characterized for the determination of
VOCs. Both methods have been used to analyze 181 olive oil samples of different qualities.
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2. Materials and Methods

2.1. Standards

A total of 38 analytical standards including alcohols (1-octanol, 1-pentanol, 1-hexanol,
2-methyl-1-butanol, 3-methyl-1-butanol, trans-2-hexen-1-ol, cis-2-penten-1-ol, 2-octanol, 1-octen-3-ol),
ketones (2-butanone, 2-pentanone, 1-penten-3-one, 2-hexanone, 2-heptanone, 1-octen-3-one, 2-octanone,
2-nonanone, 4-methyl-penan-2-one, 6-methyl-5-hepten-2-one), aldehydes (hexanal, trans-2-hexen-1-al,
trans-2-pentenal, decanal, trans-2-decenal, octanal, trans-2-heptenal, heptanal, nonanal, trans-2-octenal),
esters (ethyl acetate, ethyl butyrate, ethyl isovalerate, 3-hexenyl acetate, propyl butyrate, hexyl acetate),
monoterpenes (limonene), and other compounds such as n-octane and diethyl phthalate, supplied by
Sigma-Aldrich Quimica S.L. (Madrid, Spain) were used for the identification of the characteristic aroma
of olive oils.

2.2. Samples

A total of 160 olive oil samples (52 EVOO, 56 VOO, and 52 LOO) were analyzed and used for
training and evaluation models. In addition, a set of 21 samples (7 EVOO, 7 VOO, and 7 LOO) was
used as an external validation set. All samples were from different geographical areas of Spain and
were supplied by Sovena S.A. (Sevilla, Spain).

Samples were stored in the freezer in individual bottles without headspace. One gram of these
samples was placed in a 20 mL vial closed with a magnetic cap and silicone septum and stored at 4 °C
before their analysis (no more than 24 h). Finally, samples were defrosted at room temperature for
30 min, shaken by vortex for 1 min and submitted to HS-GC-MS and HS-GC-IMS analysis.

2.3. Instrumentation and Software

Analyses were performed on a multipurpose autosampler (MPS) headspace unit provided
by Gerstel and coupled to an Agilent Technologies 6890N (N.05.05 version) gas chromatograph
(Agilent, Waldbronn, Germany), which was coupled with a 5973N simple quadrupole mass selective
spectrometer equipped with an inert ion source, or with an IMS module from G.A.S (Gesellschaft fiir
Analytische Sensorsysteme mbH, Dortmund, Germany) equipped with a Tritium source and drift tube
of 9.8 cm.

In both instruments, analytes were separated in a non-polar GC column HP-5MS Ul (Agilent),
30 m length, 0.25 mm internal diameter, and 0.25 um film thickness.

A vortex from Heathrow Scientific (Heathrow Scientific LLC, Vernon Hills, IL, USA) was also
used during the sample treatment.

MSD Chemstation Data Analysis application, Version G1701EA, revision E.02.02.5P2 was used as
software for MS coupling and LAV software (version 2.0.0) from G.A.S for IMS coupling. Data processing
was carried out using Matlab (The MathWorks, Natick, MA, USA 2002), PLS Toolbox 5.5 (Eigenvector
Research, Inc., Manson, WA, USA), and Statgraphics Centurion XV (StatPoint Technologies Inc.,
Warrenton, VA, USA).

2.4. HS-GC-IMS Analysis

A sample of 1 g was incubated at 90 °C for 3 min (750 rpm). Injection of 750 uL from headspace
was carried out using a 2.5 mL syringe at 90 °C in splitless mode. Nitrogen of 99.99% purity (supplied
by Air Liquide, Madrid, Spain) was used as the carrier gas at a constant flow rate of 1 mL min~!.
The oven was set as follows: initial temperature of 50 °C held for 3 min, which was increased from
50 °C to 120 °C at 5 °C min~! and held at 120 °C for 3 min (total run: 20 min). Analytes were driven
to the IMS module and ionized by a Tritium source at atmospheric pressure in a positive ion mode.
Nitrogen was also used as a drift gas at a constant flow of 150 mL min~!. The IMS was operated at

a constant voltage of 500 V cm~! and a temperature of 45 °C. Each spectrum was acquired with an
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average of 32 scans, obtained using a repetition rate of 30 ms, a grid pulse width of 150 ps, and drift
and blocking voltages of 241 V and 70 V, respectively.

2.5. HS-GC-MS Analysis

A sample of 1 g was incubated at 90 °C for 15 min (750 rpm), no magnetic bar was used for vortexing.
Then, 750 pL were injected at 90 °C in splitless mode (using a 2.5 mL syringe). Helium (99.9999%
purity) supplied by Air Liquide (Madrid, Spain) was used as the carrier gas at a constant flow rate of
1 mL min~!. The oven was set at an initial temperature of 40 °C held for 3 min and heated from 40 °C
to 250 °C at a rate of 10 °C min~! and held at 250 °C for 6 min (total run: 30 min). The MS was operated
in electron impact mode at 70 eV; ionization energy and data were collected in the range of 20400 m/z.
The ion source, transfer line, and quadrupole temperatures were 230, 300, and 150 °C, respectively.

2.6. Statistical Analysis

As quality control, a standard solution of ketones (octan-2-one, heptan-2-one, hexan-2-one,
pentan-2-one, and butan-2-one) at 0.5 mg L™! and one olive oil sample were daily analyzed by both
analytical methods.

An HS-GC-IMS analysis results in a tri-dimensional map in which the Y axis represents the
retention time in the chromatographic column (in seconds), the X axis represents the drift time in the
drift tube (in milliseconds), and the Z axis represents the intensity value (in V) of each compound.
For data processing, an initial step of peak alignment was carried out, it was performed only in a
retention time scale using a reactant ion peak (RIP) as reference and LAV software. Then, markers
were selected by visual exploration of the topographic plots of each sample and their intensities were
selected as the analytical signals.

The dataset was formed with all samples and all selected markers. This strategy has been already
proposed for IMS data processing, specifically for olive oil analysis [20,22,23], although, it has been
also used for other food applications [1].

Data from HS-GC-MS were processed following two different strategies: the use of the whole
chromatographic profile, i.e., the total ion chromatogram (TIC), or the use of the areas of the main
chromatograph peaks. No data pre-processing was needed for the dataset of peak integration. However,
in the case of the TIC dataset, baseline correction was necessary. It was corrected by subtracting the
mean value of the background.

After data pre-processing, the tree different datasets were divided into two groups: the training set
for the construction of the chemometric models (128 samples) and evaluation set validation (32 samples)
for the optimization of method parameters. In addition, an external test set (21 samples) was used
for method validation. The constructions of chemometric models were carried out based on previous
reported methods for the classification of olive oil [20,22]. A non-supervised PCA analysis using
auto-scales was carried out in order to reduce the dimensionality. Then, PCA scores were used to carry
out an LDA. Finally, k-NN, using k = 3, was applied to classify the samples.

3. Results

3.1. Optimization of HS-GC-MS and HS-GC-IMS Methods

The optimization of both analytical methods was carried out with the aim of achieving the
best results in terms of intensity and separation between peaks, from the previously described
conditions [6-10,20-23]. With this purpose, the variable injection volume, time, and temperature of
incubation, and injector temperature were investigated using both techniques.

The effect of the injection volume was studied between 500 pL and 750 pL, obtaining higher
intensity signals with 750 pL. The effect of the sample incubation temperature was studied between
60 °C and 90 °C. High temperatures facilitate the release of volatile organic compounds with high
boiling points. This caused an increase in the number of signals and their intensities in the 60-90 °C
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range, therefore, 90 °C was selected as the optimum. Then, the sample incubation time was studied
between 5 and 20 min. For HS-GC-MS, the signal intensities increased as the incubation time increases,
however no significant differences were found between 15 and 20 min, and therefore, sample incubation
time was set at 15 min (Supplementary Materials Figure S1). In the case of HS-GC-IMS, no significant
differences were appreciated between 5 and 20 min, thus the incubation time was investigated in the
range of 1 to 5 min, selecting 3 min as the optimum, since higher temperatures did not improve the
spectrum (Supplementary Materials Figure S2). Finally, the injector temperature was studied between
70 °C and 90 °C and no significant differences were found. For this reason, the injector temperature
was set to 90 °C (temperature of sample incubation). Based on previous work, the salt addition was
not considered since it does not cause any increase in VOC signals and in contrast, a reduction of some
signals is observed when the saturated salt solution is added to the olive oil [23].

The oven program was also studied for both methods in order to achieve optimal conditions.
The best peak separation in HS-GC-MS was obtained with the following conditions: initial temperature
of 40 °C held for 3 min, increased to 250 °C at 10 °C min~! and held at 250 °C for 6 min. For HS-GC-IMS,
temperatures higher than 120 °C were not recommended by the manufacturer of the IMS, since the drift
tube has a temperature limitation of 100 °C, therefore the oven was set as follows: initial temperature
of 50 °C were held for 3 min, which was increased from 50 °C to 120 °C at 5 °C min~! and held at
120 °C for 3 min.

Finally, the drift tube temperature of HS-GC-IMS was investigated between 45 and 75 °C and no
significant differences were obtained, therefore 45 °C was selected for further experiments.

3.2. Identification and Quantification of Volatile Compounds in Olive Oil Samples by HS-GC-MS
and HS-GC-IMS

A total of 160 olive oil samples of different qualities (52 EVOO, 56 VOO, and 52 LOO) were analyzed
with both analytical techniques and an attempt was then made to identify as many signals as possible.
For this purpose, 38 standard compounds that have been previously described in olive oil samples
and cited in Section 2.1, were prepared at 2 g g~ in refined oil and also analyzed for both methods.
Standard compound information is shown in Supplementary Materials Table S1. All compounds could
be detected in a mixture using the HS-GC-MS method (Figure 1a), however only 25 of the analyzed
compounds could be detected by HS-GC-IMS (Figure 2a). Hence, 13 VOCs that were monitored by the
HS-GC-MS device, were not detected under the developed HS-GC-IMS method, these compounds are:
1-hexanol, 3-methyl-1-butanol, 2-nonanone, decanal, trans-2-decenal, trans-2-hexen-1-ol, 1-octen-3-ol,
octanal, cis-2-penten-1-o0l, 2-octanol, 1-octanol, n-octane, and diethyl phthalate.
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Figure 1. Total ion chromatogram (TIC) of a standards mixture (a) and an extra virgin olive oil
(EVOO) sample (b) showing the volatile compounds identified by headspace gas chromatography
(HS-GC) coupled with mass spectrometry (MS): (1) ethyl acetate, (2) 2-butanone, (3) 2-pentanone,
(4) 1-penten-3-one, (5) 2-methyl-1-butanol, (6) 3-methyl-1-butanol, (7) 4-methyl-pentan-2-one,
(8) trans-2-pentenal, (9) 1-pentanol, (10) cis-2-penten-1-ol, (11) 2-hexanone, (12) n-octane, (13) hexanal,
(14) ethyl butyrate, (15) trans-2-hexen-1-al, (16) ethyl isovalerate, (17) 1-hexanol, (18) trans-2-hexen-1-ol,
(19) 2-heptanone, (20) propyl butyrate, (21) heptanal, (22) trans-2-heptenal, (23) 1-octen-3-one,
(24) 1-octen-3-ol, (25) 6-methyl-5-hepten-2-one, (26) 2-octanone, (27) 2-octanol, (28) octanal,
(29) 3-hexenyl-acetate, (30) hexyl acetate, (31) limonene, (32) trans-2-octenal, (33) 1-octanol,
(34) 2-nonanone, (35) nonanal, (36) decanal, (37) trans-2-decenal, (38) diethyl phthalate.

Measurement run (s)
Measurement run (s)

Drift time (RIP relative) Drift time (RIP relative)

Figure 2. Topographic maps of the standards mixture (a) and an EVOO sample (b) showing the
volatile compounds identified by HS-GC coupled with ion mobility spectrometry (IMS): (M1m)
2-butanone monomer, (M1d) 2-butanone dimer, (M2m) 2-pentanone monomer, (M2d) 2-pentanone
dimer, (M3m) 2-hexanone monomer, (M3d) 2-hexanone dimer, (M4m) 2-methyl-1-butanol monomer,
(M4d) 2-methyl-1-butanol dimer, (M5m) 1-pentanol monomer, (M5d) 1-pentanol dimer, (M6m) hexanal
monomet, (M6d) hexanal dimer, (M7m) trans-2-pentenal monomer, (M7d) trans-2-pentenal dimer,
(M8m) ethyl acetate monomer, (M8d) ethyl acetate dimer, (M9m) ethyl butyrate monomer, (M10m)
trans-2-hexen-1-al monomer, (M10d) trans-2-hexen-1-al dimer, (M11m) 1-penten-3-one monomer,
M11d) 1-penten-3-one dimer, (M12m) 2-heptanone monomer, (M12d) 2-heptanone dimer, (M13m)
2-octanone monomer, (M13d) 2-octanone dimer, (M14m) 1-octen-3-one monomer, (M14d) 1-octen-3-one
dimer, (M15m) ethyl isovalerate monomer, (M15d) ethyl isovalerate dimer, (M16m) propyl butyrate
monomer, (M16d) propyl butyrate dimer, (M17m) trans-2-heptenal monomer, (M17d) trans-2-heptenal
dimer, (M18m) heptanal monomer, (M18d) heptanal dimer, (M19m) nonanal monomer, (M20m)
limonene monomer, (M20d) limonene dimer, (M21m) trans-2-octenal monomer, (M21d) trans-2-octenal
dimer, (M22m) 4-methyl-pentan-2-one monomer, (M22d) 4-methyl-pentan-2-one dimer, (M23m)
6-methyl-5-hepten-2-one monomer, (M24m) hexyl acetate monomer, (M24d) hexyl acetate dimer,
(M25m) 3-hexenyl acetate, (M25d) 3-hexenyl acetate.

In the olive oil samples analyzed by HS-GC-IMS, a total of 10 VOCs were identified,
named 2-pentanone, hexanal, ethyl acetate, trans-2-hexen-1-al,1-penten-3-one, heptanal, nonanal,
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4-methyl-pentan-2-one, hexyl acetate, and trans-2-pentenal. In the case of HS-GC-MS, 12 VOCs
could be identified in the analyzed samples using the extracted ion chromatogram (EIC): hexanal,
trans-2-hexen-1-al, 6-methyl-5-hepten-2-one, cis-2-penten-1-ol, n-octane, 2-octanone, 2-octanol,
limonene, 3-hexenyl acetate, nonanal, decanal, and trans-2-decenal. The identification of compounds
in HS-GC-MS was confirmed using the real standards and the match with the library. However,
the data of the libraries available for IMS are very limited, and in this case, compounds were identified
only by comparison of retention time and drift time with the real standards. Figure 2b shows an
olive oil spectrum obtained by HS-GC-IMS with 9 of 10 VOCs identified, where the monomers
and dimers of each compound have been indicated. No olive oil samples were found showing all
identified compounds. Figure 1b shows the HS-GC-MS chromatogram of an olive oil sample with the
12 VOCs identified.

In order to evaluate both analytical methods in term of validation, calibration curves
were established for ethyl acetate, 1-penten-3-one, 2-pentanone, 4-methyl-pentan-2-one, hexanal,
trans-2-pentenal, trans-2-hexen-1-al, heptanal, 6-methyl-5-hepten-2-one, 3-hexenyl acetate, nonanal,
decanal, trans-2-decenal, and hexyl acetate using refined oil spiked at six concentration levels between
0.05 and 50 pg g~!. Each concentration level was injected twice. The statistical parameters were
calculated by least-square regression for HS-GC-MS. In the case of HS-GC-IMS data, because each
compound can generate two signals corresponding to monomers and dimers, different calibration
graphs were considered. Specifically, the least-square and logarithmic regressions were tested. In both
cases, graphics were constructed using the signal of the monomer and the dimer or the sum of both
monomer and dimer signals. The best results were obtained using the logarithmic regressions and the
sum of monomer and dimer signals. As can be seen in Table 1, satisfactory determination coefficients
were obtained in all the cases, although they were slightly better in MS (R? > 0.98 for MS and R? > 0.92
for IMS).

Limits of detection (LODs) and quantification (LOQs) were estimated as 3 x signal-to-noise ratio
(S/N) and 10 x S/N, respectively. The LOQs ranged between 0.2 and 2.1 pg g~ for HS-GC-MS and
between 0.08 and 0.82 pg g~! for HS-GC-IMS. Trans-2-hexen-1-al, hexanal, and nonanal could be
detected and quantified for both methods, although slightly better LOQ were obtained with HS-GC-IMS.

In order to compare the two different analytical methods, a simple regression using Statgraphic
software was carried out. This study was performed with the compound that could be detected
and quantified by both techniques, named trans-2-hexen-1-al, hexanal, and nonanal. In all the cases,
P-value was greater than 0.05, so there was not a statistically significant relationship between IMS
and MS data at the 95.0% confidence level. This could be justified by the difference in the analytical
response obtained since, at the range of concentrations studied, MS data were adjusted to a linear
regression while a logarithmic adjustment was necessary with the IMS data.

Calibration curves were used to quantify the identified compounds by both techniques in the
olive oil samples and this information was used to compare the three categories applying ANOVA and
Tukey’s test as post hoc test. Table 2 shows the concentration average of each analyte for each category
and the Tukey’s test results using both techniques.

The results showed that the compounds heptanal, 6-methyl-5-hepten-2-one, nonanal,
and trans-2-decenal allow differentiation between LOO and the edible olive oil samples. All these
compounds have been defined as descriptors of rancid, fatty, or mustiness-humidity [28-30].
Otherwise, ethyl acetate, 3-hexenyl acetate, and trans-2-hexen-1-al enable the differentiation between
non-defective (EVOO) and defective (non-EVOO) olive oil samples, due to these compounds being
associated with fruity, aromatic, green, or sweet sensory descriptors [23,31]. Due to the differences
in sensitivity and precision of both methods, the hexanal concentration obtained by HS-GC-IMS
allowed the differentiation of EVOO from the rest of the categories, while this compound enabled
discrimination of LOO samples using HS-GC-MS. Depending on its concentration, hexanal has been
related to a mustiness-humidity, fusty, winey-vinegary, or rancid defect, but also to green-sweet,
green apple and grass sensory descriptors [20,22-24,32-35]. The ketone 1-penten-3-one was the only
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compound that allowed the differentiation between the three categories, which has previously been
described as an accurate marker of EVOO quality [36]. This compound is related to green, pungent,
and sweet sensory descriptors [20,22,23,32-35]. No significant differences were found for 2-pentanone,
4-methyl-pentan-2-one, related with sweet, fruity or ethereal sensory properties [22,32], and decanal,
related to rancid defect [20,23]. The trans-2-pentenal, which is related to a winey-vinegary, pungent,
green characteristic [20,23,34,35], enabled the observation of differences between EVOO and LOO,
although, VOO cannot be distinguished from EVOO or LOO.

As has been shown, certain compounds can be associated with a particular category. However,
the high variability observed within the same group did not allow the establishment of a compound
concentration limit in each category and therefore chemometric models are necessary.
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Table 1. Calibration curves and performance characteristics of the headspace-gas chromatography (HS-GC) coupled with mass spectrometry (MS) and ion mobility
spectrometry (IMS) methods.

HS-GC-MS HS-GC-IMS
Linear Drift Time Drift Time Logarithmic
Analyte RT (min) Dynamic R? LOQ RT (s) Monomer 0 o) Dynamic R? LOQ
Range (ug g™1) (ms) Range (ug g™1)

Ethyl acetate - - - - 276.2 9.0 11.0 0.08-20 0.985 0.08
1-penten-3-one - - - - 328.7 8.8 10.7 0.08-20 0.989 0.08
2-pentanone - - - - 334.6 9.2 11.3 0.15-50 0.993 0.15
4-methyl-pentan-2-one - - - - 396.9 9.6 12.2 0.10-50 0.990 0.10
Hexanal 5.2 0.90-50 0.987 0.90 462.3 10.3 12.8 0.75-50 0.999 0.75
Trans-2-pentenal - - - - 411.8 9.1 11.2 0.82-50 0.993 0.82
Trans-2-hexen-1-al 6.3 0.38-50 0.995 0.38 554.4 9.6 12.4 0.15-50 0.984 0.15
Heptanal - - - - 631.6 10.8 13.8 0.42-50 0.976 0.42

6-methyl-5-hepten-2-one 8.9 0.44-50 0.993 0.44 - - - - - -

3-hexenyl acetate 9.2 0.48-50 0.995 0.48 - - - - - -
Nonanal 10.8 0.20-50 0.996 0.20 989.0 12.0 ND 0.10-50 0.920 0.10

Decanal 12.4 1.55-50 0.996 1.55 - - - - - -

Trans-2-decenal 14.4 2.10-50 0.985 2.10 - - - - - -
Hexyl acetate ND ND ND ND 830.6 11.3 15.5 0.21-20 0.993 0.21

Calibration curves only were constructed for the compounds identified in olive oil samples. RT: Retention time, LOQ: Limits of quantification.
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Table 2. Average concentrations (ig-g~!) and standard deviation of each analyte including results of the Tukey’s test.
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HS-GC-MS HS-GC-IMS Sensory Properties
Analyte EVOO VOO LOO EVOO VOO LOO [20-24,32-351
Fusty, winey-vinegary,
Ethyl acetate - - - 0.17+0.16 2 0.46 + 0.56 P 0.99 + 1.47P fruity, aromatic, ethereal,
sweet
1-penten-3-one - - - 0.66 +0.09 2 0.31+0.01P 0.14+£0.01¢ Green, pungent, sweet
2-pentanone - - - 0.19+£0.142 0.17£0.082 0.15+0.092 Sweet
4-methyl-pentan-2-one - - - 0.70 £0.712 0.62 +0.492 152 +0.772 Fruity, sweet, ethereal
Mustiness-humidity, fusty,
Hexanal 0.70 +0.33 2 091 +022° 110+ 04° 0.86 = 0.01 2 0.97 +0.60® 0.99+0.20" winey-vinegary, rancid,
green-sweet, green apple,
grass
Trans-2-pentenal - - - 0.83+0.122 1.06 +0.12 2P 130 £0.13° Wmey"’m;f;g” pungent,
Mustiness-humidity, fusty,
Trans-2-hexen-1-al 0.70 £0.28 2 045 +0.17P 0.40 +0.19° 0.74 +0.15% 0.48 +0.19P 0.39 +0.21°P winey-vinegary, rancid,
bitter almond, green
Heptanal - - - 049+0.102 0.50 = 0.08 2 0.94 +0.12° Rancid, fatty, woody
6-methyl-5-hepten-2-one 0.16 + 0.152 0.18+ 0292 0.67 £ 093 - - - Mustiness-humidity, fusty,

rancid, pungent, green
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HS-GC-MS HS-GC-IMS Sensory Properties
[20-24,32-35]
Analyte EVOO VOO LOO EVOO VOO LOO
3-hexenyl acetate 1010172 0.50 + 0.23 P 047 £ 03P - - - Green ba“afrr‘i'i t‘b;ree“ leaves,
Nonanal 0.28 £0.122 0.31+0.182 0.63 +0.36 P 0.35+0.152 0.37 £0.192 0.76 + 0.42 P Rancid, fatty, waxy, pungent
Decanal 1.56 +0.202 1.63+0.752 1.63 £0.532 - - - Rancid
Trans-2-decenal 217 +£1972 232+1394 241+1.60° - - - Rancid
- - 0.52 +0.012 0.47 £0.012 0.22 +0.09 P Fruity, green, sweet

Hexyl acetate -

a, b, c superscripts represent different groups of classification for a specific compound according to the Tukey’s test. EVOO: extra virgin olive oil; VOO: virgin olive oil; LOO: lampante

olive oil.
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3.3. Chemometrics for Olive Oil Classification According to Its Quality

Chemometric models were constructed using the data obtained by HS-GC-MS and HS-GC-IMS.
Different chemometric approaches were investigated to process HS-GC-MS data, specifically,
the selection of significant marker peaks (known and unknown compounds) and the use of the
total ion chromatogram (TIC).

As described in Section 2.6, HS-GC-IMS data processing has been well-studied and it was
performed following the indication of Contreras et al. [23] In this case, chemometric models based
on PCA-LDA were preferred to the use of modelling techniques such as SIMCA or QDA. Several
papers have demonstrated the poor performance of SIMCA as compared to other methods, e.g.,
to LDA. The fact that LDA was developed by statisticians, whereas SIMCA was developed by
chemists (chemometricians) might contribute to the characteristic differences between their theoretical
backgrounds. For example, SIMCA does not require any distributional assumptions, whereas LDA
assumes normal distribution and equal variances for each class [37]. In addition, Nikita et al. observed
that QDA does not give better results than LDA and does not offer an alternative to LDA [38].

A total of 86 markers were selected by visual exploration of the topographic plots obtained by
HS-GC-IMS and their intensities were used as a dataset. Therefore, the data matrix had a dimension
of 160 (samples) x 86 (markers). This matrix was split into two datasets: calibration samples (80%)
and evaluation samples (20%), i.e., 128 samples were used for model construction and 32 for the
optimization of K in the K-NN model. After PCA, 29 principal components were obtained including
the 99.07% of variance cumulative. The results of PCA are shown in Supplementary Materials Figure S3.
The PCA-LDA model showed a clear separation between each group of samples (Figure 3).

-0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0

LD1

Figure 3. Principal component analysis- linear discriminant analysis (PCA-LDA) model constructed
using the HS-GC-IMS markers.

The k-NN was then optimized using the evaluation set. A classification rate of 87.50% and
84.50% were obtained for k = 3 and k = 5, respectively, so k = 3 was selected as optimum. Finally,
the chemometric models were applied to classify other 20 samples (external validation set), obtaining
a validation rate (percentage of samples of the external validation set classified correctly) of 85.71%
owing to three samples being incorrectly classified: one EVOO as VOO, one VOO as EVOOQO, and one
VOO as LOO (Table 3).
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Table 3. Validation matrix by k-NN using HS-GC-IMS data.

Actual Classes

EVOO VOO LOO
EV
Predicted ©0 6 L 0 Success
) VOO 1 5 0 85.71%
classes LOO 0 1 7 71%

Asmentioned above, two different chemometric strategies were investigated to process HS-GC-MS
data. The first strategy consisted of using the chromatographic peak areas, including known and
unknown compounds, in order to obtain the maximum possible information of the chromatogram.
To do so, a total of 95 peaks were integrated and processed. The second strategy consisted of the
use of the TIC and, firstly, the need for an alignment step was evaluated; no misalignment was
detected between samples. However, a baseline shift was observed, and therefore a pre-processing
step consisting of a baseline correction was carried out. Baseline was corrected by subtracting the
mean value of background (an empty section of peaks, between 14.9 and 15.34 min). In this case,
the dimensions of the data matrix were 160 X 95 for the first strategy and 160 x 5272 for the second
strategy, since TIC was composed of 5272 values.

These matrices were also split into two datasets: a training set (128 samples) and an evaluation set
(32 samples). The PCA allowed a reduction of the dimensionality to 58 and 122 principal components
(99% variance cumulative) for the first and second strategy, respectively. The results of the PCA are
shown in Supplementary Materials Figures S4 and S5. PCA-LDA models are shown in Figures 4 and 5.

0.5

LD2

-0.5

EVOO - &
Voo
LOO

2 -1.5 1 0.5 o 0.5 1 1.5

LD1

Figure 4. PCA-LDA model constructed using the peak integration of the HS-GC-MS method.
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Figure 5. PCA-LDA model constructed using the TIC of the HS-GC-MS method.

Different K-NN models, using k = 3 and k = 5, were applied to the evaluation set. The same
classification rate was obtained for peak integration data (78.13%), however better results were obtained
with k = 3 for TIC data (87.50% for k = 3 and 84.40 % for k = 5). The application of the k-NN method
(k = 3) to the external validation set is shown in Tables 4 and 5, and as can be seen, better validation
rates (85.71%) were obtained using the TIC, similar to that obtained by IMS. In this case, all LOO
samples were also correctly classified. However, one EVOO and two VOO were also misclassified.
The results obtained with only one chemometric model are comparable to those previously reported by
means of two sequential models [10]. The use of the chromatographic peak areas showed validation
rates of 76.19%, where two EVOO samples were classified as VOO, two VOO samples as EVOO and
LOO, and one LOO sample as VOO.

Table 4. Validation matrix by k-NN using chromatographic peak areas obtained with HS-GC-MS.

Actual Classes

EVOO VOO LOO
. EVOO 5 1 0
Pr;:dlcted VOO > 5 1 S;l;clc;s/s
classes LOO 0 1 6 .19%

Table 5. Validation matrix by k-NN using the TIC obtained with HS-GC-MS.

Actual Classes

EVOO VOO LOO
. EVOO 6 1 0
Pr;:dlcted VOO 1 5 0 Sélslc;le;s
classes LOO 0 1 - .71%

3.4. Data Fusion of MS and IMS

HS-GC-MS and HS-GC-IMS showed the same validation rate, demonstrating that both techniques
are appropriate for the classification of olive oil samples. In addition, they have been shown to be
complementary, since they allowed the detection and quantification of different compounds. Therefore,
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in an attempt to improve the validation rate, the construction of chemometric models using data fusion
was investigated.

With that purpose, the 95 peak areas selected from HS-GC-MS data and the 86 markers from
topographic maps of HS-GC-IMS were united to characterize each olive oil sample, i.e., a final data
matrix with dimensions of 160 (samples) x 181 (markers) was used to carry out the chemometric
treatment. After PCA, the dataset was decreased to 45 principal components (99.10% variance
cumulative). Better results were obtained using k = 3 when the K-NN method was applied to the
evaluation set (k = 3, 81.25%; k = 5, 71.85%), so k = 3 was also selected as optimum. A validation
success rate of 80.95% (Table 6) was obtained despite the good separation obtained with PCA-LDA
(Figure 6). One EVOO sample was classified as VOO and one VOO was upgraded to EVOO. The most
important mistake was made when classifying the LOO sample, since one of them was classified
as VOO and the other one as EVOO. For all these reasons, data fusion did not improve the results
obtained and, in this case, HS-GC-MS and HS-GC-IMS could not be used as complementary techniques,
but rather as alternatives.

Table 6. Validation matrix by k-NN using data fusion of H5-GC-MS and HS-GC-IMS.

Actual Classes

EVOO vOO LOO
EVOO 6 1 1
Predicted Success
) VOO 1 6 1 80.95%
classes LOO 0 0 5 .95%
25
2
15 # _ﬁ'
1 &
05
~ [}
8
-0.5
1
1.5
-2
-ZIJ-ﬂ.S -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0 2.5
LD1

Figure 6. PCA-LDA model constructed using data fusion.

4. Discussion

In this work, two coupling techniques, HS-GC-MS and HS-GC-IMS, have been evaluated for the
classification of olive oil samples.

Both techniques have proven to be complementary for identification and quantification of
characteristic olive oil VOCs, since they were able to monitor different compounds. Specifically,
ten compounds were identified in olive oil samples using HS-GC-IMS, whereas twelve compounds
were identified using HS-GC-MS. Only trans-2-hexen-1-al, hexanal, and nonanal were identified by
both techniques. Regarding sensitivity, HS-GC-IMS showed LOQ slightly better.
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To obtain calibration curves, a least-square regression was applied in HS-GC-MS; however,
logarithmic regressions considering the sum of monomer and dimer signals as analytical responses
had to be used in HS-GC-IMS. Satisfactory determination coefficients were obtained in all cases,
although they were slightly better in MS.

Certain compounds detected for IMS and/or MS techniques can be associated with a particular
category. Specifically, heptanal, 6-methyl-5-hepten-2-one, nonanal, and trans-2-decenal allowed
differentiation between LOO and the edible olive o0il samples; whereas ethyl acetate, 3-hexenyl
acetate, and trans-2-hexen-1-al enabled the differentiation between non-defective (EVOO) and defective
(non-EVOO) olive oil samples in concordance with Romero et al. [5] The ketone 1-penten-3-one was
the only compound that allowed the differentiation between the three categories, also in concordance
with Garrido-Delgado et al. [36]. However, the high variability observed within the same group did
not allow the establishment of a compound concentration limit in each category, making necessary the
use of chemometric models.

Finally, HS-GC-MS and HS-GC-IMS models showed the same validation rate (85.71%) for
classification of olive oil samples, although it was necessary to use the entire chromatographic profile
obtained by MS to achieve the results obtained by IMS. The validation results of HS-GC-MS are similar
to other previous reported work, although in those cases, an SPME step was used instead of HS.
Quintanilla-Casas et al. obtained results of 89.2% using two sequential PLS discriminant analysis
models and an untargeted fingerprinting strategy [10]. Sales et al. obtained 70 and 85% of classification
rate monitoring 15 VOCs [7] or using untargeted fingerprinting strategies, respectively [11]. The other
work proposed for olive oil classification do not distinguish between the three classes of olive oil so they
could not be compared. In the case of HS-GC-IMS, classification rates ranged between 94% and 100%
using a 60 m capillary column, ramped temperature, and a supervised method such as OPLS-DA [23].
Gerhardt et al. obtained 83.3% using untargeted fingerprinting and LDA chemometric models [27]
and Valli et al. obtained 77% using a features signal of 15 VOCs and PCA and PLS-DA models [25].

Therefore, both techniques are appropriate for the classification of olive oil samples and could be
used as complementary or screening support to the test panel. However, both techniques should not
be applied together since data fusion did not improve the results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/9/1288/s1,
Figure S1: HS-GC-MS chromatogram obtained for 5, 10, 15 y 20 min of incubation time, Figure S2. HS-GC-IMS
spectra obtained for 1, 3 y 5 min of incubation time, Figure S3. PCA scores and loading plot using the HS-GC-IMS
markers, Figure S4. PCA scores and loading plot using the peak integration of the HS-GC-MS method, Figure S5.
PCA scores and loading plot using the TIC of the HS-GC-MS method Table S1. Chemical information of the VOCs.
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Chapter 11

Gas chromatography with ion mobility spectrometry as an
alternative to mass spectrometry for analysis of microbial
contaminated cosmetic creams

M. Garcia-Nicolds, N. Arroyo-Manzanares, J. de D. Hernandez, 1. Guillén, P. Vizcaino, M.
Sanchez-Rubio, 1. Lopez Garcia, M. Hernandez Cérdoba and P. Vifias.
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ABSTRACT

The most commonly used technique for monitoring microbial contamination in
cosmetic products is plate counting. In this contribution, headspace - gas
chromatography (HS-GC) coupled to mass spectrometry (MS) or ion mobility
spectrometry (IMS) is proposed as a technique to evaluate rapidly and accurately the
state of microbial colonies in cosmetic creams using the volatile organic compounds
produced by microorganisms (MVOC). The work focuses on monitoring two of the
microorganisms that most frequently occur in such creams, Candida albicans and
Staphylococcus aureus. In addition, two different types of ingredient with antimicrobial
properties (a chemical preservative and a natural preservative) were added to study the
behaviour of these microorganisms under different conditions. The facial creams were
elaborated and inoculated with the two above microorganisms, and then sampled
weekly for 4 weeks, analysing the evolution of the MVOCs by HS-GC-MS and HS-GC-
IMS. In addition, microbial contamination was determined by the classical plate
counting method. The pH, colour, viscosity and water activity parameters were also
measured. The use of chemometric tools is essential because of the large amount of
data generated, and different models based on discriminant analysis with an orthogonal
projection on latent structures (OPLS-DA) were constructed. The optimal models
obtained by both analytical techniques allowed differentiation between contaminated
and non-contaminated creams, with a validation success rate of 94.4%. In addition,
MVOC monitoring also allowed assessment of the microbial concentration, the best
results being obtained with HS-GC-IMS (100% validation success rate).
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produced by microorganisms (MVOC). The work focuses on monitoring two of the microorganisms that
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servative) were added to study the behaviour of these microorganisms under different conditions. The
facial creams were elaborated and inoculated with the two above microorganisms, and then sampled
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Gas chromatography weekly for 4 weeks, analysing the evolution of the MVOCs by HS-GC-MS and HS-GC-IMS. In addition,
Cosmetic creams microbial contamination was determined by the classical plate counting method. The pH, colour, vis-
Microbial contamination cosity and water activity parameters were also measured. The use of chemometric tools is essential

because of the large amount of data generated, and different models based on discriminant analysis with
an orthogonal projection on latent structures (OPLS-DA) were constructed. The optimal models obtained
by both analytical techniques allowed differentiation between contaminated and non-contaminated
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creams, with a validation success rate of 94.4%. In addition, MVOC monitoring also allowed assessment of

the microbial concentration.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The microbial contamination of cosmetic products has been
extensively studied [1,2]. Cosmetic products can be contaminated
with filamentous fungi, yeasts and bacteria from many different
sources, including the natural raw materials, equipment, water,
operators or even air. Research has shown that the most frequently
microorganisms found in cosmetics are Pseudomonas aeruginosa,
Klebsiella oxytoca, Burkholderia cepacia, Staphylococcus aureus,
Escherichia coli, Candida albicans, Enterobacter gergoviae and Ser-
ratia marcescens, although other bacteria, fungi and yeasts may also
be found [3]. In this work, two of these microorganisms, S. aureus
and C. albicans, were investigated. S. aureus is an opportunistic
human pathogen and it is one of the principal causes of skin in-
fections, many of which involve episodes of cellulite and post-
operative infections. In addition, skin lesions, such as atopic
dermatitis and eczema, are often caused by colonization by high
densities of this genus [4,5]. The presence of S. aureus in the
cosmetic product or its feedstock indicates that contamination may
occur as a result of human action, as it can be carried by dust, skin,
clothing and water micro-droplets generated by moving, talking
and sneezing [6]. In turn, C. albicans can produce secondary al-
lergies and mycosis, behaving as a pathogen. Since it is a normal
host of the human intestinal flora, it produces superficial or sys-
temic candidiasis in weakened, new-born children and elderly
people with a deficient immune system. Because of its propensity
to grow in humid environments, C. albicans is commonly found in
cosmetic creams [3,7].

The monitoring of microbial contamination in cosmetic creams
is of great importance to assess the useful life of these products. The
most commonly used technique to detect the presence of microbial
contamination of both S. aureus and C. albicans is the plate counting
of colony forming units (CFU). The main disadvantage of this
methodology is the length of time needed to obtain results, and,
consequently, the increase in the cost of analysis. It is for this reason
that recent studies have focused on developing alternative meth-
odologies to classical microbiological counting in order to save
materials and time, while providing sufficient viability for the
detection of microorganisms in cosmetics.

One of the alternative methods used for microbial determina-
tion in cosmetics is direct amplification of the DNA of the micro-
organism by polymerase chain reaction (PCR), enabling the
identification of bacteria such as S. aureus in the amplified DNA [8].
In addition, for the detection of S. aureus and C. albicans in cosmetic
products, rapid microbiological methods such as impedance, direct
epifluorescent filter techniques (DEFT) and bioluminescence ATP
have been used [9,10]. Matrix-assisted laser desorption ionization-
time-of-flight (MALDI-TOF) MS has also been proposed for identi-
fication of microorganism isolated in cosmetic samples [11]. This
technique allows the identification of microorganisms through an
analysis of proteins, associating a specific mass spectrum to a given
species. However, it presents drawbacks when used in direct
samples due to its low sensitivity, and the need for a considerable
amount of protein in order to obtain reliable profiles.

In recent years, the determination of microbial volatile organic
compounds (MVOC) has proved to be very useful to assess the
status of microbial communities quickly and reliably, as they

represent different MVOC profiles depending on the environment
in which they are found [12]. The difficulty of these experiments
lies in the large number of metabolites produced, as well as the
diversity of the chemical and physical properties of these com-
pounds, which makes the simultaneous quantification of all the
metabolites very complicated with current instrumental methods
[13].

Volatile compounds in cosmetic creams have been determined
using gas chromatography (GC) coupled to a flame ionization de-
tector (FID) or mass spectrometry (MS) [14]. The coupling of GC-MS
is the most widely used technique and it has been applied for the
determination of suspicious volatile allergens [15], by placing the
sample on a polydimethylsiloxane (PDMS) cylinder and using direct
contact sorptive tape extraction (DC-STE-GC-MS) [16] or with a
combination of full evaporation dynamic headspace (FEDHS-GC-
MS) [17]. It has also been used to identify and quantify nitrosamines
following solid-phase microextraction in the headspace (HS-SPME-
GC-MS) [18] and for the determination of volatile methylsiloxane
compounds with QUEChERS ("Quick, Easy, Cheap, Effective, Rugged,
and Safe") sample treatment [19]. However, to date, the volatile
profile has not been linked to microbial contamination of cosmetic
products.

The principle of ion mobility spectrometry (IMS) separation is
based on the different mobility of the gas phase ions inside a drift
tube under the effect of a constant electric field at atmospheric
pressure [20]. IMS is a rapid and very sensitive analytical technique,
which is also characterized by minimal requirements for sample
treatment and the low cost of the analysis compared with other
analytical techniques. Its effectiveness has been demonstrated for
the determination of VOCs in samples of a diverse nature, such as
food [21,22], clinical [23] and environmental [24] samples. IMS has
also been applied for the determination of trace impurities in
cosmetic intermediates [25]. Coupling to GC combines the high
selectivity of GC separation and the good sensitivity of IMS,
resulting in a two-dimensional separation. Therefore, each VOC is
characterized by two parameters, GC retention time and IMS drift
time, which is defined as the time required for ions to cross the
distance between the ion shutter and detector. As far as we know,
there are no procedures that have analysed cosmetic creams using
GC-IMS.

Therefore, in this work, an alternative method to traditional
microbial plate counting was developed based on the study of the
MVOCs produced by two of the most important microorganisms
found in cosmetic creams, S. aureus and C. albicans. Specifically, the
study of volatile profiles using two different techniques HS-GC-MS
and HS-GC-IMS, working in their respective optimal conditions,
and chemometric approaches were proposed.

2. Materials and methods
2.1. Reagents and samples

All reagents used were of analytical reagent grade and the sol-
vents were of HPLC grade. Chlorobenzene was supplied by Sigma
Aldrich (St. Louis, MO, USA) and dimethyl sulfoxide by ApplicChem
GmbH (Darmstadt, Germany). Chlorobenzene was used as internal
standard (IS) in the GC—MS. The solution was prepared by diluting
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2 uL of chlorobenzene in 25 mL of dimethyl sulfoxide to obtain a
concentration of 80 pL L~! and stored at —4 °C until use.

The ingredients for cosmetic cream preparation were obtained
from a local dealer. Two different type of preservatives were used: a
chemical preservative (a sorbate/benzoate mixture) and a natural
preservative developed by Productos Sur S.A and obtained from
vegetable material.

Tryptic soy broth (TSB), sabouraud dextrose agar with chlor-
amphenicol, baird-parker agar with tellurite egg yolk and peptone
water, all from Pronadisa Conda (Madrid, Spain), were used in the
preparation of the culture media.

2.2. Instrumentation and software

HS-GC-MS analyses were carried out on a 7890A GC-System gas
chromatograph from Agilent Technologies (California, USA),
equipped with a temperature-controlled vaporizer (PTV) model
CIS4—C506 and an automatic injector (Headspace model Multi-
purpose Sampler MPS), both from Gerstel (Miilheim an der Ruhr,
Germany). The GC system was coupled to a mass spectrometer
(5975C inert MSD-triple axis detector from Agilent Technologies).
The chromatographic separation was carried out on a DB-624 col-
umn with an internal diameter of 0.25 mm, a length of 60 m and a
film thickness of 1.40 um, which consisted of 94% dimethylpolysi-
loxane and 6% cyanopropylphenyl, also from Agilent Technologies.
The injection was made in split mode with a ratio of 1:25. The GC
temperature programme was: start temperature 40 °C, hold for
5 min, increase to 150 °C at 10 °C min~' and maintain for 2 min;
next, the temperature of 220 °C was reached at 25 °C min~' and
held for 10 min. The mass spectrometer was operated using elec-
tron ionization (EI) mode (70 V) and analyses were carried out
using scan mode at m/z from 29 to 150, since this range was
effective for the assessment of microbial contamination in
mayonnaise [31]. The temperature of the GC-MS transfer line was
set at 110 °C and temperatures of the ion source and the quadrupole
used were 230 °C and 150 °C, respectively.

HS-GC-IMS analyses were performed using a Gerstel MPS
headspace unit with a 2.5 mL syringe for gas injection. In this case, a
gas chromatograph from Agilent 6890 N (Agilent, Waldbronn,
Germany) was used coupled to a commercial IMS from Gesellschaft
fiir analytische Sensorsysteme mbH (G.A.S., Dortmund, Germany),
equipped with a tritium (®H) ionization source. Separation at the
GC was carried out using an HP-5MS-UI column (Agilent J&W GC
Column) with an internal diameter of 0.25 mm, a length of 30 m
and a film thickness of 0.25 pm, which was composed of 95%
dimethylpolysiloxane and 5% diphenyl. The oven programme was
set as follows: initial temperature of 50 °C held 3 min, which was
increased from 50 °C to 120 °C at 5 °C min~! and held 120 °C for
3 min (total run 20 min). The analytes were introduced into the IMS
module and ionized by a tritium source at atmospheric pressure in
a positive ion mode. Nitrogen was used as drift gas at a constant
flow of 150 mL min~. Once the ions had been formed in the ioni-
zation chamber, they were placed in a 98 mm long drift tube
operated with a constant field strength (500 V cm™!) at 80 °C. Each
spectrum had an average of 32 scans, which were obtained using a
repetition rate of 30 ms, a grid pulse width of 150 ps and drift and
blocking voltages of 241 and 80 V, respectively.

In both instruments, the samples were analysed in 20 mL vials
with 18 mm aluminium magnetic screw cap and silicone septum.

A SensIONTM pHmeter (Hach, Colorado, USA) was used for pH
measurements. Colour determination was carried out using a 962
colorimeter from X-Rite (Michigan, USA), a Visco Basic Plus
viscometer was used to determine viscosity (Laboquimia, La Rioja,
Spain) and a Nicolet Evolution 300 spectrophotometer from
Thermo Electron Corporation (Massachusetts, USA) was used to

prepare the inoculum of C. albicans and S. aureus.

MS data were acquired using Maestro 2 Version 1.4.25.8/3.5
software (GERSTEL) and MSD ChemStation D.02.00.275 (Agilent
Technologies). The IMS data were acquired in positive polarity us-
ing the LAV (Laboratory Analytical Viewer) software version 2.1.1
(G.A.S.). Data were processed using Microsoft Office Excel (Micro-
soft, Washington, USA), Simca-P (Umetrics, Malmo, Sweden), Sig-
maplot 13.1 (Systat, Software Inc., San Jose, CA).

2.3. Elaboration and inoculation of cosmetic creams

The experiments were carried out using face cosmetic creams
prepared using a food processor under sterile conditions. The
formulation of each cream consisted of 77.65% water phase (72.5%
pure water; 0.15% rodicare S; 4% glycerin and 1% pantenol USP)
along with 22.35% oil phase (5% emulium delta tablets; 2.5% rofe-
tant GTCC/bergabest MCT-OIL; 2.5% isostearyl isostearate; 0.2%
dragosantol/bisabolol; 2.70% mirasil DM-350; 0.5% vitamin E ace-
tate; 2.95% jojoba oil; 2% apifil CG 2% massocare SQV; 2% cocoate
BG). Two different preservatives were tested to increase the vari-
ability of samples and the profile of the VOCs generated. In this way,
1.5 kg of cosmetic cream was prepared, which was divided into 3
batches (0.5 kg each). A natural additive, a chemical additive or no
additive was added to each batch in a 0.1% proportion.

Each batch was aseptically divided into 50 g aliquots, which
were stored in polypropylene flasks with polyethylene caps. One
third of the flasks were inoculated with C. albicans and another
third with S. aureus, both at a concentration of 10° CFU/g. The flasks
were heat sealed and incubated at 25 and 37 °C, respectively, until
sampling. The remaining flasks were not inoculated in order to
monitor the evolution of the cosmetic cream with no microbial
contamination and were incubated in the same conditions (25 °C).
One gram from each flask was sampled (three times) weekly over
four weeks, obtaining a sample for each temperature, each strain
and each preservative.

2.4. Sample analysis by HS-GC-MS and HS-GC-IMS

For the analysis of VOCs by HS-GC-MS, 1 g of sample with 50 pL
of IS chlorobenzene was incubated for 20 min at 80 °C at a stirring
rate of 250 rpm. Using a syringe at 80 °C, a volume of 2000 pL was
then automatically injected from the headspace into the CIS at 0 °C
in Split mode with a 1:25 ratio. Helium with a constant flow rate of
1 mL min~! was used as the carrier gas.

For the analysis by HS-GC-IMS, 1 g of sample was also used. The
sample was incubated at 100 °C for 5 min at a speed of 750 rpm.
Then, a volume of 750 pL taken from the headspace was injected
automatically by a syringe at 100 °C into the injector (100 °C) in
splitless mode. Nitrogen (99.9% purity) with a flow rate of
1 mL min~! was used as the carrier gas.

2.5. Measurement of pH, water activity, colour and viscosity

The pH, water activity, colour and viscosity were measured in
each sample. For colour determination, three parameters (L*, a*
and b*) were quantified with an X-Rite 962 spectrophotometer
using the D65/10° illuminant/observer method, but only the L*
parameter was considered for data processing as a* and b*
remained constant throughout the experiment.

2.6. Strain and culture conditions
Two different microorganism species were used: C. albicans and

S. aureus. The first was obtained from the Spanish Collection of
Valencia Type Crops, which was isolated by Berkhout in 1923.
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S. aureus was isolated by Rosenbach in 1884 and also obtained from
the Spanish Collection of Valencia Type Crops. The C. albicans
inoculum was prepared by transferring a colony obtained on Sab-
ouraud dextrose with chloramphenicol agar plate to a soybean
digested medium (TSB), which was incubated for 24 h at 25 °C. The
S. aureus inoculum was prepared by transferring a colony obtained
on tellurite egg yolk in baird-parker agar plate to a TSB medium,
which was incubated for 24 h at 37 °C. Both inoculums were
standardized by dilution in TSB to a concentration of 10°> CFU/mL.

2.7. Statistical analysis

The discriminant analysis carried out consisted of an orthogonal
projection on latent structures (OPLS-DA). OPLS-DA was introduced
as an improvement of partial least squares regression discriminant
analysis (PLS-DA) to discriminate two or more groups (classes)
using multivariate data [26,27]. At first, each data matrix was
divided into two groups, a classification set (80% samples) was used
to train the models, and the remaining 20% of the data was used for
model validation. The samples selected to compile the calibration
and validation matrices for the HS-GC-MS and HS-GC-IMS data sets
were exactly the same. In order to choose the optimal models, the
need to transform the data logarithmically was investigated and six
different scales were tested: unit variance (UV), unit variance none
(UVN), Pareto (Par), Pareto none (ParN), centering (Ctr) and freeze
[28]. To ensure fit accuracy and predictive capability, the models
were evaluated in R2X (cum), R2Y (cum) and Q2 (cum) terms. R2X
is the cumulative fraction of the variation of X, R2Y is the per-
centage of the variation of the model-dependent variable and Q2 is
a measure of the predictive capability of the cross-validation model
[28,29]. These parameters have a range between 0 and 1, with
values close to 1 representing the highest fitting to the model. At
50% or above of the value of parameter Q2 (cum), the method is
considered valuable [29].

3. Results and discussion
3.1. Optimization of HS-GC-MS parameters

The sample amount, sample incubation time, incubation tem-
perature, injection volume, CIS temperature and split injection ratio

were investigated in order to optimize the HS-GC-MS method. A
cosmetic cream sample without microbial contamination and
without preservative was used as reference matrix. During data
acquisition, retention time ranges between 8-9 min and 20—21 min
were not collected since, at these retention times, dimethyl sulf-
oxide and ethanol signals were obtained, respectively. Dimethyl
sulfoxide was used to prepare the IS solution and ethanol is present
in the cosmetic cream preparations. The concentration of these two
compounds is very high compared to other ingredients and
consequently, their high intensity inhibited visualization of the rest
of the signals.

Firstly, the sample amount was studied in the 0.1—1 g range. As
the sample amount increased the signals improved, so 1 g of
sample was selected as optimum. The effect of sample incubation
temperature was studied between 60 °C and 80 °C. As the tem-
perature increased, both the number and intensity of the signals
increased (Supplemental Fig. S1). This was because high tempera-
tures facilitated the release of volatile organic compounds with
high boiling points; hence 80 °C was chosen as the optimum
temperature, which is the maximum suggested for the injector
syringe. Moreover, the sample incubation time was studied be-
tween 10 and 20 min. Best results were obtained using 20 min, so
this temperature was selected. Longer times were not assayed in
order to decrease the total analysis time (Supplemental Fig. S2).

The injection volume was optimized between 500 and 2000 pL,
the best results being obtained using the 2000 pL injection volume,
when new peaks with increased intensity were observed. Then, the
CIS temperature was optimized between —20 and 20 °C. Although
working at —20 °C gave the best results, it was decided to set the
temperature at 0 °C for economic and practical reasons, since the
use of CO, for cooling is expensive and any differences
between —20 °C and 0 °C were not significant.

Finally, the split injection ratio was studied between 1:25 and
1:100. As expected, the best intensities and number of peaks were
obtained with the lower dilution rate. Therefore, the split ratio was
set at 1:25 (Fig. 1).

3.2. Optimization of HS-GC-IMS parameters

In order to optimize the HS-GC-IMS method, the following pa-
rameters were investigated: sample amount, sample incubation
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Fig. 1. HS-GC-MS total ion chromatograms obtained for split ratios of a) 1:25, b) 1:50, c) 1:75 and d) 1:100.
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Fig. 2. HS-GC-IMS topographic maps obtained for drift temperatures of 60, 80 and 100 °C.

temperature and time, and drift tube temperature. Optimum values
were also selected based on the highest intensity obtained for the
compounds and the best separation of the compounds on the
topographic map. The effect of the sample incubation temperature
was studied in the 80—120 °C range. It was found that the higher
the incubation temperature, the greater both the intensity and the
number of signals (Supplemental Fig. S3). At temperatures above
100 °C, the IMS equipment became contaminated and, therefore,
100 °C was set as the optimum temperature. Then, the sample in-
cubation time was studied between 1 and 20 min (Supplemental
Fig. S4). It was observed that at incubation times lower than
5 min the intensity of the signals decreased, and above this value no
significant differences were found, therefore 5 min was selected as
optimum. Finally, the drift tube temperature was studied between
60 and 100 °C (Fig. 2). As the temperature rose, an increase in the
intensity of the signals was clearly observed; however, 80 °C was
selected as the drift tube optimum temperature since 100 °C was
the limit value of this parameter according to the manufacturer.

3.3. Microbial contamination detection in cosmetic cream samples

Initially, all the cosmetic cream samples were analysed using
plate counting to assess the microbial contamination level, the
result was expressed as log10, the logarithmic-scale (base 10) for
measuring colony-forming unit (CFU)/g. Based on these results,
samples were divided into two groups: contaminated (55 samples)
and non-contaminated (35 samples) and were analysed by both
techniques, HS-GC—MS and HS-GC—IMS. The parameters pH, water
activity, colour and viscosity were also measured and their evolu-
tion over four weeks is shown as supplementary material
(Supplemental Fig. S5). To study the evolution of these parameters
over time, a statistical study was carried out. The data are included
in Tables S2 and S3. Initially, the normality of these parameters was
studied through the Shapiro-Wilk test. In all the cases, except the
viscosity parameter, data were not adjusted to a normal distribu-
tion, therefore a Kruskal-Wallis one way-analysis of variance on
ranks was carried out. No significant differences were found for

contaminated and non-contaminated samples over four weeks for
pH (p-value = 0.5606 for contaminated samples, p-value = 0.0809
for contaminated and non-contaminated samples), average pH
remaining 5.5. However, water activity values increased in the first
week in both group of samples (contaminated (p-value = 0.0003),
non-contaminated p-value = 0.0126), and colour values suffered
small fluctuation in weeks 2 and 3 for contaminated samples (p-
value < 0.0001) and in week 3 for non-contaminated samples (p-
value = 0.0032). Great differences were found in the viscosity
values when chemical preservative was used. Therefore, the evo-
lution of viscosity in the different batches was studied separately.
Since data fit a normal distribution, one way-analysis of variance
was carried out. In all the cases, no significant differences were
found (p-value > 0.05).

In order to investigate the possibility of differentiating
contaminated and non-contaminated samples in terms of viscosity,
water activity, pH and colour, statistical tests were also carried out,
grouping all contaminated or non-contaminated samples. For all
parameter except for viscosity, a Mann-Whitney rank sum test was
carried out since data were not normally distributed, and no sig-
nificant differences were found (p-value of 0.0654, 0.4102 and
0.1129 for pH, water activity and colour, respectively). A t-test was
performance for viscosity and also no significant differences were
found (p-value = 0.7494 for samples with chemical preservative
and p-value = 0.6454 for samples with natural preservative and
with no preservative). In conclusion, these parameters did not
point to differences in the behaviour of creams depending on the
degree of microbial contamination.

On the other hand, a new study has been carried out considering
the evolution of the samples over time. Specifically, the evolution of
microbial contamination by means of plate counting results and the
evolution of the total VOCs content detected by HS-GC-IMS and HS-
GC-MS were studied. The results are shown in Fig. 3, demonstrating
that microbial contamination and VOCs content increase with the
time, and therefore the information of the four weeks had to be
taken in account in the chemometric models for discriminating
between contaminated and non-contaminated samples.
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Fig. 3. Evolution of microbial contamination over time by means of plate counting results (a) and evolution of VOCs detected by HS-GC-MS (b) and HS-GC-IMS (c).

Table 1

Validation matrix for non-contaminated/contaminated cosmetic cream samples of
the OPLS-DA model built using the TIC raw data and UV scale with logarithmic
transformation.

Table 2

Validation matrix for non-contaminated/contaminated cosmetic cream samples of
the OPLS-DA model built using the topographic map data normalized respect to the
RIP intensity and Ctr scale.

Actual/Prediction ~ Samples % Correct Contaminated Non-contaminated

Actual/Prediction ~ Samples % Correct Contaminated Non-contaminated

Contaminated 11 100 11 0
Non-contaminated 7 85.7 1 6
Total 18 94.4 12 6

Contaminated 11 100 11 0
Non-contaminated 7 85.7 1 6
Total 18 94.4 12 6

Chemometric models were constructed using the data obtained
by HS-GC-MS and HS-GC-IMS in order to obtain a classification
model that allowed differentiation of the contaminated and non-
contaminated samples as an alternative to plate counting. Two
different chemometric models were constructed using: a) the
entire chromatographic profile (HS-GC-MS) [28] and b) a selection
of the main markers of the topographic maps (HS-GC-IMS) [30].

3.3.1. Classification of samples using the total ion chromatogram
obtained by HS-GC-MS

The total ion chromatogram (TIC) obtained by HS-GC-MS is the
sum of the intensities of all the ions as a function of the retention
time of the analytes in the column. The use of TIC instead of the
selection of specific markers for the assessment of microbial
contamination has already been demonstrated [31].

Data were processed following the previously described meth-
odology [31]. Before constructing the models, the need to correct
the variations in retention times and the baseline of the chro-
matograms was investigated. To correct possible variations in
retention time, the IS chlorobenzene was added. The baseline
remained constant over time and, therefore, it was not necessary to
be corrected.

The dimensions of the data matrix obtained by HS-GC-MS were
90 rows (samples) x 8779 columns (MS features). This matrix was
divided into two: calibration or training matrix and validation
matrix. The calibration matrix was formed by 80% of samples, a
total of 72, of which 44 were contaminated samples and 28 were
non-contaminated samples. The validation matrix was formed by
the remaining 20% of samples, a total of 18 (11 contaminated and 7
uncontaminated).

Using the calibration matrix, the OPLS-DA models were

constructed. To obtain the best model, different scales were used -
UV, UVN, Par, ParN, Ctr and freeze - and also raw data and the data
normalized with the IS, and using logarithmic transformation. A
total of 24 different models were built and the best results were
obtained with the logarithmic transformation of the raw data and
adjustment to the UV scale (Supplemental Table S1). The chemo-
metric model obtained is shown in Fig. 4a. The results of applying
the classification model to the validation samples are shown in
Table 1. As can be seen, no false negatives were obtained, as all the
contaminated samples were correctly classified. Only one non-
contaminated sample was misclassified as contaminated, giving a
total validation success rate of 94.4%.

3.3.2. Classification of samples using the topographic map obtained
by HS-GC-IMS

The data obtained by HS-GC-IMS were treated following the
methodology described by Arroyo-Manzanares et al. [32]. In this
case, variations in retention time between samples were observed,
so the first processing step was the manual alignment of the
topographic maps. This alignment was performed with the LAV
software, and all samples were aligned with respect to a sample
used as reference. No significant variation in drift times were
observed (tolerance of 0.001 ms).

Once all the samples were aligned, the topographic maps of all
of them were studied visually and a total of 101 markers were
selected. Hence, the dimensions of this data matrix were 90 rows
(samples) x 101 columns (IMS features). As in the previous section,
the OPLS-DA models were constructed and trained using 80% of the
samples (calibration set) and validated with the remaining 20%
(validation set). More specifically, the calibration set consisted of 72
samples (44 contaminated and 28 non-contaminated) and the



58 M. Garcia-Nicolas et al. / Analytica Chimica Acta 1128 (2020) 52—61

Table 3

Validation matrix for the classification of contaminated cosmetic cream samples according to microbial concentration of the OPLS-DA model built using the TIC raw data and

freeze scale.

Actual/Prediction Samples % Correct 102-10% CFU/g 10*-10° CFU/g 105—10% CFU/g
102-10* CFU/g 3 100 3 0 0
10%-10° CFU/g 3 100 0 3 0
105-10% CFU/g 5 80 0 1 4
Total 11 90.9 3 4 4

validation set of 18 samples (11 contaminated and 7 non-
contaminated). Six different scales (UV, UVN, Par, ParN, Ctr and
freeze) were also tested working with raw data and data normal-
ized with respect to the RIP intensity, and both were also tested
with logarithmic transformation. The best OPLS-DA model con-
structed was obtained when the raw data adjusted to the Ctr scale
and the intensity of the markers was corrected with the intensity of
the RIP (Fig. 4b, Supplemental Table S1). After applying the optimal
model to the validation set, the success rate was 94.4% and only one
non-contaminated sample was classified as contaminated (Table 2).

The spectra and chromatograms obtained by HS-GC-IMS and
HS-GC-MS, respectively, throughout the experiment, showed
clearly the evolution of VOCs over time (Supplemental Fig. S6). In
the case of HS-GC-IMS ten markers contributed most to the
distinction of contaminated and uncontaminated samples. From
these maps, it can be clearly appreciated the evolution of the
MVOCs with time. These markers were: M1 (tr: 228.69 s, td:
9.19 ms), M2 (tr: 228.69 s, td: 8.81 ms), M3 (tr: 237.60 s, td:
8.40 ms), M4 (tr: 383.13 s, td: 11.07 ms), M5 (tr: 486.09 s, td:
12.77 ms), M6 (tr: 590.04 s, td: 13.96 ms), M7 (tr: 264.33 s, td:
9.14 ms), M8 (tr: 499.95 s, td: 9.36 ms), M9 (tr: 712.80 s, td:
8.93 ms), M10 (tr: 398.97 s, td: 9.19 ms). The evolution of these
markers is shown in Fig. S7, where the mean intensity normalized
(V) of each marker along time within contaminated and uncon-
taminated samples is represented. Standard deviation error bars
are also represented including all the replicates, which was
different for each group of samples and for each week (n varied
between 6 and 12 for the error bars). Statistical analysis was per-
formed to these markers in order to evaluate their evolution
through the experiment. Since data were not normally distributed
Kruskal-Wallis one-way analysis of variance on ranks was carried
out for all markers except for M6 (Tables S4 and S5). In the case of
M8 marker, data was normally distributed and therefore a one-way
analysis of variance was carried out. The data and results of this
statistical analysis are a key aspect for building of a classification
model, which is finally the major outcome of this study in
demonstrating the potential of GC-IMS.

The intensity of M1 decreased over time for contaminated
samples (p-value < 0.001) while remained practically constant for
uncontaminated samples and no significant differences were found
(p-value = 0.843). The M2 marker decreased over time for
contaminated samples (p-value < 0.001), and had a maximum of
intensity in the second week for non-contaminated samples (p-
value = 0.021). The M3 marker (p-value = 0.019) had a minimum of
intensity in the third week for non-contaminated samples, while no

Table 4

significant differences were found for contaminated (p-
value = 0.846). Whereas, the intensity of M4 (p-value < 0.001), M5
(p-value < 0.001) and M6 (p-value < 0.001) decreased in both set of
samples (contaminated and non-contaminated). The marker M7
had the opposite behaviour, increased over time for contaminated
samples (p-value = 0.023), while remained almost constant for
uncontaminated (p-value = 0.086). On the other hand, the intensity
of M8 (p-value = 0.019) was higher at the beginning of the
experiment and had a drop in the first week for contaminated
samples, being the intensity of M8 decreased over time for non-
contaminated samples (p-value = 0.004). In a similar way, the in-
tensity of M9 (p-value = 0.032) was higher at the beginning of the
experiment and had a drop in the first week for contaminated
samples; while, for non-contaminated samples, no significant dif-
ferences were found for M9 (p-value = 0.130). The marker M10 had
the opposite behaviour, increased over time for contaminated and
non-contaminated samples (p-value < 0.001).

Consequently, from these Figs. S6 and S7 it was clear the evo-
lution of the marker concentrations over the time.

3.4. Classification of contaminated samples according to microbial
concentration

The chemometric models constructed using the TIC data ob-
tained by HS-GC—MS and the main markers of the topographic
maps obtained by HS-GC-IMS demonstrated a high success rate in
classifying samples contaminated and non-contaminated by mi-
croorganisms. Therefore, the potential of both analytical techniques
was investigated in order to quantify the microbial level of
contamination.

For this reason, the 55 contaminated samples were divided into
three groups with different levels of microbial contamination:
group 1 (between 10% and 10% CFU/g) consisted of 17 samples and
group 2 (between 10% and 10® CFU/g) of 14 samples while group 3
(between 108 and 108 CFU/g) was formed by 24 samples. OPLS-DA
models were also constructed with 80% of samples (calibration set),
using the data matrix obtained by HS-GC-MS with raw data and the
data matrix normalized with respect to the IS using different scales
and logarithmic transformation. The best model was obtained us-
ing the raw data matrix adjusted to a freeze scale, with a success
rate of 90.9% when the calibration model was applied to classifying
the validation set (the 20% of remaining samples) (Fig. 4c, Table 3).
Although there was good separation between groups, the param-
eter Q2 was below 0.5, which indicates that the model fit was not
satisfactory. Then, the same concentration groups were established

Validation matrix for the classification of contaminated cosmetic cream samples according to microbial concentration of the OPLS-DA model built using the topographic map

raw data and freeze scale.

Actual/Prediction Samples % Correct 10°-10* CFU/g 10*-10° CFU/g 10°-108 CFU/g
10%-10* CFU/g 3 100 3 0 0
10%-10° CFU/g 3 100 0 3 0
105-10% CFU/g 5 100 0 0 5
Total 11 100 3 3 5
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Fig. 4. OPLS-DA models obtained using: a) total ion chromatogram raw data, UV scale and logarithmic transformation; b) topographic map data normalized with respect to the RIP
intensity and Ctr scale; ¢) TIC raw data and freeze scale used to classify contaminated samples into three groups of microbial concentration; d) topographic raw data and freeze scale
to classify contaminated samples into three groups of microbial concentration. NC: non-contaminated cosmetic cream samples; C: contaminated cosmetic cream samples (102-10%:
between 102 and 10 CFU/g; 10*-10°: between 10* and 10° CFU/g; 10°-108: between 10° and 10® CFU/g).

to construct OPLS-DA models with HS-GC-IMS data. As in the
previous case, 80% of the samples were used to construct the
models (44 samples, of which 14 belonged to group 1, 11 to group 2
and 19 to group 3) and the remaining 20% was used to validate
them (11 samples, of which 3 belonged to group 1, 3 to group 2 and
5 to group 3). Raw data obtained by HS-GC-IMS and the data
normalized with respect to the reactant peak intensity was used to
construct the models, testing different scaling and logarithmic
transformation. As in the case of the MS detector, the best results
were obtained using raw data fitted to the freeze scale. The final
model obtained is shown in Fig. 3d. When this model was applied
to the validation set (Table 4), all the samples were classified
correctly (100% validation success). With the HS-GC-IMS data, be-
sides improving the validation success rate, the OPLS-DA model
obtained fitted the behaviour of the samples, sincethe Q2 was 0.634
(>0.5).

3.5. Identification of compounds by HS-GC-IMS and HS-GC-MS

The identification of some compounds presents in the chro-
matographic profile of HS-GC-MS and the topographic plots of HS-
GC-IMS was carried out.

Using the HS-GC-MS technique, the identification was enabled
using available mass spectra libraries and several standards. A total of
17 compounds were identified, named acetaldehyde
(RT = 6.43 min), isopropyl alcohol (RT = 9.49 min), 2-methyl-
pentane (RT = 10.20 min), 2-methyl-1-pentene (RT = 10.99 min),

hexane (RT = 11.16 min), heptane (RT = 14.07 min), methyl-
cyclohexane (RT 15.04 min), 2-methyl-heptane
(RT = 15.80 min), 3-methyl-heptane (RT = 16.02 min), octane
(RT = 16.64 min), (Z)-2-octene (RT = 17.13 min), 2,4-dimethyl-hep-
tane (RT = 17.25 min), ethyl-cyclohexane (RT = 17.98 min), 4-
methyl-octane (RT = 18.30 min), chlorobenzene (RT = 18.94 min),
nonane (RT = 19.11 min) and 2-phenoxy-ethanol (RT = 26.62 min).
Acetaldehyde enable the differentiation between contaminated and
uncontaminated samples since it is only identified in contaminated
samples. Conversely, isopropyl alcohol, 3-methyl-heptane and 2-
phenoxy-ethanol were identified exclusively in uncontaminated
samples.

In order to identify the most important markers of HS-GC-IMS,
formulation face cosmetic creams compounds that have been
previously cited in Section 2.3, were prepared at its corresponding
concentration in 1 g of sample and analysed. Thus, 3 of 10 markers,
M4, M5 and M6, were identified with the component mirasil DM-
350. This identification confirmed that the levels of these three
markers were very similar for contaminated and non-contaminated
samples because they correspond to an essential component of
creams, which was not affected by microbial contamination.

Consequently, the development of this platform with HS-GC, MS
and IMS could be strongly justified.

4. Conclusions

The usefulness of monitoring the volatile profile to detect
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creams contaminated by microorganisms is demonstrated. Two
analytical methods, HS-GC-MS and HS-GC-IMS, were optimized
and both are good alternatives discriminating between contami-
nated and uncontaminated samples (validation success of 94.4% in
both cases). The IMS detector provided good results when classi-
fying the samples according to microbial concentration. The OPLS-
DA model obtained using the IMS detector showed a high valida-
tion success rate, as all samples were classified correctly (100%
success), while the MS detector classified only 90.9% of the samples
correctly. In addition, the IMS model showed a good fit to the
behaviour of the data.

The HS-GC-IMS method can therefore be considered a good
alternative to the classical microbial counting method, allowing
saving in materials, time and money.
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La investigacion realizada en esta Tesis Doctoral tiene como objetivo el desarrollo
de estrategias metabolédmicas o fooddémicas tanto dirigidas como no dirigidas
combinadas con tratamientos de muestra miniaturizados que permitan la monitorizacion
de ciertos metabolitos de gran interés actualmente, incluyendo micotoxinas por su alto
poder toxico y su impacto socioeconémico, y haciendo mayor hincapié en las
micotoxinas emergentes, que han sido poco exploradas hasta la fecha. También se han
determinado compuestos con un alto poder antioxidante y/o antimicrobiano, como el
PTSO, aplicado en alimentacion animal, o compuestos bioactivos de los citricos y el
aguacate. Por ultimo, se han monitorizado compuestos organicos volatiles que permiten
el control de calidad de alimentos como el aceite y la miel o el control microbiano en
otras matrices como los cosméticos.

Las conclusiones especificas obtenidas tras la realizacion de esta Tesis se
describen a continuacion:

1. La revision bibliografica llevada a cabo sobre micotoxinas emergentes y los
métodos analiticos descritos hasta la fecha para su determinacion en matrices
alimentarias, han permitido establecer como conclusién que en los uUltimos 10 anos, los
tratamientos de muestra mas utilizados aplicados se han basado en las metodologias
SLE y QUEChERS, seguidos en menor medida de DLLME y DMSPE. Ademas, el uso de la
LC acoplada a LRMS o HRMS en modo ESI positivo han sido los métodos mas
empleados.

2. El uso de la DMSPE supone una forma rapida, sencilla y de bajo coste para la
extraccion de micotoxinas legisladas y no legisladas en muestras de alimentos
(pimenton y paté) y de alimentacién animal (hierba natural), cumpliendo con los
principios de la Quimica Analitica Verde ya que implican un consumo minimo de
disolventes organicos.

3. Las nanoparticulas de FezOs@cellulosa y Fes04@PPy resultaron ser adsorbentes
potenciales en los métodos que aplicaron la DMSPE en pimentdn y hierba natural, para
la determinacidén de micotoxinas emergentes y aflatoxinas. Ademas, se ha sintetizado
por primera vez un nuevo MMIP basandose en un MIP comercial para la determinacién
de las 5 principales micotoxinas emergentes en paté.

4. La reutilizacion de los materiales magnéticos empleados fue estudiada,
demostrando que las nanoparticulas de Fes04@PPy y el MMIP podian ser reutilizados
hasta 5 y 3 veces, respectivamente.

5. La aplicacion de los métodos propuestos ha permitido evaluar la alta incidencia
de estas micotoxinas, detectando por primera vez micotoxinas emergentes en muestras
de pimentén y paté y, de manera acorde a otros estudios previos, en hierba natural
destinada para el consumo animal. Las mayores concentraciones se encontraron en la
muestra de hierba natural y la micotoxina que presentd una mayor frecuencia fue la
enniantina B1.
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6. Los métodos de separacidon usados para la determinacién de micotoxinas se
basaron en la aplicacion de LC-HRMS, que permite la aplicacion de estrategias
metaboldémicas no dirigidas para monitorizar no sélo las principales micotoxinas, sino
metabolitos derivados, desconocidos o poco explorados, de los que no se dispone de
estandares analiticos.

7. Las plataformas analiticas basadas en LLE con GC-MS y SALLE con LC-HRMS
aplicadas para el estudio de la ruta metabdlica del PTSO y sus derivados han permitido
demostrar que no se acumula este compuesto en el higado en ningln momento tras su
ingesta, mientras que en el plasma se detectaron cantidades traza pasadas 5 horas.

8. La distribucion espacial de los compuestos bioactivos es constante en los
citricos limdn, lima y mandarina, localizandose mayoritariamente flavonoides en albedo
y flavedo, acidos carboxilicos en los gajos y zumo, y limonoides tanto en el albedo como
en los gajos y zumo. Ademads, la actividad antioxidante medida se relacioné con la de
los limonoides mientras que la eliminacién de radicales fue explicada por los flavonoides
y el acido ascérbico.

9. En la semilla del aguacate se ha demostrado que la temperatura involucrada en
el tratamiento de muestra influye significativamente en la distribucion de los
compuestos bioactivos presentes en la misma, extrayendo a elevadas temperaturas los
compuestos téxicos y a temperaturas menores extractos ricos en flavonoides,
procianidinas y acidos fendlicos.

10. El HS-GC-IMS tiene un alto potencial para la separacion y deteccion de VOCs
en muestras de miel y aceite de oliva, permitiendo el control de calidad de estos
alimentos. En concreto, esta metodologia permite clasificar las muestras de miel segun
su origen floral y el aceite de oliva segun su categoria (virgen extra, virgen y lampante)
con un porcentaje de éxito del 100 y el 85,71%, respectivamente. Ademas, esta técnica
ha permitido clasificar muestras de crema facial en funcién de la concentraciéon
microbiana que presentaban con un 100% de éxito.

11. Comparando los resultados obtenidos mediante HS-GC-IMS y empleando HS-
GC-MS, ambas resultan comparables tanto para clasificar muestras de aceite en funcion
de su calidad, como para discriminar entre muestras de crema facial con contaminacién
microbiana y muestras no contaminadas.

12. Comparando HS-GC-IMS y HS-GC-IMS en términos de identificacion y
cuantificacidn, la HS-GC-MS ha permitido la identificacién de 12 compuestos en el aceite
de oliva y 17 en cremas faciales, mientras que la IMS ha permitido a la identificacion de
10 compuestos en aceite de oliva y 3 de los 10 marcadores mas significativos en cremas
faciales. Por otro lado, atendiendo a la sensibilidad, el HS-GC acoplado a IMS mostrd
LOQ ligeramente mejores a los obtenidos cuando se acopla a MS para aceite de oliva.
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La Tabla C1 resume las caracteristicas mas importantes de los métodos de anélisis

desarrollados en esta Tesis Doctoral.
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The research carried out in this Doctoral Thesis is focused on the development of
metabolomics or foodomics strategies, both targeted and untargeted, combined with
miniaturized sample treatments that allow the monitoring of certain metabolites of great
current interest, including mycotoxins due to their high toxic power and their
socioeconomic impact, and with greater emphasis on emerging mycotoxins, which have
been little explored to date. Moreover, other compounds with high antioxidant and/or
antimicrobial activity have been monitored, such as PTSO applied in animal feed, or
bioactive compounds from citrus and avocado. Lastly, volatile organic compounds that
allow quality control of foods such as oil and honey or microbial control in other
matrices such as cosmetics have been monitored.

The specific conclusions obtained after the completion of this Thesis are described
below:

1. The literature review carried out on emerging mycotoxins and the analytical
methods described to date for their determination in food matrices, have led to the
conclusion that in the last 10 years, the most used sample treatments applied have
been based on SLE and QUEChERS methodologies, followed to a lesser extent by DLLME
and DMSPE. In addition, the use of LC coupled to LRMS or HRMS in positive ESI mode
have been the most used methods.

2. The use of DMSPE represents a fast, simple and low-cost way for the extraction
of legislated and non-legislated mycotoxins in food (paprika and paté) and animal feed
(natural grass) samples, complying with the principles of Green Analytical Chemistry as
they imply a minimum consumption of organic solvents.

3. FesOs@cellulose and Fes04@PPy nanoparticles were found to be potential
adsorbents in methods applying DMSPE on paprika and natural grass, for the
determination of emerging mycotoxins and aflatoxins. In addition, a new MMIP has been
synthesized for the first time based on a commercial MIP for the determination of the 5
main emerging mycotoxins in paté.

4. The reusability of the magnetic materials used was studied, demonstrating that
Fe304@PPy nanoparticles and MMIP could be reused up to 5 and 3 times, respectively.

5. The application of the proposed methods allowed us to evaluate the high
incidence of these mycotoxins, detecting for the first time emerging mycotoxins in
samples of paprika and paté and, in accordance with previous studies in natural grass
destined for animal consumption. The highest concentrations were found in the natural
grass sample and the mycotoxin with the highest frequency was enniantin B1.

6. The separation methods used for the determination of mycotoxins were based
on the application of LC-HRMS, which allow the application of non-targeted metabolomic
strategies to monitor not only the main mycotoxins, but also derived metabolites,
unknown or little explored, for which no analytical standards are available.
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7. Analytical platforms based on LLE with GC-MS and SALLE with LC-HRMS applied
to the study of the metabolic pathway of PTSO and its derivatives have demonstrated
that this compound does not accumulate in the liver at any time after ingestion, while
trace amounts were detected in plasma after 5 hours.

8. The spatial distribution of bioactive compounds is constant in lemon, lime and
mandarin citrus fruits, being flavonoids located in albedo and flavedo, carboxylic acids in
segments and juice, and limonoids in albedo, segments and juice. In addition, the
antioxidant activity measured was related to that of limonoids while radical scavenging
was explained by flavonoids and ascorbic acid.

9. In avocado seed it has been demonstrated that the temperature involved in the
sample treatment significantly influences the distribution of the bioactive compounds
present in the sample, extracting at high temperatures the toxic compounds and at
lower temperatures extracts rich in flavonoids, procyanidins and phenolic acids.

10. HS-GC-IMS has a high potential for the separation and detection of VOCs in
honey and olive oil samples, allowing the quality control of these foods. Specifically, this
methodology allows the classification of honey samples according to their floral origin
and olive oil according to their category (extra virgin, virgin and lampante) with a
success rate of 100% and 85.71%, respectively. In addition, this technique made it
possible to classify facial cream samples according to their microbial concentration with
a 100% success rate.

11. Comparing the results obtained by HS-GC-IMS and HS-GC-MS, both are
comparable for classifying oil samples according to their quality and for discriminating
between microbially contaminated and non-contaminated face cream samples.

12. When evaluating HS-GC-IMS and HS-GC-IMS in terms of identification and
quantification, HS-GC-MS has allowed the identification of 12 compounds in olive oil and
17 in facial creams, while IMS has allowed in the identification of 10 compounds in olive
oil and 3 of the 10 most significant markers in facial creams. On the other hand, in
terms of sensitivity, HS-GC coupled to IMS showed slightly better LOQs than those
obtained when coupled to MS for olive oil.

Table C1 summarizes the most important characteristics of the analysis methods
developed in this Doctoral Thesis.
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