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PROLOGO

| final del siglo XX ha definido una nueva era marcada por
grandes cambios, no solamente sociales y econdémicos, sino
sobre todo medioambientales. Se trata de una época
caracterizada por la escasez de materias primas, de
energia, e incluso por la dificultad de muchos paises de
tener acceso al agua potable.

Todo lo anterior ha impulsado la creacién del programa “Horizonte
2020", Programa Marco de Investigacién e Innovacién de la Uniéon Europea
(UE) que es, sin duda alguna, el programa de investigacion e innovacion
mas importante realizado por la UE y que esta haciendo especial hincapié
en la transferencia de ideas de investigacion basica y grandes resultados al
mercado y a la sociedad en general. Se trata de una inversidn financiera de
aproximadamente 80 millones de euros para un periodo de 7 afios (2014-
2020) de los cuales aproximadamente el 35% ha sido, es y sera destinado
a hacer frente al cambio climatico (Horizon, 2020a).

La quinta prioridad tematica de los Retos Sociales planteados en el
programa “Horizonte 2020" (Horizon, 2020b) es precisamente la dedicada
al clima, al medio ambiente, a la eficiencia de los recursos y a las materias
primas. Entre sus principales objetivos destacan el aumento de la
competitividad europea, la seguridad de las materias primas y la mejora
del bienestar humano, garantizando al mismo tiempo la integridad del
medio ambiente, la resiliencia y la sostenibilidad, para poder asi limitar el
aumento de la temperatura global en menos de 2 °C respecto a los niveles
preindustriales.

Dentro de este programa, las lineas prioritarias de accion también
se han definido como una transicién hacia una economia “verde” y una
sociedad sostenible, a través de la innovacién ecoldgica y el desarrollo de
un sistema de informacién y vigilancia del medio ambiente, promoviendo
asi la denominada Quimica Verde y, por consiguiente, la Quimica Analitica
Verde.

En 1991, a través de un programa especial puesto en marcha por la
Agencia de Proteccion Ambiental de Estados Unidos (EPA) con el fin de
promover el desarrollo sostenible de las tecnologias quimicas en la
industria, la universidad y el gobierno, Anastas definidé la Quimica Verde
como: “El disefio de productos y procesos quimicos que reducen o eliminan
el uso o generacion de sustancias peligrosas. La Quimica Verde se aplica
en todo el ciclo de vida de un producto quimico, incluyendo su disefio,
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fabricacion, uso y eliminacion final. De ahi que también se la identifique
como Quimica Sostenible” (EPA-US Environmental Protection Agency).

Dicha definicién abarca la idea de sustituir las sustancias peligrosas
por otras menos contaminantes o, si fuera posible, por productos inocuos,
asi como de establecer una prevision de los desechos junto con el uso
limitado de las materias primas y la energia.

En 1998 el propio Anastas propuso, conjuntamente con Warner
(Anastas y Warner, 1998), lo que hoy en dia se conoce como “/os doce
principios de la quimica sostenible”, que se podrian resumir de la siguiente
forma: "1. Evitar la formacion de residuos; 2. Maximizar la economia
atémica; 3. Disefiar sintesis quimicas menos peligrosas; 4. Disefar
productos quimicos y compuestos mdas seguros; 5. Utilizar disolventes y
condiciones de reaccion mas seguros; 6. Aumentar la eficiencia energética;
7. Utilizar materias primas renovables; 8. Evitar derivados quimicos
innecesarios; 9. Potenciar la catéalisis; 10. Generar productos
biodegradables; 11. Desarrollar metodologias quimicas para la
monitorizacion en tiempo real de la contaminacién; 12. Reducir al minimo
los posibles accidentes quimicos”.

En general, estos principios encierran una filosofia de prevencién de
la contaminacion y los efectos de los productos quimicos, proporcionando
indicaciones para mejorar los métodos de sintesis, a través del uso de
materias primas renovables, la optimizacién de los productos finales y la
reduccion del consumo de energia. En Ultima instancia, se recomienda
reducir la toxicidad quimica de los productos involucrados y la utilizacion
de catalizadores. Por otra parte, y haciendo referencia directa a las
metodologias analiticas, se indica la necesidad de llevar a cabo un
seguimiento en tiempo real de los procesos realizados y, sobretodo, un
control preventivo de la formacion de sustancias peligrosas.

En lo que respecta a la Quimica Analitica, y con el objetivo de
superar la paradoja de que frecuentemente los productos quimicos
utilizados en los analisis eran mas tdéxicos que las especies analizadas,
nacié una nueva filosofia como resultado directo de la Quimica Verde: la
Quimica Analitica Verde, término acufiado por Namiestnik a finales de los
anos 90 (Namiesnik, 1999; Namiesnik, 2001), aunque la definicion mas
actual y completa la propuso Lawrence posteriormente como (Sandra y
cols., 2010): "El uso de técnicas y metodologias analiticas que reducen o
eliminan los disolventes, reactivos, conservantes y otros productos
qguimicos que son peligrosos para la salud humana o el medio ambiente, y
que también pueden permitir un analisis mas rapido y mas eficiente desde
un punto de vista energético, sin comprometer los criterios de
funcionamiento de dichas técnicas o métodos”.
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En esta definicion se identifican varios aspectos clave para
conseguir que una metodologia sea “verde”. En particular, se debe
promover el uso de metodologias analiticas basadas en: i) el analisis de
muestras tratadas pero no sujetas a manipulacién con disolventes y
reactivos; ii) la rapidez en la obtencidon de los resultados mediante la
utilizacion de instrumentos portatiles y multi-paramétricos para obtener
mas informacion en un nimero limitado de medidas v iii) la reduccién de la
cantidad y la toxicidad de los disolventes y reactivos utilizados en la fase
de medida, sobre todo promoviendo la utilizacién de la automatizacién y la
miniaturizacién. En este sentido, cabe destacar que la reduccion de escala
dimensional, del volumen y de la cantidad de muestra del procedimiento
analitico, tanto en la fase de pre-tratamiento de muestra como en la
determinacién analitica, es un factor clave en la reduccién del consumo vy el
aprovechamiento de la energia utilizada.

Esta nueva filosofia queda patente cuando se realiza un anélisis
retrospectivo del papel de la Quimica Analitica durante los ultimos 40 anos
(Figura 0.1) ya que, durante todo ese tiempo, su objetivo principal ha sido
la miniaturizacion del sistema analitico, para reducir costes y tiempos de
analisis manteniendo, al mismo tiempo, parametros como la exactitud,
sensibilidad, selectividad y precisidon a niveles aceptables. En este contexto
de avances tecnologicos, la Quimica Analitica Verde no se presenta como
una alternativa, sino mas bien como un nuevo impulso, afadiendo a sus
criterios un mayor respeto por el medio ambiente.

Considerando la miniaturizacién como un aspecto clave de una
estrategia verde, la reduccién del consumo de reactivos, de los voliumenes
de residuos toxicos, de la energia y el tiempo de andlisis son también
buenas oportunidades para minimizar los costes en los laboratorios. De
hecho, el concepto “verde” también implica pensar en invertir en nuevos
equipos miniaturizados, mas rapidos en la respuesta analitica, y también
en el uso de técnicas de deteccién multiparamétricas.

Con esta filosofia se desea recuperar el equilibrio entre el hombre y
la biosfera, después de anos de desarrollo tecnolégico desordenado que no
ha tenido en cuenta el impacto ambiental de las actividades humanas y los
riesgos de este tipo de actividades a largo plazo. Por esta razén, la Quimica
ha sido percibida tradicionalmente como un concepto inherente a las malas
practicas. Sin embargo, la responsabilidad actual de la ciencia es transmitir
a la sociedad que otra quimica es posible y que ella en si misma es la Unica
solucién para la prevencion de la contaminacién y la restauracion vy
conservacion del medio ambiente, para asegurar asi la continuidad del
ecosistema, de la vida y del futuro de las generaciones venideras.
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I. INTRODUCCION

I.1. Las hormonas
I.1.1. El origen del concepto de la comunicacioén celular

La célula, como unidad formolégica funcional de un ser vivo, es el
elemento de menor tamafio que puede considerarse que esta vivo. De
hecho, existen organismos unicelulares como las bacterias o los
protozoos, pero también existen organismos pluricelulares, como el caso
del ser humano, en el que una célula no existe de manera aislada, de
forma que una compleja red de comunicacidon las coordina para que
puedan trabajar en conjunto. Todas ellas llevan a cabo procesos
corporales necesarios para la vida, tales como el crecimiento, la
diferenciacion y el metabolismo.

Las responsables de la comunicacién celular son generalmente
moléculas extracelulares secretadas por una célula especifica que pueden
actuar sobre ella misma o sobre otra/s célula/s, a cortas o largas
distancias. Tales mensajeros quimicos, denominados hormonas, son
capturados por receptores especificos, que son a menudo proteinas. La
comunicaciéon intercelular puede ser autocrina (cuando la accién de la
hormona se ejerce sobre la misma célula que la sintetiza), paracrina
(cuando la accidn se ejerce en zonas cercanas a su liberacion), endocrina
(cuando existe un retardo importante, de minutos u horas, ya que la
accidn se ejerce en una zona lejana y es necesario un transporte de la
hormona a través de la sangre), sindptica o incluso de contacto (Nelson y
Cox, 2013).

En 1905, Starling, profesor de Fisiologia en el University College of
London, utilizé por primera vez la palabra "hormona" en su famoso
discurso “La correlacion quimica de las funciones del organismo” que
envio al Royal College of Physicians de Londres para describir la accién de
la secretina, una molécula secretada por el duodeno que estimula el flujo
del jugo pancreatico (Starling, 1905). La etimologia de la palabra deriva
del griego antiguo 6pucv (hormén) que significa “"que impulsa, que pone
en movimiento” (Tata, 2005).

Sin embargo, la naturaleza y el papel de estos mensajeros
quimicos en el organismo ya habia atraido el interés de cientificos
anteriores a Starling. A mediados del siglo XIX, y atendiendo a
descripciones puramente anatdomicas, se tomo conciencia de la existencia
de ciertas glandulas que formaban parte de los vasos sanguineos, a las
que se calificaba como “glandulas de la sangre”, como la tiroides o los
ganglios linfaticos. En aquella época, cientificos de todo el mundo
realizaron multiples estudios al respecto, obteniendo importantes
resultados. Este fue el caso de Berthold en 1849 (Berthold, 1849;
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Quiring, 1944), Carpenter en 1852 (Carpenter, 1852) o Addison en 1855
(Addison, 1868).

Practicamente finalizando el siglo XIX (1889), Brown-Séquard
formuld la hipotesis de la “organoterapia” (administracion de secreciones
enddgenas) en una reunion de la Société de Biologie en Paris (Brown-
Séquard, 1889; Brown-Séquard, 1893). Segun una practica que data de
la época de los antiguos egipcios, griegos (Hipocrates, 450-400 a.C.) y
romanos, basada en el principio de "similia similibus curantur" (lo
semejante se cura con lo semejante), el mal funcionamiento de un
organo podia ser curado con un derivado de un 6rgano similar. Brown-
Séquard planted utilizar inyecciones hipodérmicas de un fluido preparado
a partir de las secreciones testiculares de perros y conejillos de Indias,
sugiriendo un efecto terapéutico. Estos estudios inspiraron los trabajos
del premio Nobel Fritz Pregl, que centré su investigacién en la realizacion
de experimentos para verificar la mejora del rendimiento fisico mediante
la administracion de sustancias testiculares (Hobermann y Yesalis, 1995).

Ya en los afios 20 del siglo pasado, el quimico y bioquimico
Kendall (Premio Nobel compartido con Reichstein y Showalter Hench en
1950) aislé la cortisona vy la tirosina y determind sus estructuras (Kendall,
1950). En 1923, Banting y Macleod descubrieron y aislaron la insulina
(Banting, 1925), mientras que, durante los afios siguientes, Butenandt
(premio Nobel en 1939 compartido con Ruzicka y Doisy por el
descrubimieneto de la estrona en 1929) descubrié y caracterizé varias
hormonas sexuales como la progesterona, la androsterona y diferentes
estrogenos (Butenandt, 1931). En 1950, Hench obtuvo el premio Nobel
por el descubrimiento de la cortisona y su aplicacion en el tratamiento de
la artritis reumatoide.

I.1.2. Las glandulas endocrinas

Las glandulas endocrinas (del griego endon=dentro vy
krinien=liberar), a diferencia de las glandulas exocrinas, que secretan
sustancias que son liberadas sobre la superficie del cuerpo humano
(glandulas sebaceas, sudoriparas, lacrimales, etc.), son capaces de
secretar diferentes sustancias entre las que se encuentran las hormonas.
Estas son producidas por unos grupos de células epiteliales localizadas en
diferentes partes del cuerpo humano y que juntas definen el sistema
endocrino.

Las principales glandulas endocrinas incluyen el hipotadlamo, la
glandula pineal o epifisis cerebral, la pituitaria o hipdfisis, la tiroides, las
paratiroides, las suprarrenales, el pancreas, los ovarios y los testiculos.
La Figura I.1 muestra la ubicacion de las principales glandulas endocrinas
en el ser humano.
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Las hormonas secretadas por las glandulas endocrinas actuan en

muchos procesos de los seres vivos, como el crecimiento y el desarrollo,
el metabolismo de los alimentos, la funcién sexual, la reproduccién, el
comportamiento y el estado de animo.

Hipotalamo

Hipdfisis

Tiroides

Suprarrenales
Rifiones
Pancreas

Ovarios (hembra)

Testiculos (macho)

Figura I.1. Las principales glandulas endocrinas.
Adaptada de Nelson y Cox (2013).

1.1.3. Clasificacion de las hormonas

La clasificacion de las hormonas se puede realizar teniendo en

cuenta diferentes criterios (Nelson y Cox, 2013). Por un lado, se pueden
clasificar segun su solubilidad y la localizacién de los receptores en:

1)

2)

Hormonas hidrofilas. No permean facilmente a través de la bicapa
lipidica de la membrana celular, actuando en el exterior de la célula,
donde transmiten su sefial a los receptores situados en la
membrana celular.

Hormonas hidrofdbicas. Pueden traspasar la membrana celular y se
unen a un receptor que se encuentra en el interior de la célula, en
ocasiones en la propia membrana nuclear.

Por otra parte, también se pueden clasificar segin su estructura

bioguimica, siendo ésta la clasificacion mas utilizada en la actualidad
(Herrera, 1991). Atendiendo a este criterio las hormonas se pueden
dividir en:
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I)

II)

Introduccion

Hormonas peptidicas. Se trata de cadenas de aminoacidos, desde
pequefias moléculas formadas por tan solo tres aminoacidos a
grandes moléculas formadas por grandes proteinas y glicoproteinas.
Se sintetizan en forma de pre-hormonas, y sélo después de una
modificacion posterior se activan. Ejemplos de ellas son la insulina
(Figura I1.2.a), producida por las células B del pancreas y cuya
funcion es el control de los niveles de glucosa en la sangre; o la
tirotropina  (Figura 1.2.b), denominada también hormona
estimulante de la tiroides, y que regula la produccién de hormonas
tiroideas.

NH,
N
AN (e}

N o]
NN

HN _0

NH

O

a) Insulina®™ b) Tirotropina

Figura I.2. Estructura de algunas hormonas aminicas, ) © Wikipedia.

Hormonas esteroideas. Son de naturaleza lipidica y tienen un
precursor comun, que es el colesterol. Actlian sobre el metabolismo
del crecimiento y la reproduccidon. Son transportadas a través de la
sangre por las denominadas proteinas transportadoras que las
protegen de la degradacion enzimatica. Ejemplos de ellas son la
aldosterona (Figura I1.3.a), que favorece la eliminacién de potasio
en el rifdn y provoca la retencién de sodio; o el cortisol (Figura
1.3.b), cuyas funciones son aumentar el nivel de glucosa en la
sangre, suprimir el sistema inmunoldgico y ayudar al metabolismo
de las grasas, proteinas e hidratos de carbono.
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OH

HO

O
a) Aldosterona b) Cortisol

Figura I.3. Estructura de algunas hormonas esteroideas.

IIT) Hormonas aminicas. Son pequefias moléculas sintetizadas a partir
del triptéfano, como la melatonina, o de la tirosina, como las
catecolaminas y las hormonas tiroideas. Ejemplos de este tipo de
hormonas son la adrenalina (Figura 1.4.a), una catecolamina que
incrementa la frecuencia cardiaca y participa en la reaccién de lucha
o de huida (respuesta fisioldégica ante la percepciéon de dafio o
ataque) del sistema nervioso simpatico; o la tiroxina (Figura I.4.b),
que regula el metabolismo celular.

\
OH OH
HO I NH,
HO AN HO o
|
a) Adrenalina b) Tiroxina

Figura I.4. Estructura de algunas hormonas aminicas.

I.1.4. Produccion y mecanismos de actuacion de las hormonas

El sistema nervioso no sélo es el medio de comunicacién de todo
el organismo, sino que también se encarga de la coordinacién muscular a
través de los neurotransmisores y de la secrecion hormonal de las
glandulas endocrinas (Figura 1.5). Desde la recepcion de la informacion
interna o externa, como por ejemplo, una situacion peligrosa o la
sensacion de hambre, el sistema nervioso responde mediante la
administracion controlada de hormonas. En este sentido, el sistema
endocrino estad construido de acuerdo con un modelo de cadena de
control, donde la sefial hormonal estd sujeta a una estricta jerarquia.
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/

Impulso nervioso Contraccion

Figura I.5. La generacién de sefiales en el sistema neuro-endocrino.
Adaptada de Nelson y Cox (2013).

El hipotdlamo es a su vez el centro de coordinacién del sistema
endocrino que recibe e integra los mensajes provenientes del sistema
nervioso central. En respuesta a estos mensajes, el hipotdlamo produce
hormonas reguladoras que se dirigen directamente a la hipdfisis. La
hipofisis posterior contiene las terminaciones de los axones de muchas
neuronas que se originan en el hipotdlamo, a partir de los que se
producen dos pequefios péptidos, la oxitocina y la vasopresina. Estas,
moviéndose a través de los axones, llegan a las terminaciones nerviosas
de la hipdfisis, para ser almacenadas en granulos de secrecién, a la
espera de la senal para su liberacion.

La hipofisis anterior responde a las hormonas hipotalamicas
transportadas a través de la sangre mediante la producciéon de hormonas
trépicas que activan las glandulas endocrinas al siguiente nivel, como la
corteza suprarrenal, la tiroides, los ovarios y los testiculos. Estas
glandulas secretan a su vez sus hormonas especificas, que son
transportadas por el torrente sanguineo a los tejidos diana.

En este sistema en cascada, una pequefia sefial provoca una
respuesta mas grande, generando una amplificacion de un milléon de
veces. Todo el proceso estd regulado por un mecanismo de
retroalimentacion del nivel superior que permite un control de Ia
concentracion requerida de la hormona especifica en tiempo real.
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I.1.5. Hormonas esteroideas

Las hormonas esteroideas incluyen aquellas secretadas por la
corteza adrenal (adenocorticales), las formadas a partir de la vitamina D,
las hormonas sexuales masculinas y femeninas (andrdégenos vy
estrégenos) y los progestagenos. Este tipo de hormonas circulan en el
torrente sanguineo unidas a proteinas transportadoras especificas debido
a su elevado caracter lipofilico.

Las hormonas adenocorticales se diferencian a su vez en tres
tipos: los corticosteroides (como el cortisol o la aldosterona), los
glucocorticoides, que afectan al metabolismo de los glucidos, y los
mineralocorticoides, que regulan la concentracion de electrolitos en
sangre. Por su parte, las producidas por la vitamina D controlan el
metabolismo del calcio y el fosfato, incluyendo la formacién vy
movilizacion de Cas(PO4); en los huesos, mientras que los andrégenos y
estrégenos se sintetizan en los testiculos y en los ovarios,
respectivamente, y afectan al desarrollo sexual y reproductor, entre otras
funciones. Por ultimo, los progestagenos se sintetizan en los ovarios o en
la propia placenta, y su funcion es mantener el embarazo (pre-
gestacional).

Esta distribucion no es estricta, ya que la corteza suprarrenal
también sintetiza una pequefia cantidad de esteroides gonadales. Por otra
parte, los testiculos también pueden producir estrégenos y los ovarios
androgenos. Ademas, todas las glandulas esteroidogénicas son capaces
de producir progesterona, precursora de todas las hormonas esteroideas.

Desde un punto de vista quimico, estas hormonas se sintetizan a
partir del colesterol y pueden diferenciarse en funcién de su estructura
quimica, compuesta de un esqueleto basico (Figura 1.6) de 18 atomos de
carbono (estrano), como los estrégenos; 19 atomos de carbono
(androstano), como los andrégenos; o de 21 atomos de carbono
(pregnano), como los progestagenos, los mineralocorticoides y los
glucocorticoides.

Estrano Androstano Pregnano

Figura I.6. Hidrocarburos ciclicos relacionados con las hormonas esteroideas.
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La Tabla I.1 recoge, a modo de resumen, las caracteristicas mas
representativas de las hormonas esteroideas, algunos ejemplos, sus
principales funciones y su glandula secretora mayoritaria.

En las rutas biosintéticas de esta clase de hormonas se producen
varias reacciones caracteristicas que estan catalizadas por diferentes
enzimas como las hidroxilasas, desmolasas, deshidrogenasas e
isomerasas. En todos los casos, la biosintesis comienza por la escisién de
la cadena lateral del colesterol para dar lugar a pregnenolona, tal y como
muestra la Figura 1.7.

Reaccion

enzimatica
e

HO HO
Colesterol Pregnenolona

Figura I.7. Ejemplo de reaccién enzimatica caracteristica
de la biosintesis de las hormonas esteroideas.

I.2. Compuestos con actividad estrogénica: endo y exoestrégenos

Con frecuencia, el grupo de estrégenos naturales anteriormente
descrito y sus metabolitos reciben el nombre de endoestrégenos (Noppe y
cols., 2008), para diferenciarlos de todo un conjunto de compuestos que
también posee actividad endocrina pero que, sin embargo, tiene otro origen.

2-Metoxiestradiol
(2-MeOE;)

17a -Etinilestradiol
(EE;)

Figura 1.8. Clasificacion de compuestos con actividad estrogénica atendiendo a su origen.



Tabla I.1. Caracteristicas mas importantes de las hormonas esteroides (Herrera, 1991).

. Estructura N° de atomos A2 L Glandula secretora .
Categoria Ea Funcioén principal B Ejemplos
quimica de C mayoritaria
Desarrollo de los .
, . 17-B-estradiol, estrona
Estrogenos Estrano 18 caracteres sexuales Ovarios, placenta estr[?ol ! !
secundarios femeninos
Testosterona,
Desarrollo de los Testiculos, glandulas androstenediona
Andrégenos Androstano 19 caracteres sexuales ' 9 . . ! —
8 ; suprarrenales dehidroepiandrosterona, S
secundarios masculinos =
androsterona 3
Q
5
Regulacion del Q,
desarrollo y Progesterona, pregnenolona, g\
Pr agen Pregnan 21 S vari lacen 17-hidroxipr rona, 17-
ogestagenos egnhano mantenimiento del Ovarios, placenta . d'o progesterona,
hidroxipregnolona
embarazo
Regulacion de las
. . concentraciones de Células glomerulares de
Mineralcorticoides Pregnano 21 - 5 . 9 Peterserona, aldosterona
electrolitos (K", Na¥, la corteza suprarrenal
Ca’*, CI) en la sangre
L Glandulas
Regulacion del suprarrenales, células Cortisol, corticosterona
Glucocorticoides Pregnano 21 metabolismo de los P ! ! !

hidratos de carbono

fasciculadas y
reticulares

cortisona

ST
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Estos ultimos reciben el nombre de exoestrégenos, frecuentemente
denominados también como disruptores endocrinos, ya que tienen un
origen ajeno al cuerpo humano, aunque éste puede ser tanto natural
como sintético (Figura 1.8).

Dentro de los endoestrogenos destacan la estrona, el estradiol y el
estriol, frecuentemente abreviados como E;, E, y Es, respectivamente, en
funcion del niamero de grupos hidroxilo que poseen en su estructura. Se
caracterizan por poseer una estructura de estrano (C18) con la
variabilidad en los sustituyentes del ciclopentano (Figura 1.9).

O OH
HO : { HO
Estrona 17B-estradiol
(Ey) (17B-E>)
OH OH
O
HO HO
Estriol 2-Metoxiestradiol
(E3) (Z‘MeoEz)

Figura I.9. Estructura de los estrdégenos naturales.

La E;, secretada por el ovario y el tejido adiposo, es la menos
abundante de las tres hormonas naturales, pero después de la
menopausia se convierte en el estrégeno predominante. Se considera una
forma poco activa y, en caso de necesidad, puede convertirse en E;
(Varney y cols., 2004). Por su parte, el E, es secretado durante los afios
reproductivos por las células granulares de los ovarios mediante la
conversion de E; en E,. Una pequefia cantidad de E, también es
producida por la corteza suprarrenal y por los testiculos. Es el estrégeno
mas abundante y también el mas importante por su efecto estrogénico,
siendo aproximadamente 80 veces mas potente que el Es y 12 veces mas
que la E; (Serrano y cols., 2001). La forma isomérica que tiene
propiedades estrogénicas es el 17B-E, aunque el 17a-E, se ha encontrado
a bajas conentraciones en la sangre y la orina de diversas especies
animales y en la leche de vaca (Jouan y cols., 2006), poseyendo una
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actividad hormonal débil (Hobe y cols., 2002). El Es; es secretado
mayoritariamente en los ovarios durante el embarazo, aunque también
constituye un producto de oxidacion de la E; y del 17B-E,, conversidon que
tiene lugar en el higado y en el intestino delgado (Serrano y cols., 2001).
El 2-metoxiestradiol (2-MeOE;) es un metabolito endégeno del 17B-E,,
gue posee una potente actividad apoptética contra las células tumorales
de crecimiento rapido (Lakhani y cols., 2003).

En lo que respecta a los exoestrégenos, éstos pueden imitar la
actividad de los endoestrogenos, debido a que presentan geometrias
estructurales similares (mecanismo de suplantacién), pero también
pueden bloquearla o incluso modular o alterar los niveles hormonales
(Hallegue y cols., 2003). De hecho, pueden interferir negativamente en el
sistema reproductor, neuroldogico e inmunoldgico. Se les atribuye incluso
la proliferacion de determinados tipos de cancer (Ganmaa y cols., 2001;
Serrano y cols. 2001). Un exoestréogeno de gran importancia es el 17pB-
etinilestradiol (EE;) (Figura 1.10), de origen semisintético, que se ha
utilizado comidnmente con fines terapéuticos, como anticonceptivo, como
terapia hormonal sustitutiva durante la menopausia y como tratamiento
complementario de algunos tipos de cancer (Diaz-Cruz y cols., 2003;
Dorner y cols., 1985; Iwase y cols., 2013). También se ha utilizado en
ganaderia como promotor del crecimiento (Shao y cols., 2005).

OH

EENN
‘\\CH

HO

Figura I.10. Estructura del 17a-etinilestradiol (EE;).

Los estilbenos sintéticos como el dienestrol (DS) y el hexestrol
(HEX) también se incluyen en este grupo. Son moléculas
estructuralmente parecidas al E,, debido tanto a su geometria como a la
distancia de separacion entre los grupos hidroxilo (Figura I.11). En
general, y debido a sus propiedades anabdlicas, estas moléculas se
emplean como promotores del crecimiento, aunque también se utilizan
como medicamentos veterinarios para tratar neoplasias malighas y
controlar la lactancia y el ciclo reproductivo (Dickson y cols., 2003).
También se ha utilizado como medicamento en humanos para el
tratamiento de algunas distrofias vaginales (Bygdeman y Swahn, 1996).
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Dienestrol Hexestrol
(DS) (HEX)

Figura I.11. Estructura de algunos estilbenos de importancia.

Otro grupo importante de compuestos que poseen actividad
estrogénica es el de las micotoxinas de la familia de la zearalenona
(ZEN), tratandose del Unico conjunto de micotoxinas que presenta este
tipo de actividad (Zain, 2011). De todas ellas, la ZEN es la mas
representativa y es producida por diferentes especies de hongos del
género Fusarium (F. graminearum, F. culmorum y F. equiseti, entre
otros). Se encuentra de forma comun en el maiz, pero también puede
estar presente en otros cereales como la cebada, el trigo, el mijo y el
arroz. Su estructura quimica corresponde a una lactona del acido
resorciclico y sus principales metabolitos son el zearalanol (ZAL) y el
zearalenol (ZEL), en sus formas isoméricas o y B (Figura 1.12) (Emidio y
cols., 2015; Sgrensen y Elbaek, 2005). Se sospecha que tanto la ZEN
como el ZAL y el ZEL son hepatotdxicos, inmunotoxicos y genotdxicos
(Zinedine y cols., 2007).

(0] OH
(6]
(0] N OH
Zearalenona
(ZEN)
(0] OH
(@]
HO OH
a-Zearalanol B-Zearalanol
(a-ZAL) (B-ZAL)
O OH
(e}
X
HO OH
a-Zearalenol B-Zearalenol
(a-ZEL) (B-ZEL)

Figura I.12. Estructuras de las micotoxinas de la familia de la ZEN.



Introduccion 19

En lo que respecta a su actividad estrogénica, los metabolitos a-
ZEL y o-ZAL tienen una actividad de 3 a 4 veces superior a la de la ZEN
(Minervini y cols., 2005; Mirocha y cols., 1979;). Por otro lado, y debido
a su efecto anabolizante, es importante destacar que algunos de estos
compuestos han sido utilizados durante mucho tiempo como promotores
del crecimiento en ganado en determinados paises (Noppe y cols., 2008),
aunque teniendo en cuenta el elevado grado de toxicidad que presentan
tanto en el ser humano como en los mamiferos en general, dicho uso
estd actualmente prohibido en Europa.

I.2.1. Importancia del analisis de compuestos con actividad
estrogénica en aguas y alimentos

Como es bien conocido, las actividades humanas globales estan
causando una profunda alteracion del medio ambiente, no sélo en el
paisaje, sino también en los sutiles equilibrios bioldgicos. Esto se debe a
la introduccion de productos quimicos que actian como contaminantes
ambientales. En este sentido, la preocupacién por las posibles
consecuencias de la presencia de estos contaminantes en el medio
ambiente ha aumentado, sobre todo en el caso de aquellos previamente
desconocidos 0 no reconocidos como tales. Se trata de los denominados
“contaminantes emergentes". Entre ellos, los disruptores endocrinos han
suscitado un gran interés, ya que no identifican a una clase de
contaminantes, sino que se trata de una amplia gama de compuestos
(Ciofi y cols., 2013) que son introducidos en el organismo a través de la
ingesta de agua y alimentos principalmente.

Los estudios sobre el metabolismo de los compuestos con
actividad estrogénica sugieren que son absorbidos por el intestino y
metabolizados en el higado (Filannino y cols., 2011). Posteriormente,
estas sustancias llegan a los rifiones y se transforman en derivados mas
polares que se conjugan en forma de ésteres sulfato o glucurdnidos
hidrosolubles, pudiendo ser eliminados por medio de la orina (Pacdkova y
cols., 2009). Por esta razdn, la presencia de este tipo de compuestos se
ha detectado en el ciclo del agua (Heberer, 2002; Richardson y Bowron,
1985), habiéndose encontrado en aguas ambientales de efluentes de
fabricas, de plantas de tratamiento de aguas residuales y de aguas
residuales residenciales. En el segundo caso, se han detectado a niveles
desde por debajo de los ng/L a decenas de ng/L (Miége y cols., 2009b).

Por otra parte, y dada su elevada estabilidad, las micotoxinas
suponen una aportacién adicional de contaminantes a las aguas de
drenaje de campos cultivados con plantas infectadas, aguas de
escorrentia de instalaciones ganaderas y campos agricolas abonados con
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estiércol de ganado (Emidio y cols., 2015), asi como en sedimentos y
lodos (Gabet y cols., 2007).

A pesar de que la presencia de sustancias con actividad
estrogénica en la mayoria de los casos es a concentraciones tan bajas
como para no suponer una preocupacidn medioambiental, se ha
demostrado que pueden ejercer una actividad negativa significativa en
organismos acuaticos, provocando, por ejemplo, trastornos endocrinos en
peces a una concentracion de 0,1 a 1,0 ng/L (Hansen y cols., 1998;
Kramer y cols., 1998). Algunos de estos problemas han sido publicados
en la bibliografia, destacando los cambios de sexo y disfunciones
reproductivas en reptiles, aves, anfibios, peces y crustaceos (Jobling vy
cols. 1998; Miége y cols., 2009a).

Por otra parte, una fuente importante de compuestos con
actividad estrogénica son los alimentos. La presencia de estrogenos de
origen animal en la dieta humana es debida a una alimentacién rica en
carne, huevos y especialmente leche, que de acuerdo con Hartmann et
al. (Hartmann y cols., 1998), supone aproximadamente el 60-70% del
total de estrégenos ingeridos. Aunque para el resto de mamiferos este
producto es un alimento que no se consume después del destete (Pereira,
2014), la leche y sus derivados forman parte de la dieta del ser humano
incluso en la fase adulta. Los datos mas recientes de la FAO muestran
gue la produccién de leche en 2012 se estimaba en mas de 150 y 90
millones de toneladas en Europa y Estados Unidos, respectivamente
(FAOSTAT), siendo la ingesta de leche per capita mayor de 150 kg al afio
(FAOSTAT) en ambos paises. Esta estadistica no hace mas que ratificar
gue la leche es posiblemente un importante vehiculo para introducir
compuestos con actividad estrogénica en el organismo con un nivel de
exposicién continuo y diario.

Para satisfacer esta gran demanda, se han desarrollado
procedimientos en zootecnia que permiten aumentar y mantener la
produccion de leche de vaca constante durante todo el afo. Para ello, se
han seleccionado razas de vaca como la Holstein, que es capaz de
proporcionar una producciéon de leche durante casi todo el periodo de
gestacion, es decir, durante mas de 300 dias al afio (Maruyama y cols.,
2010).

La presencia de estrégenos naturales en la leche es enddgena
debido precisamente a la naturaleza bioldgica de la misma. Sin embargo,
las malas practicas ganaderas, asi como la recoleccion durante el periodo
de gestacién o el uso y abuso de compuestos anabdlicos ilegales como el
HEX y el DS que extienden los ciclos de produccién de la leche, pueden
elevar el contenido de estos compuestos por encima de los niveles
normales (Maruyama y cols., 2010). Ademas, existen hipdtesis que



Introduccion 21

sefialan que ni la pasteurizacién ni el proceso de trasformacion en los
productos derivados reducen los contenidos de los mismos
completamente (Qin y cols., 2004).

En las u(ltimas décadas, se ha puesto en duda la utilidad o
necesidad de consumir leche. Lo cierto es que, por un lado, se trata de
uno de los alimentos mas completos y equilibrados, ya que aporta un
elevado contenido de nutrientes como proteinas, hidratos de carbono,
vitaminas liposolubles y grasas (Aluko, 2012; Rice y cols., 2013). Sin
embargo, su consumo se ha relacionado con la posibilidad de un aumento
del riesgo de sufrir diversas enfermedades como trastornos
cardiovasculares, anomalias en el sistema reproductor (Massart y cols.,
2005; Rasier y cols., 2006), diabetes e incluso cancer testicular, de
mama, prostata, ovario o cuerpo uterino (Ganmaa y cols., 2002; Ganmaa
y Sato, 2005; Malekinejad y cols., 2006; Maruyama y cols., 2010; Melnik,
2009; Parodi, 2012; Pereira, 2014).

Otra fuente de disruptores endocrinos son las plantas afectadas
por el hongo Fusarium que pueden ser consumidas por el ganado y pasar
al ser humano. En particular, la carne, la leche y los huevos se han
estudiado como portadores no sélo de la ZEN, sino también de su
metabolitos, el ZAL y el ZEL (Kleinova y cols, 2002). Por otra parte, la
presencia no natural de a-ZAL se asocia con practicas antropogénicas en
biotecnologia, relacionadas con su uso como promotor del crecimiento
para el aumento de la produccién y como “remedio” para reducir el estrés
en el ganado (Chighizola y Meroni, 2012), ambas prohibidas en Europa
desde 1985 (Directiva 85/649/EEC).

Con este panorama, aparte de inculcar una buena educacion
alimentaria promoviendo la ingesta equilibrada de alimentos, es de vital
necesidad llevar a cabo un control estricto de los alimentos en base a una
serie de leyes para obtener informacion fidedigna que permita
salvaguardar la salud de los consumidores.

1.2.2. Legislacion en materia de estrogenos

La globalizacién de los mercados, la seguridad y la calidad de los
alimentos se ha convertido en una preocupacion para los consumidores,
los fabricantes y los gobiernos. Los contaminantes pueden estar
presentes en los productos alimenticios debido al proceso de produccién
del embalaje, el transporte y el almacenamiento. Ademas, el uso de
nuevos procesos industriales y practicas agricolas, asi como la
contaminacion del medio ambiente son las principales fuentes de los
denominados contaminantes emergentes. Por esta razon, los centros de
investigacion y los gobiernos trabajan en conjunto para mejorar la
seguridad alimentaria con reglamentos en los que se definen las
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limitaciones, las prohibiciones y los niveles maximos de residuos (LMRs)
permitidos.

En lo que concierne a los compuestos con actividad estrogénica
sefalados anteriormente, aun hoy en dia se utiliza una amplia gama de
esteroides anabodlicos para el crecimiento de los animales y para
aumentar la eficiencia de la conversidén alimenticia, es decir, la relacién
entre el alimento suministrado y la ganancia de peso que experimentan.
Una de estas sustancias es el a-ZAL, utilizado en Estados Unidos desde
1969, y todavia utilizado y permitido en Canada (H. Noppe y cols., 2008).
El empleo de esteroides anabdlicos, incluyendo el a-ZAL, el 17B-E, y los
estilbenos, han sido objeto de discusiéon en la Directiva 81/602/CEE y
sucesivamente prohibidos por la UE mediante las Directivas, 85/649/EEC,
88/146/CEE, 88/299/CEE, 96/22/CE, 2003/74/EC y 2008/97/CE, que en
general prohiben la administracién de sustancias con efecto hormonal y
tirostatico y sustancias p-agonistas en la cria de ganado.

A finales de 2011, la Comisidon Europea propuso la adicion de 15
sustancias nuevas a la lista de los 33 contaminantes que deben de
controlarse en las aguas superficiales de acuerdo con la Directiva
2008/105/CE. Esta propuesta, conocida como COM(2011)876 (Directiva
2011/876), que modifica las Directivas 2000/60/EC y 2008/105/EC, se
convirtié en la Directiva 2013/39/EU y se elabor6 considerando el efecto
nocivo de estas sustancias basandose en las evidencias del riesgo que
suponen para la salud humana. Por primera vez, se incorporaron dos
compuestos con actividad estrogénica: el EE, y el 17B-E,. En lo que se
refiere a los alimentos, en el afio 2010 se establecieron LMRs de algunas
hormonas en carne, aunque no hormonas estrogénicas, a través de la
Directiva 37/2010.

Por lo tanto, a pesar de la importancia que posee el consumo de la
leche y de los productos lacteos, la legislacion en materia de seguridad
alimentaria es todavia escasa, por no decir practicamente nula. Sin
embargo, a diferencia de la baja importancia que la EU ha concedido a
esta materia, la investigacion cientifica continla concentrando sus
esfuerzos en la monitorizacion y el desarrollo de métodos analiticos mas
eficaces y sensibles.

I.3. Determinacion de compuestos con actividad estrogénica: uso
de técnicas miniaturizadas

Como es bien conocido, el analisis de compuestos organicos puede
llevarse a cabo en la actualidad mediante técnicas cromatograficas, ya
sea cromatografia de gases (GC) o de liquidos (LC), o bien mediante
técnicas electroforéticas, dependiendo de las propiedades de los analitos.
Este es también el caso de los compuestos con actividad estrogénica
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objeto de estudio en esta Tesis Doctoral: los estrégenos naturales,
sintéticos y micoestrégenos. De hecho, en la bibliografia existen diversos
ejemplos de su aplicacién al analisis de diferentes tipos de muestras, tal y
como se vera a continuacidon. En este sentido, es importante destacar que
algunas de estas técnicas, en particular sus versiones miniaturizadas,
cumplen los principios de sostenibilidad ambiental de la Quimica Analitica
Verde anteriormente sefialados, de ahi que sean descritas con un mayor
grado de detalle.

I.3.1. Cromatografia de gases

Hoy en dia, la GC es considerada en cierta medida como una
técnica verde, dado que el uso de disolventes organicos es
extremadamente bajo (Ptotka y cols., 2013). De hecho, la muestra se
disuelve en una cantidad minima de disolvente organico y, a
continuacion, se vaporiza en el interior del inyector a partir del cual es
transportada a través de la columna capilar por el gas portador.

En lo que respecta al andlisis de estrégenos naturales, sintéticos y
micoestrégenos, éstos se han analizado mediante GC en pocas ocasiones
debido a su baja volatilidad (Hajkova y cols., 2007; Soliman y cols.,
2004). Sin embargo, dado que su derivatizacion es factible, la
versatilidad de la técnica para este fin se ha visto incrementada.

Una de las reacciones de derivatizacién mas comunes en GC y que
es utilizada para el andlisis de este grupo de analitos, es la la sililacidn,
que se produce por sustitucion de los hidrégenos activos de acidos,
alcoholes, tioles, aminas, amidas y cetonas y aldehidos enolizables por
grupos trimetilsilil (TMS). (Azzouz y cols., 2011; Capriotti y cols., 2013).
El derivado resultante se caracteriza por tener una menor polaridad,
mayor volatilidad, mayor estabilidad térmica y, en Gltima instancia, un
patron de fragmentacion mas claro que la molécula de origen (Pacakova
y cols., 2009).

Entre los reactivos de derivatizacion mas comunes que conducen a
la formacion de TMS-derivados se encuentran el N-metil-N-
trimetilsililtrifluoroacetamida (MSTFA), trimetilyodosilano (TMIS) y el N-
O-bis-(trimetilsilil)-trifluoroacetamida (BSTFA), que resultan
particularmente eficaces en matrices agroalimentarias (Capriotti y cols.,
2013). En lo que respecta a los compuestos estudiados en la presente
Tesis Doctoral, se ha demostrado que el BSTFA resulta mas eficaz,
asegurando una mejor selectividad y una mayor sensibilidad en GC-MS
(Ding y Chiang, 2003).

En la Figura 1.13 se representa la reaccion de sililacion que tiene
lugar entre un analito que contiene un grupo hidroxilo y el BSTFA. Con el
objetivo de que la derivatizacion sea maxima, asi como de evitar la
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aparicién de otros derivados intermedios que puedan interferir en su
determinacién, se afade a la mezcla de reaccién trimetilclorosilano
(TMCS), que actla como catalizador (Azzouz y cols., 2011).

Analito\o\
H H.C CH
EYPION 3
+ ——= HC—Si" Analito  + HOYN\S/i/CHs
! |
H.C, /CH3 CH, CF, CH,
HOSON M J o,
CH '
8 CF, CH,
BSTFA

Figura I.13. Reaccidn de sililacién de un alcohol utilizando BSTFA.

A pesar de que la derivatizacion de estrégenos naturales,
sintéticos y micoestréogenos (y, en general, de cualquier otro analito)
supone la introduccion de una etapa adicional en la metodologia analitica
utilizada, su utilizacidon mejora significativamente la volatilidad de dichos
compuestos, permitiendo su adecuada determinacion mediante GC. De
hecho, la técnica se ha utilizado para su determinacion en muestras
bioldgicas (Biddle y cols., 2006; Blokland y cols., 2006; Caron y cols.,
2015; Choi y cols., 2002), medioambientales (Gonzalez y cols., 2015;
Kelly, 2000; Nakamura y cols., 2001; Pacakova y cols., 2009) vy
alimentarias (Capriotti y cols., 2013; Noppe y cols., 2008; Socas-
Rodriguez y cols., 2013a). En la Tabla 1.2 se recogen ejemplos de
articulos cientificos publicados hasta la fecha para la determinacion de
compuestos con actividad estrogénica mediante GC en leche y derivados
lacteos.

Como se puede apreciar en la tabla, para lograr la maxima
selectividad en la separacidn de compuestos estrogénicos se han
empleado columnas que contienen una fase estacionaria apolar, del tipo
5% difenil - 95% dimetil polisiloxano, ya que la presencia de grupos
fenilo ofrece la posibilidad de que tengan lugar interacciones de van der
Waals y de tipo n-n con los anillos aromaticos de los compuestos
estrogénicos derivatizados (Dettmer-Wilde y Engewald, 2014).

Como se puede apreciar en la tabla, para lograr la maxima
selectividad en la separacion de compuestos estrogénicos se han
empleado columnas que contienen una fase estacionaria apolar, del tipo
5% difenil - 95% dimetil polisiloxano, ya que la presencia de grupos
fenilo ofrece la posibilidad de que tengan lugar interacciones de van der
Waals y de tipo n-nm con los anillos aromaticos de los compuestos
estrogénicos derivatizados (Dettmer-Wilde y Engewald, 2014).
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Por otro lado, también se puede observar en la Tabla 1.2 que en
todos los casos se ha llevado a cabo el acoplamiento de la técnica con un
detector de MS, haciendo uso de la ionizacién por impacto electrénico
(EI) y de un analizador de tipo cuadrupolo simple (Q), triple cuadrupolo
triple (QgqQ) o trampa de iones (IT).

1.3.2. Cromatografia de liquidos

El desarrollo de la LC también se ha visto influenciado, sobre todo
durante los ultimos afos, por las tendencias de la Quimica Verde, sobre
todo en lo que respecta al consumo de disolventes.

Entre estas tendencias se encuentran, entre otros: i) el empleo de
fases estacionarias con grupos funcionales del tipo -CN, -NH,, -Cg, etc.
que requieren un mayor contenido de agua en la fase movil,
disminuyendo asi el uso de disolventes organicos (De La Guardia y
Garrigues, 2012); ii) la reduccion del tiempo de andlisis mediante el
empleo de columnas cromatograficas mas cortas, empaquetadas con
fases estacionarias con un diametro reducido de particula, inferior a 3 um
(Veuthey vy cols., 2006); v iii) el empleo de columnas cromatograficas con
d.i. inferior a 300 um, lo que genera una importante reduccién del flujo
de fase mévil de mL/min a nL/min o yL/min (Vissers, 1999).

Tabla I.3. Clasificacion de los tipos de LC (Agilent, library; Noga y cols., 2007).

Denominacién D.i. de la Flgjo de fase movil utiIiz’ado (valores
columna mas comunes entre paréntesis)

Nano-LC 25-100 ym 100-500 nL/min

Nano-LC/LC capilar 150 pm 300-500 nL/min

LC capilar 300-500 pm 1-20 pL/min (4-12 pyL/min)

Micro-LC 1,0 mm 20-100 pL/min (50 pL/min)

Narrow bore-LC 2,1 mm 0,1-0,5 mL/min (0,2 mL/min)

LC 4,6 mm 0,2-2,0 mL/min (1 mL/min)

LC semipreparativa 8-20 mm >2 mbL/min

La Tabla I.3 muestra una clasificacion de los diferentes tipos de LC
atendiendo al d.i. de la columna y al flujo de la fase movil. Como se
puede observar, en nano-LC tanto el d.i. de la columna, como el flujo son
del orden de entre 60 y 5000 veces menores respecto a los de un sistema
LC tradicional (Agilent, library; Noga y cols., 2007).
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I.3.2.1. Nano-cromatografia liquida

La nano-LC se ha desarrollado sobre los mismos principios de la
cromatografia convencional, aunque todos los componentes del sistema,
como las bombas, el inyector, la columna y los detectores se han
reducido en sus dimensiones.

En este tipo de cromatografia se utilizan columnas capilares de
silice fundida de d.i. entre 25 y 150 ym. Entre las columnas utilizadas
destacan, por un lado, las denominadas “de tubo abierto” (open tubular),
muy poco utilizadas, y, por otro, las columnas monoliticas y las
empaquetadas (Pesek y Matyska, 2000).

Las columnas monoliticas se obtienen mediante la polimerizacién
in-situ de un mondmero organico adecuado (Guiochon, 2007) o bien a
partir de un proceso sol-gel dentro de la columna (Li y cols., 2004). En
este Ultimo caso, se obtiene una columna a base de silice. El monolito
constituye una Unica estructura sélida con un reticulado con poros de
pequefias y grandes dimensiones. Por este motivo, la estructura es
altamente porosa y muy permeable, pudiéndose emplear elevados flujos
de fase movil con bajas contrapresiones, lo que reduce
considerablemente los tiempos de analisis. A pesar de que tienen
evidentes ventajas por su porosidad, robustez y versatilidad, existen muy
pocas columnas de este tipo disponibles comercialmente y la
polimerizacién en el propio laboratorio requiere una gran experiencia y un
elevado control de las condiciones experimentales para asegurar una
reproducibilidad adecuada.

En lo que a las columnas empaquetadas se refiere, éstas se
rellenan con una fase estacionaria constituida por particulas,
generalmente a base de silice o de un material polimérico, de
dimensiones entre 2-5 ym de didametro de particula (Angus y cols.,
2000). Segun el mecanismo de separacion que se persiga, la fase
estacionaria puede funcionalizarse en su superficie, tal y como sucede en
la LC convencional. En este sentido, se puede emplear silice modificada
con una cadena hidrocarbonada como C,4, Cg, Cis, C30 0 carbdn grafitizado
para conseguir un mecanismo de interaccién de tipo hidrofdbico; silice
modificada con grupos fenilo para conseguir una interaccion de tipo n-r;
silice modificada con grupos -CN para interacciones polares; o resinas de
intercambio idnico, silice modificada con grupos amino, amida, silice o
diol para conseguir interacciones hidrofilicas (HILIC).

Hoy en dia existe una gran variedad de columnas de nano-LC
rellenas disponibles comercialmente (Nazario y cols., 2015). Sin
embargo, su coste aun sigue siendo muy elevado. Para superar este
inconveniente y, sobre todo, para posibilitar el relleno de las columnas
con la fase estacionaria mas apropiada para cada aplicacion, diversos
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laboratorios han optado por fabricar sus propias columnas desarrollando
una metodologia de empaquetamiento especifica. En este sentido, se han
propuesto diferentes técnicas de empaquetamiento para la preparacion
de columnas capilares, que principalmente son versiones ligeramente
modificadas de las ya utilizadas para preparar columnas de LC
convencional. Cabe destacar que la introduccién de la fase estacionaria
en la columna se ha llevado a cabo tanto por gravedad (Kimberly y cols,
1998) como utilizando un gas (Crescentini y cols., 1988) o un liquido a
alta presion (Broquaire, 1979; Linder, 1976), fluidos supercriticos (Malik
y cols., 1993), mediante fuerza centripeta (Fermier y Colén, 1998) o
utilizando una diferencia de potencial para generar flujo electroosmoético
(EOF) (Yan y cols., 1995).

Hasta la fecha, el método de empaquetamiento mas utilizado, ya
sea por su facilidad operativa como por la disponibilidad de la
instrumentacién necesaria, ha sido el denominado método de slurry. En
la presente Tesis Doctoral, este método ha sido utilizado para el
empaquetamiento de columnas capilares para nano-LC y CEC siguiendo el
procedimiento descrito por Fanali et al. (Fanali y cols., 2004; 2007). La
Figura I.14 muestra un esquema del sistema empleado para llevar a cabo
este tipo de empaquetamiento. El capilar de silice fundida se conecta por
un lado a un frit mecanico y, por el otro, a un depdsito de acero de 1 mL
en el que se coloca una suspension o slurry de fase estacionaria en un
disolvente apropiado, que generalmente es acetona.

Slurry
(suspension de fase
estacionaria)

Bomba de LC

Frit mecanico
de acero

\

Microscopio Ultrasonidos Metanol

Figura I.14. Esquema del sistema utilizado para llevar a cabo el
empaquetamiento de capilares mediante el método de slurry.

La bomba de LC conectada al depdsito bombea un disolvente
organico, que suele ser metanol (MeOH), a través del mismo a una
presion de unos 300-350 bar, con lo que se consigue introducir de
manera gradual la suspensiéon en el capilar. Para conseguir un lecho de
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fase estacionaria homogéneo, el capilar se coloca en el interior de un
bafio de ultrasonidos durante todo el proceso. El control en tiempo real
de la fase de empaquetamiento se realiza mediante un microscopio
optico, como se puede observar en la Figura I.15.

Empaquetamiento

Fase estacionaria Flujo de fase estacionaria

Figura I.15. Imagen del microscopio dptico del
empaquetamiento de un capilar de nano-LC.

Para mantener la fase estacionaria dentro del capilar, se procede a
la fabricacion de los frits que deben tener una alta resistencia mecanica,
elevada permeabilidad y longitud corta. Es altamente deseable que la
técnica de fabricacidon sea sencilla, rapida y perfectamente reproducible.
Para ello, se han utilizado frits mecanicos, monoliticos, frits de silice
sinterizada, etc. (Xue y cols., 2015), cada uno de los cuales presenta sus
correspondientes ventajas e inconvenientes.

Alambre
calentado
eléctricamente

Frit

0
Metanol

Figura I.16. Esquema del procedimiento
de preparacion de los frits de silice sinterizada.
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A pesar de que la preparacién de los frits de silice sinterizada tiene una
reproducibilidad mas baja respecto a otros métodos, la sencillez del
procedimiento ha hecho que su empleo se haya extendido ampliamente.
Para su preparacion, una vez finalizada la etapa de empaquetamiento el
capilar se lava con agua destilada a una presion de 300 bar v,
sucesivamente, se coloca sobre un alambre calentado eléctricamente a
700 °C durante algunos segundos (Fanali y cols., 2004), tal como se
muestra en la Figura 1.16.

I1.3.2.1.1. Incremento de la sensibilidad en la nano-cromatografia
liquida

Aunque la nano-LC presenta grandes ventajas como la baja
dilucion cromatografia y la elevada eficacia, el pequeifio volumen de
inyeccién (menor de 100 nL) hace que, en general, la sensibilidad no
supere a la alcanzada en la LC de alta eficacia (HPLC) convencional
(Vissers, 1999). Ademas, en el caso de los detectores
espectrofotométricos, la celda de deteccién estd en la propia columna
para minimizar la dispersién, con lo que el paso éptico coincide con el d.i.
de la misma (< 100 pym).

Con el objetivo de mejorar la sensibilidad, se han propuesto
diferentes soluciones: i) emplear celdas de deteccién mas largas, con
forma de “U” o de “Z"” (PruB y cols., 2003); ii) utilizar detectores mas
sensibles que el de UV-Vis como, por ejemplo, un espectrofluorimetro o
un MS (Vissers, 1999) o iii) inyectar grandes volimenes de muestra en
condiciones de focalizacion (Héron y cols., 2000; Malcolm y cols., 1997;
Vissers y cols. 1996).

Es importante destacar que dado que la duracion de la etapa de
inyeccion depende del volumen de muestra inyectado, y éste depende a
su vez del flujo de la fase mévil, para inyectar un volumen de 20 yL en
una columna de 4,6 mm de d.i. a una velocidad de flujo de 1 mL/min se
requieren so6lo unos segundos, mientras que para inyectar unos cientos
de nL en una columna capilar a un flujo de 200 nL/min, se requieren
desde varias decenas de segundos hasta varios minutos. En este ultimo
caso, el plug de inyeccién, que tedricamente deberia ser estrecho, se
extiende durante el tiempo de inyeccion provocando una sobrecarga de la
columna (PriB y cols., 2003). Por este motivo, la inyeccion de grandes
voliumenes puede empeorar la separacion cromatografica en términos de
selectividad y eficacia, ya que la capacidad de carga de las columnas
capilares es extremadamente reducida.

Una posible solucion a este ultimo problema es hacer uso de la
técnica de la focalizacion en linea (Héron y cols., 2000; Malcolm y cols.,
1997; Vissers y cols. 1996), que consiste en disolver la muestra en un
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disolvente con una fuerza elutrépica mas baja con respecto a la fase
moévil inicial, de modo que, cuando la muestra es inyectada, los analitos
quedan retenidos en la parte inicial de la columna. Finalizada la etapa de
inyeccidon, que puede ser de pocos segundos a algunos minutos, los
analitos son eluidos por la fase moévil. La eleccion del disolvente de
focalizacion depende de los analitos y, sobre todo, de la interaccién que
estos tengan con la fase estacionaria (Buonasera y cols., 2009; D'Orazio
y Fanali, 2008)

Esta técnica de focalizacién también se puede aplicar haciendo uso
de una columna “trampa” que se coloca antes de la columna analitica, de
forma similar a la denominada extracciéon en fase sélida (SPE) en linea
(Asensio-Ramos y cols., 2011a). Sin embargo, se trata de una solucion
mas compleja y costosa, ya que se debe disponer de un sistema de nano-
LC equipado con una micro-bomba y valvulas, siendo también necesario
cambiar la columna trampa periédicamente con el consecuente gasto
economico.

I.3.2.1.2. Acoplamiento con la espectrometria de masas

Los primeros intentos de acoplamiento de una técnica
miniaturizada de LC con la MS se realizaron a finales de los afios 70 y
principios de los 80, gracias a los resultados obtenidos por Takeuchi y
cols. (Takeuchi y cols., 1978) y Henion y Maylin (Henion y Maylin, 1980).
En este ultimo caso, los autores describieron la introduccion directa de la
salida de una columna de 500 pm de d.i. en un MS mediante una
interfase que denominaron “interfase de introduccién directa del liquido”
(direct liquid introduction). A mitad de la década de los 80, Tsuda y cols.
(1985) utilizaron esa misma interfase con una columna de 50 pm de d.i.
empaquetada. Seis afios mas tarde, Caprioli y cols. (1986) desarrollaron
la interfase de bombardeo por atomos rapidos en flujo continuo (CF-FAB)
y a finales de los afios 80, Moseyley y cols. (1989) la acoplaron a una
columna de 50 um de d.i.

Sin embargo, la gran revolucion en este campo fue,
indudablemente, la construccion de las interfases de ionizacion a presion
atmosférica (API). Entre ellas, las basadas en el fendmeno de ionizacion
por electrospray (ESI) han predominado en todos los campos de
aplicaciéon por su alta compatibilidad con la nano-LC. En este sentido,
basandose en los experimentos preliminares de Dole, Iribarne y Thomson
(Dole y cols., 1968; Gieniec y cols., 1984; Iribarne y Thomson, 1979;
Thomson vy Iribarne, 1979), Fenn y sus colaboradores estudiaron la teoria
del fendmeno del electrospray y desarrollaron la tecnologia del mismo
(Fenn y cols., 1990; Whitehouse y cols., 1985). El proceso que tiene
lugar en la ESI consiste, no sélo en la nebulizacién de un liquido para
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formar un aerosol de pequenas gotas altamente cargadas, sino también
en la ionizacion de los analitos. Este proceso se inicia mediante la
aplicacion de un potencial eléctrico de varios kV entre un capilar metalico
por el que fluye el liquido y un electrodo conectado a tierra, que es el
orificio de entrada al espectrometro de masas. Cuando se aplica dicha
diferencia de potencial, el menisco del liquido que sale del capilar se
deforma, generando un cono que se conoce con el nombre de “cono de
Taylor”. Posteriormente, la hipétesis teodrica establece que: i) las
pequefias gotas abandonan el cono para generar sucesivos conos, hasta
la formacidon de un gas de iones vy ii) las gotas abandonan el cono y
comienzan a evaporarse hasta que la carga superficial y la densidad de
carga aumentan hasta un cierto limite, definido como “/imite de
Reyleigh”, tras el cual tienen lugar explosiones de Coulomb, formando
finalmente un gas de iones.

Para aumentar la eficacia de la ionizacién y, por tanto, la
sensibilidad, se puede utilizar una interfase de bajo flujo, denominada
interfase nano-ESI (Wilm y Mann, 1996). Esto, conjuntamente con la
aplicacion de bajos potenciales y con una mejor desolvatacion de los
iones en fase gaseosa, mejoran la eficacia del fendbmeno de ionizacién
(Gelpi, 2002). En este sentido, es importante tener en cuenta que se ha
demostrado que la eficacia de la ionizacion en la ESI disminuye al
aumentar el flujo en la interfase (Abian y cols., 1999; Oosterkamp y
cols., 1998).

Experimentalmente, la interfase nano-ESI propuesta por Abian y
cols. (1999) y Davis y cols. (1995) consiste en unir la salida de la
columna capilar (normalmente de 75 ym d.i. x 25 cm) a un capilar de 25
pum de d.i. en forma de punta, denominado emisor-ESI (Andren y cols.,
1994), a través de una pieza de acero de volumen muerto cero. El
dispositivo se dispone sobre un soporte con control de movimiento XYZ
para ajustar la punta a pocos milimetros del orificio del espectréometro. La
ionizacion se genera por la aplicacion de 2 kV a la unién de acero (Figura
1.17), demostrandose que el acoplamiento de un sistema cromatografico
miniaturizado a través de una interfase nano-ESI resulta ser mas sensible
que un sistema LC-MS que utiliza una interfase ESI tradicional (Legido-
Quigley y cols., 2002). La Figura I.17 muestra un esquema de un sistema
de nano-LC fabricado en el laboratorio acoplado a la MS a través de una
interfase nano-ESI (Fanali y D’Orazio, 2006). Esta interfase ha sido
utilizada en la presente Tesis Doctoral.

Es importante destacar que en la bibliografia se han propuesto
diferentes métodos para llevar a cabo el andlisis de compuestos con
actividad estrogénica mediante el acoplamiento de la MS con técnicas
cromatograficas convencionales (HPLC y GC) en matrices tanto bioldgicas
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(Choi y cols, 2002; Vanhaecke y cols., 2011), como medioambientales
(Gorga y cols., 2014; Petrovic y cols., 2002; Tomsikova y cols., 2012) y
alimentarias (Azzouz y cols., 2011; Socas-Rodriguez y cols., 2013a). Sin
embargo, en lo que se refiere al uso de técnicas miniaturizadas, en el
momento de la realizacidon de esta Tesis Doctoral, sélo existia un trabajo
en el que se separara y analizara un grupo de estrdégenos (E;, E3, 17a-E,,
17B-E,, EE,) mediante LC capilar acoplada a la MS en tdndem (MS/MS)
desarrollado por Kozlik y cols. (2011).

Emisor-ESI

Generador eléctrico

Columna
capilar

Contacto eléctrico

Sistema de split

Capilar 50 um d.i. x 70 cm / m
L

\ .
Emisor-ESI —
\ modificado =
Tierra

PEEK™ 130 um d.i. x 50 cm

Columna

- MS
capilar

Metanol

Unién de acero

Figura I.17. Esquema del sistema nano-LC-MS utilizando
una interfase nano-ESI.

I1.3.3. Electroforesis capilar

La CE permite llevar a cabo separaciones rapidas y con una alta
eficacia de compuestos con o sin carga, dependiendo del modo de
separacion, a partir de un pequefo volumen de muestra. Para ello, se
aplica una diferencia de potencial de hasta 30 kV en los extremos de un
capilar de silice fundida de 10-100 pym de d.i. en el que se introduce una
disolucion denominada electrolito de fondo (BGE) o electrolito de
separacion.

La muestra se puede inyectar en el capilar por aplicacién de una
diferencia de potencial (inyeccién electrocinética), de presién o incluso
mediante la aplicacién de vacio en uno de los extremos del capilar
(inyeccion hidrodindmica). Una vez inyectada la muestra, y debido a la
influencia del campo eléctrico, las especies cargadas y no cargadas se
mueven como resultado de la suma de su movilidad electroforética (u.),
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de su tamano y carga y de la movilidad del EOF (ueor). Este Ultimo se
puede modificar o incluso inhibir afladiendo determinados componentes al
BGE o incluso modificando la superficie interna del capilar.

Los modos de separacion empleados en CE, se pueden clasificar
en dos grupos (Buszewski y cols., 2013). El primero se basa Unicamente
en los principios de separacién electroforéticos e incluye la electroforesis
capilar en zona (CZE), la electroforesis capilar en gel (CGE), el
isoelectroenfoque capilar (CIEF), la isotacoforesis capilar (CITP) y la
electroforesis capilar en medio no acuoso (NACE). El segundo modo
combina tanto los principios de separacion electroforéticos como los
cromatograficos, e incluye técnicas como la electrocromatografia capilar
(CEC) y la cromatografia electrocinética (EKC) (de Boer y cols., 1999).
Dentro de la EKC existen a su vez diferentes modalidades en funcion del
tipo de fase pseudo-estacionaria (PSP) empleada, entre las que destaca
la cromatografia electrocinética micelar (MEKC), que se describird a
continuacion, dado que ha sido empleada en esta Tesis Doctoral.

Es importante destacar que a pesar del hecho de que los
compuestos con actividad estrogénica estudiados en esta Tesis Doctoral
tengan un pK; superior a 7,5 (Tabla 1.4) y, por lo tanto, sean neutros en
un amplio rango pH, también han sido separados y cuantificados
mediante CZE (Tabla 1.5) utilizando tampones muy basicos. En particular
se han analizado en aguas (Li y cols., 2013) en fluidos bioldgicos
(Kuehnbaum vy Britz-McKibbin, 2011) y harina (Arribas y cols., 2009),
aunque no en leche y derivados.

Tabla I.4. Algunas propiedades de los compuestos con
actividad estrogénica analizados en la presente Tesis Doctoral

Analitos Acrénimo Mw (g/mol)  pK,®
Estrona E; 270,4 10,25
17a-Estradiol 17a-E, 272,4 10,27
17B-Estradiol 17B-E, 272,4 10,27
17a-Ethinilestradiol EE, 296,4 10,24
Estriol Es 288,4 10,25
2-Methoxiestradiol 2-MeOE, 302,4 10,29
Dienestrol DS 266,3 9,21

a-Zearalanol a-ZAL 322,4 8,08
B-Zearalanol B-ZAL 322,4 8,08
a-Zearalenol a-ZEL 320,4 7,619
B-Zearalenol B-ZEL 320,4 7,619
Zearalenone ZEN 318,4 7,58

a) Dato extraido de la base de datos SciFinder (Scifinder); b) correspondiente al pKa;.
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Tabla I.5. Algunos ejemplos de trabajos publicados en la bibliografia sobre la
determinacion de estrégenos naturales, sintéticos y micoestrogenos mediante CE.

Analitos Muestra Tratamiento BGE Te(,:n.lc.a de Referencia
de muestra analisis

a-ZEL, B- Harina de 25 mM tampdn Arribas y
ZEL, ZEN  maiz SFE borato, pH 9,2 CE-AD cols., 2009

50 MM Kuer_mbaum
Ev B orina - NH.HCOs, pH  CE-TOF/Ms Y Brit&
EE,, Es or P McKibbin,

! 2011

Ei, 17B- Agua de L 60 mM NaOH, ) Li y cols.,
E, Es Ho LLE (dietiléter) pH 12,8 CE-ECD 2013

El empleo de la CE ofrece, con respecto a la HPLC, numerosas
ventajas entre las que destacan la reducciéon de los tiempos de analisis,
las elevadas eficacias de las separaciones, el bajo consumo de
disolventes y, sobre todo, de muestra (Koel y cols., 2006). Sin embargo,
dado que la separacion tiene lugar en un capilar, tal y como ocurre en
nano-LC, existe una limitacién clara en lo que a la sensibilidad se refiere
debido al bajo volumen de inyeccién y al pequefio paso Optico. Para
solventar este inconveniente, se han utilizado métodos de pre-
concentracion en linea y fuera de linea, o bien sistemas de deteccion mas
sensibles, como la deteccion electroquimica (ED), la deteccién por
fluorescencia inducida por laser (LIF) o la MS.

En lo que respecta a las técnicas de pre-concentracion en linea,
éstas se pueden considerar como casos particulares de las técnicas de
electromigracion. Basicamente, se pueden distinguir dos técnicas
claramente diferenciadas: el stacking y el sweeping. Ambas se basan en
las diferencias de velocidad de los analitos en el seno del plug de
inyeccion con respecto al BGE. En ambas técnicas, existen a su vez
diferentes modos de preconcentracién que a su vez dependen del tipo de
inyeccion llevado a cabo (Breadmore, 2007).

De todas ellas, la técnica de stacking mas utilizada hasta la fecha,
y también la empleada en la presente Tesis Doctoral, es el "stacking en
modo normal” (NSM), también denominado frecuentemente como
“preconcentracion de muestra por amplificacion de campo” (FASS),
introducida por Mikkers y colaboradores en 2007 (Breadmore, 2007;
Mikkers y cols., 1979). En este caso, la muestra se encuentra en un
medio con una conductividad inferior a la del BGE y es inyectada
hidrodinamicamente en el capilar. Al aplicar una diferencia de potencial,
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el plug de muestra se ve sometido a un campo eléctrico mas elevado que
el del BGE, lo que hace que los analitos se muevan rapidamente hacia la
interfase con el BGE, donde se acumulan y pre-concentran en bandas
muy estrechas.

1.3.3.2. Cromatografia electrocinética micelar

En 1984, Terabe y cols. (1984) introdujeron una nueva modalidad
de CE, denominada EKC, que se podia llevar a cabo con la misma
instrumentacién que la utilizada en la CZE. La técnica supuso un
importante punto de inflexién en el desarrollo de la CE, dado que permitio
separar una amplia variedad de compuestos neutros, algo que no podia
realizarse mediante otros modos de CE desarrollados hasta esa fecha.

Cuando al BGE se le adiciona un tensioactivo (anidnico, catiénico,
zwitteridnico, no iénico o incluso mezclas de los anteriores) por encima
de su concentracion micelar critica (CMC), se forman micelas que
interaccionan con los analitos cargados y neutros. Las micelas se
comportan como una especie de fase estacionaria y, de hecho se las
denomina PSPs, siendo el mecanismo de reparto de los analitos entre el
BGE y las propias micelas la base del principio de la separacién. Fruto de
todo lo anterior, la técnica recibié el nombre de EKC micelar (MEKC). Sin
embargo, la EKC no soélo estd limitada al uso de micelas, sino que
también se pueden obtener PSPs utilizando, por ejemplo,
microemulsiones (Altria, 2000) o dendrimeros (Peric y Kenndler, 2003),
entre otros.

En MEKC se suelen utilizar tensioactivos idnicos para la separacion
de analitos neutros, siendo el dodecilsulfato sédico (SDS, con una CMC de
8 mM a 25 °C) el tensioactivo aniénico mas empleado (Nishi y Terabe,
1996) para trabajar en modo normal, o el bromuro de cetiltrimetilamonio
(CTAB) para trabajar en modo inverso, es decir, invirtiendo la direccién
del EOF (Su y cols., 2009).

Cuando el analito se encuentra en el interior del BGE, puede
interaccionar con la micela de tres formas diferentes (de Boer y cols,,
1999): i) con la superficie de la misma mediante interacciones
electroestaticas o fuerzas dipolo-dipolo; ii) con el centro de la micela
mediante interacciones de tipo hidrofdbico o iii) comportandose como un
co-tensioactivo, participando en la formacion de la propia micela (Figura
[.18). Estos mecanismos son dinamicos y estan gobernados por el
equilibrio de reparto de los analitos entre la PSP micelar y el BGE (Hancu
y cols., 2013).
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Figura I.18. Mecanismos de separacién en MEKC utilizando micelas anidnicas.

En lo que respecta al sistema de deteccibn mas empleado en
MEKC, éste es, sin duda alguna, el espectrofotométrico por absorcion UV-
Vis (Hancu y cols., 2013). Sin embargo, y a pesar de su amplia
aplicabilidad a un bajo precio, la deteccién en el capilar y la absorcién
asociada al tensioactivo hacen que la sensibilidad de la técnica sea baja
(Tomer, 2001).

La Tabla 1.6 recoge los trabajos publicados hasta la fecha sobre la
separacién de estrogenos naturales, sintéticos y micoestrégenos
mediante MEKC (Bykova y Holland, 2008; Fogarty y cols., 2000; Gafan y
cols., 2014; Harino y cols., 2001; Katayama y cols., 2003; Ji y cols.,
1995; Silva y cols, 2007; Sirén y cols., 2008; Tripodi, y cols., 2006) o
mediante la cromatografia electrocinética de microemulsién (MEEKC)
(Tripodi y cols, 2006).

La técnica de pre-concentracion en linea mas utilizada en MEKC
es, sin lugar a dudas, el sweeping. En este caso, los analitos neutros se
disuelven en un medio idéntico al BGE pero sin micelas y se inyectan
electrocinéticamente. Bajo la aplicacion del campo eléctrico, las micelas
del BGE se desplazan a través del plug de muestra, generando una
acumulacién de los analitos en el frente de las micelas que se mueven.
Después de que la zona de muestra ha sido “barrida” por las micelas,
tiene lugar la separacién (Quirino y Terabe, 1999). A pesar del
importante incremento de sensibilidad obtenido, el NSM ha alcanzado en
ocasiones mejores resultados que el sweeping en MEKC, como
demostraron Quirino y Terabe para la separaciéon de ciertas moléculas
neutras (Quirino y Terabe, 1997a; Quirino y Terabe, 1997b).



Tabla I.6. Algunos ejemplos de trabajos publicados en la bibliografia sobre la determinacion

de estrégenos naturales, sintéticos y micoestrogenos mediante MEKC.

Tratamiento de

Técnica de

8¢

Analitos Muestra BGE g Referencia
muestra analisis
Hidrélisis. LLE 5 mM borato, 5 mM fosfato,
Ei, E;, Es Orina (diclorom,etano) 75 mM colato sédico a pH MEKC-DAD Jiy cols., 1995
8,86 y 20% ACN
E:, 17B-E;, E;, , 20 mM tampdn CAPS, 25 mM
EE, Agua de rio SDS; 15% ACN MEKC-DAD Fogarty y cols., 2000
Ei, 170-E;, EE; Agua SPE (C18) 75 mM SDS, pH 7,0 MEKC-UV Harino y cols., 2001
10 mM tampoén borato-acido
fosfdrico, pH 8 conteniendo Katayama y cols.,
E:, Ez, E3 Suero LLE (cloroformo) 50 mM sal sédica del acido MEKC-UV 2003 -
cdlico 2
7 pu
. -, i i Isi . Q
E:, Ez, E3 Farmacos Extracién (MeOH) ilg_trema de microemulsion MEEKC-UV Tripodi y cols., 2006 8‘
I
E., 17B-Es, E 20 mM SDS en 20 mM tampén 8‘
ElE’ 2 = Orina LLE (diclorometano) tetraborato, pH 9,4 y 20% MEKC-DAD  Silva y cols., 2007 3
2 EtOH
30 mM SDS, 13 mM
Plasma de LLE (acetato de etilo), hidroxipropil-B-CD, Bykova y Holland,
Ei, 17a-E;, EE . MEKC-DAD
! ke 2 pescado SPE (NR4s") 200 mM tampén fosfato, pH ¢ 2008
2,5
Orlr'ma:’hlldroI|S|s 29,3 mM SDS y 1,1 mM
. enzimatica, SPE, o, PF-MEKC- .,
17B-E; Orina, suero - ; L, taurocolato sédico en 20 mM Sirén y cols., 2008
evaporacion y disolucion . ESI-MS
S acetato de amonio, pH 9,68
Suero: desproteinizacion
Leche fresca
lech 2 M 5 H s
E., 17B-E,, EE,  Gcc@brasleche oon Mip(Ey) > mM tampon borato, p MEKC-DAD  Gafan y cols., 2014

de cabra
prefiada

9,3, 10 mM SDS, 20% ACN
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I1.3.3.2.1. Acoplamiento con la espectrometria de masas

El acoplamiento de la MS con las técnicas de electromigracion no
resulta sencillo. Debido al bajo flujo de trabajo (nL/min) y a la necesidad
de mantener una elevada diferencia de potencial entre los extremos del
capilar de separacién y, por consiguiente, una alta corriente, el
acoplamiento CE-MS se puede llevar a cabo sélo con ciertas interfases.

Desde la publicacion del primer trabajo de CE-MS en 1987 por
Smith y su grupo (Nguyen y cols., 1987), se han desarrollado diferentes
interfases construidas en el laboratorio, cuyas prestaciones y aplicaciones
han sido demostradas en una gran variedad de trabajos (Klampfl, 2009;
Schmitt-Kopplin y cols., 2003).

Habitualmente el acoplamiento de la CE con la MS se consigue
utilizando una ESI comercial con liquido adicional, por la posibilidad que
ofrece para realizar analisis rutinarios. Esta interfase, desarrollada por
Banks en 1995 (Banks Jr., 1995) es un tubo triple coaxial con toma de
tierra (Bertsch y cols., 1996) (Figura 1.19). El capilar es en realidad el
tubo mas interno que esta rodeado coaxialmente por un capilar de acero
por el que fluye el liquido adicional, que suele ser un disolvente organico
0 acuo-organico que contribuye al cierre del contacto eléctrico y favorece
la ionizacion de los analitos. Por el tubo externo circula un gas inerte,
normalmente nitrégeno, que se utiliza para asistir la nebulizacién en la
fuente de ionizacién y crear asi el correspondiente aerosol.

Liquido
adicional Gas de
nebulizacion

Capilar (N)

de CE

Capilar
de CE

Cono de

Electrodo ‘ Taylor

N

Figura I.19. Dibujo de la ESI con liquido adicional e imagen fotografica de la misma.

Esta interfase presenta una serie de limitaciones debidas
principalmente al elevado flujo de liquido adicional requerido (de 2 a 5
ML/min) que contribuye a la dilucién y a la mezcla de las bandas
electroforéticas, provocando asi una cierta pérdida de sensibilidad y
resolucién. A pesar de ello, ésta constituye la mejor solucion comercial,
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dada su alta robustez, buena repetibilidad, reproducibilidad y sencillez
(Klampfl, 2009).

En lo que respecta al acoplamiento MEKC-MS, los tensioactivos no
volatiles utilizados normalmente, como el SDS, interfieren negativamente
en el acoplamiento a través de una interfase ESI. Este tipo de aditivo
puede provocar deposiciones y contaminaciones en la interfase y, sobre
todo, una elevada supresién idnica (Yang y Lee, 1997).

La estrategia mas comun en MEKC-MS para impedir que la PSP
entre en la interfase y también para preconcentrar parcialmente a los
analitos (Quirino y Haddad, 2009), es el empleo de la denominada
técnica de llenado parcial (partial filling, PF) (Nelson y cols., 1996), que
se basa en la menor movilidad aparente que muestra la PSP hacia la
salida del capilar con respecto al EOF y a los analitos. La técnica se ha
aplicado con éxito para el analisis de diferentes compuestos como
esteroides, lactonas, farmacos, herbicidas (Somsen y cols., 2010) v,
también, aunque en una sola ocasion, para la determinacion del
estrogeno natural 17p-E, en orina y suero (Tabla I1.6) (Sirén y cols,
2008).

A pesar de que estos estudios han demostrado que el PF reduce la
supresion idénica y aumenta la sensibilidad, su uso también plantea
ciertas desventajas. Por un lado, la limitaciéon del tiempo efectivo de
analisis, que viene dado por la migracién de las micelas hacia la interfase
y, por otro, la necesidad de acondicionar el capilar entre analisis,
contaminando en cierta medida la interfase.

Otro modo de impedir que la PSP pueda contaminar la fuente de
ionizacién es el empleo del método de migracion inversa de micelas
(reverse-migrating micelles, RMM) (Somsen y cols., 2010). En este caso,
la pared del capilar se reviste con un polimero neutro capaz de reducir o
incluso eliminar el EOF. De este modo, la PSP cargada negativamente se
mantiene en el interior del capilar y sdélo los analitos cargados
positivamente, o aquellos neutros con una baja interaccion con la micela
cuando el EOF es bajo, salen del capilar y pueden ser analizados. Aunque
este método resuelve el problema del tiempo de analisis, el problema de
la contaminacién en la etapa de acondicionamiento del capilar persiste,
de ahi que sea una técnica muy poco utilizada.

La mejor solucién para el acoplamiento MEKC-MS rutinario es el
empleo de una PSP que sea compatible con la interfase de ionizacion.
Este es el caso del uso de polimeros o compuestos semivolatiles (Somsen
y cols., 2010). En el primer caso, se han empleado tensioactivos
poliméricos de elevado peso molecular (cuya m/z no coincide con la de
los analitos) y una CMC extremadamente baja (practicamente cero),
sobre todo en el campo de las separaciones quirales (Hou y cols., 2006;



Introduccion 41

2007). En el segundo caso, se han utilizado tensioactivos fluorados como
el acido perfluorooctanoico (PFOA, Figura 1.20) o el acido
perfluorooctanosulfénico (PFOS), ambos semivolatiles y capaces de
formar micelas en medios acuosos.

OH

Figura I.20. Estructura del tensioactivo PFOA.

En particular, el PFOA ha proporciona resultados parecidos al SDS
y garantiza una elevada compatibilidad con la MS (Ishihama y cols.,
2003). Hasta la fecha de realizacion de esta Tesis Doctoral, su uso sdlo
ha sido empleado para la separacion mediante MEKC-MS de farmacos
(Petersson y cols., 2003), plaguicidas, (Moreno-Gonzalez y cols., 2012;
Van-Biesen y Bottaro, 2006) y, recientemente, aminoacidos (Moreno-
Gonzalez y cols., 2013).

I.3.4. Electrocromatografia capilar

La CEC es una técnica de separacion hibrida entre la CE y la LC.
Ademas, dado que se emplean columnas capilares de 50-100 um de d.i.,
también es considerada una técnica de separacidn miniaturizada
(D'Orazio y cols., 2016; Mistry y cols., 2002).

A pesar de que la miniaturizaciéon es en si una importante ventaja,
la capacidad analitica de la técnica ha suscitado un interés adicional
debido, por un lado, a su capacidad para separar simultdneamente
especies cargadas y no cargadas y, por otro, a su elevada eficacia
cromatografica, por encima de la que normalmente se obtiene con la
HPLC (Mistry y cols., 2002).

En la CEC, el movimiento de los analitos y el transporte de la fase
movil ocurren, no sélo por el empuje neumatico de una bomba como en
la HPLC, sino también por el EOF generado en las paredes del capilar (si
se utiliza un capilar de silice fundida, similar a los utilizados en CE), en la
superficie de las particulas de silice en una columna empaquetada o en la
red polimérica de una columna monolitica. De hecho, el EOF se genera
debido, mayoritariamente, a la propia fase estacionaria produciendo un
movimiento de la fase movil del orden de varios cientos de nL/min (Keith
y cols., 2001).

Tal y como sucede en la CE, las moléculas cargadas se moveran
en el seno de un campo eléctrico segun sus movilidades electroforéticas
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gue se sumaran a la del EOF. Las moléculas neutras, en cambio,
migraran con el EOF pero estaran sometidas ademdas a un mecanismo de
reparto cromatografico con la fase estacionaria. A pesar del componente
electroforético de la técnica, las ecuaciones que cuantifican los aspectos
termodindmicos de la separacién cromatografica, como el coeficiente de
reparto, los factores de retencion y selectividad, la resoluciéon y la
eficacia, etc., siguen siendo validas en CEC.

La instrumentacion que se utiliza para llevar a cabo la CEC (Figura
1.21) no es muy diferente a la de la CE, pero la primera incluye un
sistema de alta presidon de gas para la inyeccion y evitar asi la formacion
de burbujas en la columna capilar, lo que ya esta incluido en los
instrumentos de CE actualmente comercializados.

Uno de los principales problemas que plantea la CEC desde un
punto de vista operacional, es la generacién de burbujas en el interior del
capilar, que se manifiesta con un importante aumento del ruido y con la
interrupcion de la corriente eléctrica y, por lo tanto, del EOF. La
formacion de las burbujas puede ser generada por efecto Joule pero,
sobre todo, por la presencia de frits de silice sinterizada en la columna
capilar. Estos no sblo generan una cierta heterogeneidad en la
permeabilidad de la columna, sino también en el campo eléctrico, en el
potencial zeta y, por tanto, en el EOF, lo que provoca la aparicion de las
burbujas (Pyell, 2000).

Aungue desde hace ya un tiempo se estan desarrollando columnas
sin frits con fases estacionarias poliméricas (Guiochon, 2007) o de tipo
sol-gel (Pyell, 2000), desde un punto de vista instrumental, la formacion
de burbujas se puede reducir significativamente controlando Ila
temperatura de la columna mediante un sistema de termostatacién, o
bien aplicando una presiéon de un gas inerte en ambos extremos de la
misma.

Es importante sefalar que dado que se emplean instrumentos de
CE comerciales, la CEC sélo se puede llevar a cabo en régimen isocratico
o en gradiente por pasos (interrumpiendo la separacidon y cambiando el
vial de la fase modvil). Sin embargo, existen ciertas aplicaciones en las se
han desarrollado separaciones en régimen de gradiente, cuando se han
utilizado instrumentos no comerciales, fabricados en el propio laboratorio
(Rimmer y cols., 2000).
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Figura I.21. Esquema basico de un equipo de CEC con deteccion UV.

I1.3.4.3. Acoplamiento con la espectrometria de masas

La baja sensibilidad de la CEC se ha tratado de solventar de forma
analoga a la ya descrita para la nano-LC y la CE, es decir, a través del
incremento del volumen de inyeccion, el empleo de técnicas de
preconcentracién en linea y/o fuera de linea, asi como mediante el
empleo de sistemas de deteccién mas sensibles como la MS (Apffel y
cols., 2000; Klampfl, 2004).

Las interfases utilizadas para el acoplamiento CEC-MS deben
garantizar el transporte de las bandas cromatograficas hasta la formacion
de la nebulizacion con la menor dispersidon posible. Ademas, debe tenerse
en cuenta la necesidad de cerrar el circuito eléctrico y, al mismo tiempo,
mantener el electrospray y la corriente eléctrica constante durante el
analisis, evitando la formaciéon de burbujas. Por ultimo, y no por ello
menos importante, existe un inconveniente respecto a la distancia de
separaciéon entre los instrumentos empleados para el acoplamiento.
Cualquier solucién comercial requiere una distancia minima de 50 cm
entre el equipo de CE/CEC y el de MS, que para una separacién en CEC,
en la que las columnas mas utilizadas suelen ser de 25-30 cm, se traduce
en largos tiempos de analisis y en la necesidad de aplicar una diferencia
de potencial demasiado elevada.

El acoplamiento CEC-MS se puede llevar a cabo mediante tres
tipos diferentes de interfases: i) con liquido adicional (sheath flow
interface); ii) sin liquido adicional o iii) por unién liquida.

En general, la interfase con flujo de liquido adicional es una
solucion comercial que se emplea para el acoplamiento CE-MS, como se
ha descrito anteriormente. En el caso de la CEC-MS, ésta se utiliza sobre
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todo cuando se emplean columnas largas y casi siempre en la modalidad
presurizada (pCEC) (Desiderio y Fanali, 2000; Lord y cols., 1995; Lu y
cols., 2008), aplicando presién a la entrada de la columna capilar. Sin
embargo, tal y como ocurre en el acoplamiento CE-MS, el uso del liquido
adicional hace que se produzca, no sélo una dilucién de los analitos, sino
también una mezcla parcial de las bandas cromatograficas.

La interfase sin liquido adicional es un disefio no comercial en el
que el extremo de salida de la columna se disefia en forma de punta,
mediante el calentamiento y alargamiento del capilar. A continuacién, se
reviste de un material conductor, lo que permite el cierre del circuito
eléctrico. Este capilar se integra luego en un sistema coaxial de gas
(generalmente hexafluoruro de azufre) que ayuda a la formacion del
spray y evita el efecto de descarga. Este tipo de interfase permite un
optimo transporte de los analitos a través de la columna, evita su dilucion
y proporciona una elevada sensibilidad. Sin embargo, la inestabilidad de
la corriente, sumada a la fragilidad de la punta metdlica, la han
convertido en una solucién poco utilizada (Zamfir, 2007).

Por su parte, la interfase de unién liquida representa una
alternativa que combina los dos disefios anteriores. En este caso también
se trata de una interfase no comercial que tiene su origen en la interfase
nano-ESI, desarrollada para el acoplamiento CE-MS en 1996 por Wachs y
cols. (1996). En este caso, el capilar de separacién se une con un capilar
en forma de punta (emisor-ESI) a través de una “T”, a la que se le aplica
el voltaje de spray. En la tercera entrada de la “T” se introduce el liquido
adicional, creando asi la unién liquida.

Durante el desarrollo de esta Tesis Doctoral, se ha llevado a cabo
el acoplamiento CEC-MS para el analisis de los compuestos con actividad
estrogénica de interés a través de una interfase de unidén liquida
presurizada. Ya empleada anteriormente para CE-MS por Fanali y cols.,
(2006), la interfase esta constituida por un bloque de polisulfona en el
gue existe un depdsito donde se introduce el liquido adicional (la presion
es controlada hidrostaticamente) y que también conecta la salida de la
columna capilar con el capilar emisor-ESI, separados entre si algunas
decenas de micras (Figura 1.22). El depdsito estd conectado a un
electrodo al que se le aplica una diferencia de potencial de 1,8-2,0 kV.

La interfase de unidn liquida se coloca en un soporte-controlador
de movimiento XYZ que permite situar el capilar emisor-ESI en la
posicion correcta, a pocos milimetros del orificio del espectréometro de
masas. En esta interfase, los analitos son trasportados hasta la unidn
liquida bajo la influencia del campo eléctrico y, sucesivamente, el liquido
adicional impulsa las bandas cromatograficas al capilar emisor-ESI a un
flujo parecido al del EOF.
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Figura I.22. Esquema de un sistema CEC-MS con interfase de union liquida.

Este disefio permite un transporte adecuado de los analitos, y
mantiene una elevada eficacia cromatografica, al mismo tiempo que
minimiza la dilucién y, sobre todo, estabiliza la corriente de una forma
eficaz, demostrando poca predisposicion a la formacion de burbujas.

En general, la determinacion de estréogenos naturales, sintéticos y
micoestrogenos mediante CEC ha sido muy escasa y se ha limitado sélo a
dos trabajos de Liu y cols. (2005a; 2005b), en los que analizaron DES,
HEX, y DS en pescado utilizando pCEC con deteccion amperométrica. Por
tanto, y hasta el desarrollo de esta Tesis Doctoral, no existian en la
bibliografia trabajos en los que se analizaran otros estrégenos mediante
CEC, ni tampoco ningun trabajo en el que se analizara este tipo de
compuestos mediante CEC-MS.

I.4. Métodos de extraccion de compuestos con actividad
estrogénica

En lo que se refiere a estrégenos naturales, sintéticos y
micoestrogenos, la matriz alimentaria mas analizada por la posible
presencia de estas sustancias es la leche y sus derivados (Sonja y cols.
1998). Esta matriz contiene gran cantidad de proteinas y lipidos que son
generalmente responsables de los procesos de adsorcién sobre la fase
estacionaria de las columnas cromatograficas, obstrucciones y supresién
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idnica en el caso de utilizar deteccién mediante MS (Annesley, 2003). El
pretratamiento de muestra mas utilizado para este tipo de matrices
implica, generalmente, llevar a cabo una desproteinizacion previa, bien
sea por calentamiento, por adicién de un acido, una disoluciéon tampdn o
un disolvente organico (Socas-Rodriguez y cols., 2013). Cuando se desea
determinar la fraccion conjugada de los estrogenos naturales, que
pueden representar mas del 85% del total de los estrégenos contenidos
en la leche (Tso y Aga, 2010), la muestra se somete ademas a una
hidrélisis enzimatica mediante la adicién de B-glucuronidasa/arilsulfatasa
(Capriotti y cols, 2013).

En el caso del analisis de matrices grasas, como mantequilla, nata,
yogur o queso, habitualmente se requiere la introducciéon de una etapa
adicional para eliminar los lipidos, que con frecuencia se lleva a cabo
realizando una extraccion con un disolvente apolar como el n-hexano
(Socas-Rodriguez y cols., 2014).

Los procedimientos cldsicos de tratamiento de muestra son a
menudo largos y laboriosos, requiriendo grandes cantidades de reactivos
y disolventes. Por ello, en los Ultimos afios, se ha introducido el concepto
de procedimientos analiticos sostenibles (SAP), con la idea de desarrollar
la preparacién de muestra con un enfoque mas sostenible, reduciendo el
impacto ambiental, y en base a los siguientes principios (Ptotka y cols.,
2013):

1) Disminucion y o eliminacion de la cantidad de reactivos utilizados.

2) Reduccion de las dimensiones del procedimiento de preparacion de
muestra.

3) Reciclaje de los disolventes y fases adsorbentes.

4) Empleo de disolventes verdes, como liquidos idnicos, fluidos
supercriticos, fluidos presurizados (Richter y cols., 1996), etc.

5) Utilizacién de microondas o ultrasonidos para conseguir procesos
de extraccion mas eficaces.

6) Facilidad de automatizacion.

En este contexto, la preparacién de la muestra estd focalizada
hacia la miniaturizacién de los procesos de extraccién (Koel y Kaljurand,
2006) y hacia el estudio de nuevas fases estacionarias para su uso en
SPE. En este ultimo caso, la investigacién se ha centrado principalmente
en el desarrollo de nuevos materiales adsorbentes que posean un elevado
rango de interaccidn (mayor capacidad de carga), como los nano-
materiales a base de carbono o nano-particulas magnéticas; o bien que
generen una interaccion altamente especifica, como los adsorbentes
inmunoselectivos o los polimeros de impresion molecular (MIPs). Con
este tipo de adsorbentes se consigue una retencidn especifica,
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contribuyendo a la simplificacidon y reduccién del tiempo de optimizacién
de la etapa de limpieza (Ptotka-Wasylkaa y cols., 2016).

I.4.1. Microextraccion en fase liquida

El desarrollo de la microextraccién en fase sélida (SPME) en 1989
por Belardi y Pawliszyn (1989) supuso un punto de inflexién importante
en el desarrollo del pretratamiento de muestra, ya que abrié el campo de
la investigacion a la miniaturizacién.

Siguiendo esta tendencia, y a partir de la extraccion liquido-liquido
(LLE), caracterizada clasicamente por el empleo de grandes volumenes
de disolventes organicos (con su consecuente toxicidad) y procedimientos
largos y tediosos, surgié su versién miniaturizada conocida como
microextraccién en fase liquida (LPME) (Psillakis y Kalogerakis 2003). La
miniaturizacion de la LLE se basa en dos principios: i) la reduccién
notable de los volimenes de la fase aceptora, normalmente un disolvente
organico, y de la fase dadora, que es la muestra real en la que se
encuentran disueltos los analitos; vy ii) la inmiscibilidad de las dos fases
en el proceso de extraccién (Psillakis y Kalogerakis, 2003).

La LPME se ha llevado a cabo en diferentes modalidades de
extraccién, que se pueden clasificar en tres categorias principales:
microextraccién en gota (SDME), LPME en fibra hueca (HF-LPME) y
microextraccion liquido-liquido dispersiva (DLLME) (Asensio-Ramos vy
cols., 2011b).

I.4.1.1. Microextraccion en gota

En 1996 Jeannot y Cantwell desarrollaron este procedimiento,
utilizando como fase aceptora una gota de un disolvente inmiscible con la
fase dadora acuosa como, por ejemplo, tolueno, n-hexano, ciclohexano,
xilano o un liquido idénico (Jeannot y Cantwell, 1996). La gota, que cuelga
de la aguja de una jeringa, se introduce en la muestra acuosa que
contiene los analitos sometida a constante agitacién. Transcurrido un
cierto tiempo de extraccién, la jeringa se retrae, pudiendo inyectar la
gota directamente en el sistema cromatografico, o bien evaporarla vy
reconstituirla en otro disolvente mas adecuado.

Hasta la fecha, se han desarrollado diferentes modalidades de
SDME para aumentar la eficacia de extraccion, reducir las interferencias y
permitir, sobre todo, una mejor limpieza (clean-up) de las matrices
(Asensio-Ramos y cols., 2011b; Pena-Pereira y cols., 2010). En este
sentido, la SDME se puede llevar a cabo en dos o tres fases. En los
procedimientos en dos fases, la extraccidén tiene lugar entre la gota de
disolvente y la muestra, pudiendo distinguirse la SDME con la gota
inmersa en el interior de la muestra (DI-SDME), con la gota flotante no



48 Introduccion

soportada por la jeringa (DS-DME) (Yangcheng y cols., 2006), con la gota
sumergida en un volumen muy pequefio (gota) de muestra (DDME) (Hui-
Fen y cols., 2006) y en el seno de un flujo continuo (CF-SDME) (Liu y
Lee, 2000). Por el contrario, en los procedimientos en tres fases, los
analitos son extraidos en la gota a través de un disolvente que se
encuentra en la fase dadora, pudiendo distinguirse la microextraccién
liquido-liquido-liquido (LLLME) y la SDME en espacio en cabeza (HS-
DSME), ésta Ultima empleada cuando los analitos son volatiles o
semivolatiles (Theis y cols., 2001; Tankeviciute y cols. 2001). La Figura
1.23 muestra las diferentes modalidades operacionales de la SDME.

! I !
I

0 ,,r {
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'- —m—
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DI-SDME DSDME DDME CF-SDME LLLME HS-DSME

Figura I.23. Modalidades operacionales de la SDME.

La SDME se caracteriza por proporcionar un elevado factor de
enriquecimiento debido a la elevada reduccion del volumen de la fase
aceptora, simplicidad de la instrumentaciéon empleada, bajo coste y bajo
impacto medioambiental. Sin embargo, el principal inconveniente de esta
técnica es la variacion de volumen e inestabilidad de la gota durante el
proceso de extraccién, que tiene una gran influencia en la repetibilidad de
la extraccion. Para solucionar parcialmente este problema, se puede
utilizar un estandar interno (Romero y cols., 2007) y, cuando sea posible,
emplear un disolvente con baja presién de vapor, como por ejemplo un
liquido iénico (Vidal y cols., 2007).
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I.4.1.2. Microextraccién en fase liquida con fibra hueca

A finales de los afios 90, Pedersen-Bjergaard y Rasmussen (1990)
desarrollaron una nueva técnica microextractiva integrando las bases del
funcionamiento de una membrana liquida soportada (SLM) con la LPME,
utilizando una membrana hueca de polipropileno sujeta al extremo de la
aguja de una jeringa. La definieron como LPME en fibra hueca (HF-LPME)
(Pedersen-Bjergaard y Rasmussen, 1999; Rasmussen y cols., 2000) y de
modo similar a la SDME, puede llevarse a cabo en dos o tres fases. La
Figura I. 24 muestra las distintas modalidades operacionales de la HF-
LPME.

En la HF-LPME en dos fases, el lumen y los poros de la fibra
contienen la misma fase extractora, normalmente un disolvente organico
inmiscible en la fase dadora como, por ejemplo, hexiléter, dihexiléter,
dietiléter, cloroformo, octano, n-octanol o tolueno. El extremo de la fibra
puede quedar abierto (Shen y Lee, 2002; Asensio-Ramos y cols, 2012) o
bien puede sellarse mediante calor (King y cols., 2002). Cuando la fibra
se introduce en la fase dadora, se establece un equilibrio de reparto entre
ambas fases. En este caso, la eficacia de la extraccion estd garantizada
para aquellos compuestos hidrofébicos (Ho y cols., 2002). Este proceso
de extraccidon se considera una evolucion de la SDME, ya que la fase
extractora se encuentra protegida por la fibra, lo que solventa la
inestabilidad y, por tanto, la pérdida de la gota (Psillakis y Kalogerakis,
2003). El disolvente organico recuperado del lumen de la fibra mediante
la retraccion de la jeringa puede inyectarse directamente en los sistemas
cromatograficos, o bien puede ser evaporado y reconstituido en el
disolvente mas compatible con la técnica de separacion utilizada.

En lo que respecta a la HF-LPME en tres fases, la fibra se
impregna con un disolvente organico inmiscible con la fase dadora y el
lumen se rellena con una segunda fase acuosa. Esta modalidad también
se conoce como microextraccion liquido-liquido-liquido en fibra hueca
(HF-LLLME). La fase organica contenida en los poros de la fibra actla
como una barrera, impidiendo la miscibilidad entre ambas fases acuosas,
la dadora y la aceptora. Esta modalidad se caracteriza por una
distribucion combinada de los analitos basada en dos equilibrios de
reparto: los existentes entre la fase organica y la fase dadora, y entre la
fase aceptora y la fase orgdnica. El éxito de este tipo de extraccion se
consigue variando adecuadamente la composicion de las fases dadora y
aceptora para favorecer el paso de una fase a otra de los analitos a
través del disolvente organico, por ejemplo, mediante cambios de pH
(Pedersen-Bjergaard y Rasmussen, 1999) o utilizando agentes de
complejacion denominados carriers (Zhao y cols., 2002). Una vez



50 Introduccion

finalizada la extraccion, la fase aceptora acuosa puede inyectarse
directamente en un equipo de HPLC o CE.

!

Tres
fases

Figura I.24. Modalidades operacionales de la HF-LPME.

En general, la forma alargada de la fibra proporciona un aumento
de la superficie de disolvente con respecto a la superficie de la gota en la
SDME, aumentando asi la capacidad de la extraccién. Ademas, las
pequefias dimensiones de los poros (200-600 nm) permiten obtener
extractos mas limpios al actuar el poro como un tamiz molecular, lo que
es una clara ventaja cuando se extraen matrices complejas.

Tal y como muestra la Tabla 1.7, hasta el desarrollo de esta Tesis
Doctoral, la HF-LPME se ha aplicado a la extraccion de estrogenos
naturales, sintéticos y micoestrogenos, fundamentalmente de matrices
acuosas (sobre todo los estréogenos naturales), pero también se ha
aplicado al analisis de muestras de leche, aunque en pocas ocasiones
(Feng y cols., 2016; Liu y cols., 2010; Socas-Rodriguez y cols., 2013b;
Xu y cols., 2013; Yang y cols., 2012), y sélo en una ocasion al analisis de
derivados lacteos como el yogur y el queso (Socas-Rodriguez y cols.,
2014a). Ademas, no existen trabajos en la bibliografia que describan la
extraccion de micotoxinas de la familia de la ZEN de leche y sus
derivados.
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I.4.1.3. Microextraccion liquido-liquido dispersiva

En 2006, Rezaee y Assadi introdujeron esta nueva técnica de
microextraccion, basada también en los principios de la LLE (Rezaee y
cols., 2006). La DLLME consiste en un sistema trifasico constituido por
una fase dadora que contiene los analitos, un disolvente organico
inmiscible con la fase acuosa (disolvente de extraccién) y un disolvente
organico miscible con la fase acuosa (disolvente dispersor). El
procedimiento consta de dos etapas. En la primera de ellas, una mezcla
compuesta por unos pocos microlitros del disolvente de extraccion en
algunos cientos de microlitros de disolvente dispersor se inyectan
rapidamente en la fase dadora contenida en un tubo cénico, creando asi
una dispersion. En la segunda etapa, la mezcla se centrifuga y el
disolvente de extraccién, que contiene los analitos, se recupera con
ayuda de una jeringa, pudiendo inyectarse directamente en el sistema
cromatografico, o bien ser evaporado y reconstituido en un disolvente
diferente. La gran ventaja de esta técnica de extraccion es su rapidez,
debido a que la gran superficie de contacto entre el disolvente extractor y
la fase dadora provoca que el equilibrio se alcance de inmediato.

La naturaleza del disolvente de extraccidon establece las diferentes
modalidades operacionales de la DLLME. Asi, si se emplean disolventes
clorados, como clorobenzeno, diclorometano, tetracloruro de carbono,
tetracloroetano o liquidos ionicos (Rezaee y cols., 2010), que poseen una
densidad mayor que la del agua, la gota se recuperara en el fondo del
tubo. Por el contrario, cuando se emplean disolventes con una densidad
menor que aquella de la fase dadora como, por ejemplo, n-hexano o
alcoholes de cadena larga como 1-octanol, 1-decanol, 1-undecanol, 1-
dodecanol, 2-decanol, etc., la gota se recuperard en la superficie de la
disolucién, en lo que se conoce como DLLME con gota flotante (FO-
DLLME) (Saraji y Boroujeni, 2014). En este Ultimo caso, Ila
reproducibilidad del procedimiento puede ser baja; sin embargo, teniendo
en cuenta el bajo punto de fusién que suelen tener estos disolventes de
extraccién, la gota se puede solidificar disminuyendo la temperatura vy
recuperarla en estado solido. Esta modalidad se denomina DLLME con
gota flotante solida (SFO-DLLME) (Khalili-Zanjani y cols., 2007; Khalili-
Zanjani y cols., 2008; Rezaee y cols., 2010) (Figura I1.25).

La eleccién de los disolventes de extraccion y de dispersion, su
solubilidad en la fase acuosa, su volumen, el tiempo de extraccién, el
método de dispersion (con agitacion mecanica, ultrasonidos (Jia y cols.,
2010) o microondas (Gao y cols., 2010)) y el tiempo de centrifugacion,
son algunos de los parametros que afectan a la repetibilidad de la
metodologia, al factor de enriquecimiento obtenido y a la recuperacién de
los analitos.



Tabla I.7. Aplicaciones de la HF-LPME al analisis de estrogenos naturales, sintéticos y micoestrogenos.
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Tratamiento Disolvente Disolvente Técnica
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MeOH/H,0) ant!-ES 2002
anticuerpo
Accurel Q3/2
(600 pm x
E:, 17B- 200 pm x
! Agua Basheer y
E,, EE, - 0,2 ym) x PC-HF-LPME  CH,Cl, - GC-MS
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acido citrico MWCNTSs por
reaccion sol-
gel
Cultivo Accurel Q3/2
Tolueno/
celular de . s (600 pm x .
Ey, 17B- Digestion ~ CHCl; _ _ Kimy cols.,
E, EE, Saccharomy enzimatica 200 pm x HF-LPME (50:50, GC-MS 2012
ces 0,2 um) x viv)
cerevisiae 0,8 cm )
Sedimento:
_h,omogenlzac Tolueno/
ién,
extraccion 1-octanol,
Accurel Q3/2 (7:3, v/v)
Ey, 17p- (MeOH),
E,, E Sedimentos  evaporacion (600 um x Fase Chen
20 B3/ poracion, 500 um x HF-LLLME aceptora: - HPLC-UV) y
EE,, DES vy pescado reconstitucio cols., 2013
DS n (agua Milli  9r2 HM) X 0,15 M
A 9 3,5 cm NaOH,
. . 0,015 M
Pescado:
. B-CD
congelacion
y filtracion
Ei, 17a- Accurel Q3/2
E,, 17B- Dilucion (600 pm x HFBA/ACN, Xu v cols
E,, Es, Leche (agua Milli- 200 pm x HF-SEBLLME 1-octanol (1:5, v/v) GC-MS 201y3 Y
EE>, Q) 0,2 pm) x (360 pL)
DES, DS 1,2 cm

(Continta en la pagina siguiente)
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Tabla I.7. (Continuacion)

Disolven

Tratamien- Tipo de Disolven-te te de Técnica
Analitos Matriz to de 1P Modalidad de extrac- de Referencia
fibra iy desor- EEf
muestra cion Y analisis
cién
Ei, 170-
Bz, 17B- Desproteiniz Accurel Q3/2 Socas-
Bz B acién (acido (600 um x HPLC- Rodriguez y
EE,, Leche o 200 pm x HF-LPME 1-octanol ACN
aceético, DAD/FD cols.,
DES, DS, ACN) 0,2 um) x 2013b
HEX, 2- 2,0 cm )
OHE;
Ei, 17a- Desproteiniz
E,, 17B- acion (acido  Accurel Q3/2
E,, E3, Leche, acético, (600 um x HPLC- Socas-
EE,, queso, ACN), 200 pm x HF-LPME 1-octanol ACN DAD/FD Rodriguez y
DES, DS, yogurt eliminacién 0,2 um) x cols., 2014
HEX, 2- de la grasa 2,0 cm
OHE; (n-hexano)
S PVDF-HF
E;, EE,, Dilucidn _
DES, Leche (agua Milli- (700 X 500 x HFPIL ACN HpLC-uv  Fengy
0,1 um) x capsula-SPME cols., 2016.
HEX Q)
1,0 cm
Accurel Q3/2 DLLME: 1-
Agua de rio, (600 uym x decanol
17B-E, DLLME- HPLC- Wang y
! de lagoy - 200 pm x (extractor), ACN
Es, EE> arifo 0,2 um) x HFCEP EtOH DAD cols., 2016

2,7 cm

(dispersor)
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Tabla I.8. Algunas aplicaciones de la DLLME al analisis de estrégenos naturales, sintéticos y micoestrégenos.

. . . Técnica
. . Tratamiento . Disolvente de Disolvente .
Analitos Matriz de muestra Modalidad extraccion dispersor de, . Referencia
analisis
Ei, 17B-E3, Agua de rio y _ _ 1-undecanol MeOH ~ Chang y Huang,
Es, EE, de grifo SFO-DLLME 10 u1) (200 L) UPLC-DAD 5419
‘ Hadjmohammadi
E;, 17B-E;, Agua derioy ) CCl4 Acetona ) L
Es, DES de grifo DLLME (80 L) (1,25 mL) APLC-UV. Y Ghoreishi,
Ei, 17B-Ez, g\g“niadrey”o' ) IL-DLLME [CsMIM][PFs]  Acetona HPLC- Wu y cols.,
Es, EE2, DES ' iigial (20 pL) (1 mL) DAD/FD 2012a
Desgasificacion
(30 min), CHCl3 ACN ) Wu vy cols.,
ZEN Cerveza filtracion (0,45 ~ PHME (75 pL) (0,25 mL) HPLC-FD 50121 o)
pm) 3
) Aguaderioy Clorobenceno Acetona ) Lima y cols., Q
17B-B2 EE:  45ua de grifo DLLME (200 pL) (2 mL) HPLC-FD 5013 8
Arroyo- Sy
CHCl3 ACN UHPLC- S
ZEN Cardo QUEChERS DLLME Manzanares y
(620 L) (0,95 mL) MS/MS cols. . 2013
17a-E;, 17B- Socas-
E;, E;, EE;,  Agua mineral i [PPIM][PFs] ACN HPLC- ;
DES, DS, y residual IL-DLLME (60 mg) (0,5 mL) DAD/FD ig‘fzguez' cols.,
HEX, ZEN
} Agua residual Clorobenceno Acetona Lima y cols.,
170-B BB Ssuperficial DLLME (200 pL) (2 mL) ELISA 2014
[CsMIM][BF,]
_ Agua de lago, _ ILFOF-IL- } ) Zhang y cols.,
170-E agua potable DLLME (N6%4Z'T_6)' NaCl HPLC-FD 5514

ss
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Muestra Dispersién Centrifugacién Recogida de la gota
DLLME FO-DLLME SFO-DLLME

Figura I.25. Etapas y modalidades de la DLLME.

La DLLME es una técnica que se caracteriza por permitir alcanzar
elevados factores de enriquecimiento, por su bajo coste, sencillez
operativa y bajo impacto ambiental debido al empleo de pequefios
volumenes de disolventes organicos, lo que la convierte en una
metodologia microextractiva muy utilizada (quizas la mas utilizada de las
anteriores) y, sobre todo, sostenible.

Tal y como muestra la Tabla 1.8, los compuestos con actividad
estrogénica estudiados en esta Tesis Doctoral han sido extraidos de
matrices acuosas y soOlo en dos ocasiones de matrices alimentarias
(Arroyo-Manzanares y cols., 2013; Wu y cols., 2012), en casi todos los
casos, haciendo uso de la LC. Sin embargo, la técnica no ha sido aplicada
a la extraccion de leche y/o derivados lacteos.

I.4.2. Extraccion en fase sdlida con polimeros de impronta
molecular

La SPE es probablemente la técnica mas ampliamente utilizada
para la extraccion y preconcentracion de los analitos de matrices o
extractos acuosos, de ahi que también sea una de las técnicas que ha
experimentado un mayor desarrollo. De hecho, con la intencién de
desarrollar metodologias de extraccion mas eficaces y selectivas, y de
simplificar el procedimiento, se han implementado interesantes
modificaciones, asi como el uso de nuevos materiales adsorbentes.

En el primer caso, los procedimientos de SPE tradicionales se han
sustituido en muchas ocasiones por su modalidad dispersiva (dSPE), ya
que al no llevarse a cabo en columnas, cartuchos o discos, sino en el
seno de la propia disolucion, es mas sencilla, rapida y menos tediosa que
la SPE clasica (Socas-Rodriguez, 2015).
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A pesar de los buenos resultados obtenidos, el mayor desarrollo
de la técnica ha tenido lugar en lo que respecta al empleo de nuevos
materiales adsorbentes. Este es el caso de los nanotubos de carbono
(CNTs) (Herrera-Herrera y cols., 2012), MIPs, materiales de acceso
restringido, adsorbentes de inmunoafinidad y nanoparticulas con o sin
caracter magnético (Ptotka-Wasylkaa y cols., 2016).

En el caso particular de los adsorbentes de inmunoafinidad, de los
materiales de acceso restringido o los MIPs, se trata de adsorbentes
altamente selectivos que se basan en un reconocimiento molecular,
similar al que existe en los sistemas bioldgicos. De todos ellos, el uso de
los MIPs ha experimentado un importante crecimiento en los Ultimos afios
hasta el punto de que en la actualidad se comercializa una amplia
variedad de ellos para su aplicacion en SPE, aunque no tanto como seria
deseable. Sin embargo, también existen muchos ejemplos de sintesis en
el propio laboratorio (Haupt, 2012).

En la MIP-SPE, empleada por primera vez en 1972 (Wulff y
Sarhan, 1972), la fase adsorbente es una matriz polimérica que contiene
cavidades con la forma de los grupos funcionales del analito de interés,
también denominado “molécula diana”, creando una interaccidn
fuertemente especifica. Su fabricacion es relativamente sencilla y de bajo
coste, sobre todo cuando se compara con la sintesis de los materiales de
inmunoafinidad. Para ello, se lleva a cabo una reticulacién polimérica
inducida por reacciones radicalarias de un mondémero enlazado a la
molécula molde (normalmente el analito a extraer o similar) y un agente
entrecruzante en presencia de un disolvente pordgeno. Tras una intensa
etapa de lavado, la molécula molde es eliminada, dejando cavidades
complementarias en tamafo, forma y posicidon de sus grupos funcionales
(Figura 1.26).

Monémero Cavidad
funcionalizado Matriz polimérica
\

Polimerizaciéon Eluml'nacwn de la

molécula molde

W\J
Molécula ™.
molde )u./\

Figura I.26. Esquema del proceso de sintesis de un MIP.

La MIP-SPE se ha aplicado ampliamente a la extraccién de una
gran variedad de familias de compuestos de diferentes matrices (Pichon y
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Chapuis-Hugon, 2008). En los pocos trabajos existentes en la bibliografia
sobre la extraccion de estrégenos naturales, sintéticos y micoestrégenos,
se utilizan MIPs obtenidos utilizando el 17B-E, o la ZEN como moléculas
molde (Urraca y cols., 2006; Lucci y cols., 2010).

Tal y como se puede apreciar en la Tabla 1.9, la mayoria de los
trabajos publicados en la bibliografia se han enfocado al analisis de
muestras de agua y de leche, aunque siempre analizando un ndmero
bastante limitado de estos compuestos. Hasta la realizacion de esta Tesis
Doctoral, no existe ningun trabajo en el que se extraigan
simultaneamente estos tres grupos de compuestos mediante MIP-SPE.



Tabla I.9. Algunas aplicaciones de los MIP en SPE, SPME y MSPD al analisis de estrogenos naturales, sintéticos y micoestrogenos.

Molécula molde o

Analitos Matriz Procedimiento cartucho comercial Técnica de analisis Referencia
utilizado
E1, 17(1‘E2,
_ Agua de : MIP (17B-E,) )

17B-E,, Es, lago MIP-SPE MIP (DES) HPLC-UV Meng y cols., 2005

DES

a-ZEL, ZEN Cereales MIP-SPE MIP (ZEN) HPLC-FD Urraca y cols., 2006
Agua de

E:, E;, DES lago, rioy  MIP-SPE MIP (Ei) HPLC-UV Wang y cols., 2008
grifo

17B-E;, Es, Pescado y .

DES gamba MIP-SPE MIP (17B-E,) HPLC-FD Jianga y cols., 2009
Leche,
yogur,
carne de .

17B-E,, Es ternera, MIP-SPE MIP (17B-E,) HPLC-UV Shi y cols., 2010
pollo y
cerdo

Bi 17B-E;,  Pescadoy  ooue wirp Fibra-MIP (17B-E,) HPLC-UV Hu y cols., 2010

Es, EE> camaron

35)5(’ DS, Leche MIP-HFT MIP (DES) HPLC-UV Liu y cols., 2010

(Continta en la pagina siguiente)
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Tabla I.9. (Continuacion)

Molécula molde o

Analitos Matriz Procedimiento cartucho comercial Técnica de analisis Referencia
utilizado
E;, 17a-
E,, 17B- Agua del ©
E,, Es, grifo y de MIP-SPE QIS:EI()NI;\:I]I(E’) SPE UPLC-MS Lucci y cols., 2011
EE,, DES, rio 9
DS
Leche de o
17B-E, cabra MIP-MSPD MIP (17B-E,) HPLC-DAD Gafian y cols., 2012
Orina,
Ei, 17B- leche,
E,, EEy, tdnico DLLSME-MIPFs MIPFs (17B-E,) HPLC-UV Zhong y cols., 2012
DES para la
piel
17B-E, Agua MIP-SPE MIP (17B-E,) HPLC-UV Jing y cols., 2012
E., 17B- Sadowski y
b Agua MIP-SPE MIP (17B-E;) HPLC-DAD Gadzata-Kopciuch,
Ez, E3
2013
i 17B- | ache en
E,, Es, MMIP-SPME MMIP (17B-E,) HPLC-UV Lan y cols., 2014
polvo
DES
DES, Ds, A9uade .
HEX estanque MMIP MMIP (DES) HPLC-DAD Xie y cols., 2015
y leche

WPOLYINTELL (Val de Reuil, France)
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I1. OBJETIVOS

El objetivo principal de esta Tesis Doctoral es el desarrollo de
metodologias analiticas sostenibles de bajo impacto medioambiental que
permitan la extraccién de estréogenos naturales, sintéticos, sus
metabolitos mas representativos y micoestrogenos de agua, leche y
derivados lacteos. Para ello, se han utilizado diferentes procedimientos de
extraccion y microextraccion combinados, en su mayoria, con técnicas
analiticas miniaturizadas acopladas a la MS.

Para conseguir este objetivo principal se han planteado diferentes
objetivos secundarios que incluyen:

1) Optimizar la separacién analitica de diferentes grupos de compuestos
con actividad estrogénica.

e Evaluar el uso del PFOA como tensioactivo volatil para acoplar
eficazmente la MEKC con la MS.

e Investigar el uso de diferentes fases estacionarias para fabricar
columnas capilares que proporcionen una adecuada separacién
analitica en nano-LC y CEC.

e Llevar a cabo el acoplamiento de la nano-LC y la CEC con la MS
mediante el empleo de las interfases nano-spray y de unién
liquida, respectivamente.

e Estudiar la reaccion de derivatizacion de los compuestos
estrogénicos con BSTFA para su analisis mediante GC-FID y GC-
MS.

e Considerar la aplicacion de métodos de preconcentracién en linea
en CE (métodos de stacking) y en nano-LC (focusing) con el
objetivo de aumentar la sensibilidad del método.

2) Optimizar diferentes procedimientos de preparacién de muestra.

e Estudiar la aplicacion de técnicas de LPME, tales como la DLLME y
la HF-LPME, para la extraccion de compuestos con actividad
estrogénica en muestras acuosas, leche y derivados lacteos,
optimizando los diferentes parametros que influyen en la
microextraccién asi como el posible pretratamiento de la muestra
(desproteinizacion, eliminacién de lipidos, etc.).

e Evaluar la aplicacién de un MIP comercial para la SPE de los
compuestos seleccionados en muestras acuosas.

e Validar las metodologias desarrolladas en base a estudios de
repetibilidad, calibracion, precision, exactitud y recuperacion, asi
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como determinar la sensibilidad obtenida para cada uno de los
compuestos estudiados.

Demostrar el potencial de las metodologias desarrolladas para
analizar muestras directamente relacionadas con la posible
presencia de compuestos con actividad estrogénica, como aguas
residuales, leche y derivados lacteos.



III. Resumen de los
articulos cientificos
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III. RESUMEN DE LOS ARTICULOS CIENTIFICOS

Tal y como se ha sefialado en el capitulo introductorio, la
presencia de agentes contaminantes en matrices alimentarias es un tema
gue ha suscitado una creciente preocupacién, tanto en los productores
como en los consumidores a nivel mundial.

En particular, la presencia de compuestos con actividad
estrogénica como los estrégenos naturales, sintéticos o micoestrogenos
en alimentos de origen animal y, en particular, en la leche y derivados
lacteos es especialmente alarmante, dado el enorme consumo de estos
productos a diario a nivel mundial. Todo esto, unido al hecho de que en
muchos casos estos contaminantes no se eliminan completamente en las
plantas depuradoras de aguas, hace que estos se liberen al
medioambiente.

Para la determinacion de este tipo de compuestos se hace
necesario el empleo de metodologias analiticas muy sensibles, eficaces y
selectivas. La etapa mas critica de este proceso es el tratamiento de
muestra. En este sentido, las tendencias actuales se centran en el
desarrollo de métodos de extraccion miniaturizados, como la DLLME
(Articulos 1 y 2) y la HF-LPME (Articulo 4), asi como en el uso de
materiales altamente selectivos como los MIPs en SPE (Articulo 3). Tal y
como se mostrd en las Tablas 1.7 y 1.8 de la Introduccién, la DLLME vy la
HF-LPME se han aplicado solo en pocas ocasiones para la extraccién de
los compuestos objeto de estudio en esta Tesis Doctoral y, en ningun
caso, para la determinacion simultdnea de los mismos en agua, leche y
derivados.

Como se ha comentado previamente, el analisis de matrices tan
complejas como la leche o el yogur requieren de una etapa previa de
precipitacion de proteinas y de eliminacién de lipidos. En los articulos que
constituyen esta Tesis Doctoral, la desproteinizacion se llevé a cabo
mediante la utilizacién de un acido en presencia de un disolvente
organico (Articulos 2 y 4), mientras que la eliminacion de grasas se
realizé mediante LLE con n-hexano (Articulo 2). Por otra parte, en el caso
del andlisis de agua, se procedié a realizar un simple filtrado para
eliminar posibles residuos sélidos presentes (Articulos 1 y 3).

En lo que respecta a los métodos de separacion, y a pesar de que
los compuestos con actividad estrogénica seleccionados han sido
separados en un gran numero de ocasiones mediante LC convencional, y
en un menor numero de casos mediante GC (Tabla 1.2), la utilizacién de
técnicas cromatograficas miniaturizadas ha sido escasa. Asimismo, para
una deteccion univoca de los compuestos analizados, un mejor
aislamiento de los interferentes de la matriz y, sobre todo, por el
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incremento de la sensibilidad alcanzado, en todos los casos la técnica de
separaciéon se ha acoplado con la MS.

Por una parte, y dado que los compuestos estrogénicos de interés
no poseen carga en un amplio rango de pH, su separacion se realizo
mediante CE-MS utilizando la MEKC como modo de separacion (Articulos
1 y 2). El acoplamiento con la MS se llevé a cabo empleando el PFOA
como tensioactivo volatil, compatible con la ESI. Por otra parte, mediante
el empleo de una columna de 25 cm de longitud y 75 um de d.i.
empaquetada con particulas de 3 ym de silice funcionalizada con grupos
fenilo, los compuestos objeto de estudio se separaron en un sistema
nano-LC-MS con una interfase nano-spray, y en un sistema CEC-MS con
una interfase de unidn liquida (Articulo 3). Por Gltimo, su separacion se
llevé a cabo también mediante GC-MS/MS derivatizando los compuestos
con BSTFA de forma previa a la inyeccion, dando lugar a TMS-derivados
(Articulo 4).

Todas las metodologias propuestas fueron debidamente validadas,
mediante estudios de repetibilidad, calibracion, linealidad, exactitud vy
precisidon y el célculo de los LODs y LOQs tanto instrumentales como del
método. Asimismo, éstas fueron aplicadas al andlisis de muestras reales.

A continuacion se presenta un breve resumen de la metodologia
aplicada y de los resultados obtenidos en los trabajos cientificos
publicados que forman parte de esta Tesis Doctoral por compendio de
publicaciones, y que se encuentran en el Anexo I.

Articulo 1

Estrogenic compounds determination in water samples by
dispersive liquid-liquid microextraction and micellar electrokinetic
chromatography coupled to mass spectrometry

G. D’Orazio, M. Asensio-Ramos, J. Hernandez-Borges, S. Fanali, M.A.
Rodriguez-Delgado

Journal of Chromatography A 1344 (2014) 109-121

En este trabajo, un grupo de 12 compuestos con actividad
estrogénica y que incluyen cuatro estrégenos naturales (E;, 17a-E,, 17B-
E, y Es), un exostrégeno (17a-EE;), un estilbeno sintético (DS), una
micotoxina (ZEN) y algunos de sus metabolitos principales (2-MeOE,;, a-
ZAL, B-ZAL, a-ZEL y B-ZEL), fueron separados y determinados mediante
el empleo de la MEKC acoplada a la MS utilizando una interfase ESI
comercial. El tiempo de analisis obtenido fue de 11 min. Como BGE se
utilizé una disoluciéon acuosa a pH 9,0 al 10% en MeOH (modificador
organico) conteniendo 45 mM de PFOA, un tensioactivo volatil compatible
con la MS. Para aumentar la sensibilidad analitica, se aplico un método de



Resumen de los articulos cientificos 69

preconcentracién en linea, el NSM, inyectando hidrostaticamente durante
25 s la muestra disuelta en una disolucién acuosa a pH 9,0 al 10% en
MeOH conteniendo 11,5 mM de PFOA. Como método de extraccion y
preconcentracion fuera de linea de los compuestos estudiados de
muestras de aguas medioambientales (mineral, de escorrentia y residual)
se aplicé la DLLME, empleando 110 pL de cloroformo y 500 pL de
acetonitrilo (ACN) como disolventes de extraccion vy dispersion,
respectivamente. El pH de las muestras se ajusté previamente a 3,0,
conteniendo un 30% (w/v) NaCl. Se alcanzaron LODs entre 0,04 y 1,10
pMg/L. La metodologia DLLME-MEKC-MS/MS fue validada en términos de
linealidad, precisiéon y recuperacion, ademas de evaluar el efecto matriz
para cada tipo de muestra. Se obtuvieron valores del coeficiente de
determinacion superiores a 0,992 y recuperaciones absolutas en el rango
43-91%.

Articulo 2

Evaluation of the combination of a dispersive liquid-liquid
microextraction method with micellar electrokinetic
chromatography coupled to mass-spectrometry for the
determination of estrogenic compounds in milk and yogurt

G. D’'Orazio, M. Asensio-Ramos, J. Hernandez-Borges, M.A. Rodriguez-
Delgado, S. Fanali

Electrophoresis 36 (2015) 615-625

En este otro trabajo, se evaludé la aplicacién de la metodologia
DLLME-MEKC-MS anteriormente desarrollada para la extraccion de los
mismos 12 compuestos de tres tipos de leche diferentes (leche de vaca
entera, leche de vaca desnatada y leche de cabra semidesnatada), y de
yogur natural entero de vaca. Para ello, fue necesario realizar una etapa
adicional de pretratamiento de muestra, y que consisti6 en una
precipitacion de las proteinas con ACN en medio acido asi como en la
posterior adicion de n-hexano para la eliminacion de las grasas. La
metodologia se evalué mediante los correspondientes estudios de
calibracién en la matriz, precision y exactitud, obteniendo una buena
linealidad con coeficientes de determinacion superiores a 0,991 y LODs
entre 3y 32 ug/L.
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Articulo 3

Capillary electrochromatography and nano-liquid chromatography
coupled to nano-ESI interface for the separation and
identification of estrogenic compounds

G. D’Orazio, J. Hernandez-Borges, M. Asensio-Ramos, M.A. Rodriguez-
Delgado, S. Fanali

Electrophoresis 27 (2016) 356-362

En este trabajo, se estudio el acoplamiento de la nano-LC y la CEC
a la MS mediante las interfases nano-ESI y de unién liquida presurizada,
respectivamente, para la separacion y determinacién simultanea de 11
compuestos con actividad estrogénica (E;, 17a-E,, 17B-E,, E3, 170-EE,,
DS, ZEN, 2-MeOE,, a-ZAL, B-ZAL y a-ZEL). Se estudiaron distintas fases
estacionarias de relleno para las columnas capilares, tales como silice con
grupos fenilo, C18 y C18 bidentada, con el objetivo de obtener la mejor
separacion cromatografica posible. Para ambas técnicas, la silice con
grupos fenilo resulté ser la mejor opcidn en lo que respecta a la eficacia
de la separacidon, la selectividad, y la resolucién. En las condiciones
optimas, se consiguié la separacion completa de todos los analitos,
incluyendo las formas isoméricas del E, y del ZAL en menos de 20 min en
nano-LC-MS y en menos de 13 minutos en CEC-MS. Con el objetivo de
aumentar la sensibilidad del método en nano-LC, se aplic6 como método
de preconcentracién en linea la focalizacion en columna, obteniendo LODs
instrumentales en el rango 1-55 ng/L. Los compuestos de interés fueron
determinados en agua mineral mediante nano-LC-MS haciendo uso de la
SPE con un MIP comercial apto para la determinacién de zearalenonas. La
metodologia MIP-SPE-nano-LC-MS fue validada mediante un estudio de
recuperaciones a dos niveles de concentracién, obteniendo
recuperaciones entre el 51 y el 78%.

Articulo 4

Determination of estrogenic compounds in milk and yogurt
samples by hollow fiber liquid-phase microextraction-gas
chromatography-triple quadrupole mass spectrometry

G. D’Orazio, J. Hernandez-Borges, A.V. Herrera-Herrera, S. Fanali, M.A.
Rodriguez-Delgado.

Analytical & Bioanalytical Chemistry 408 (2016) 7447-7459

En este dltimo articulo, se desarrollé un método de bajo impacto
ambiental basado en la utilizaciéon de la HF-LPME para la extraccién de 13
compuestos con actividad estrogénica (E;, 170-E,, 17B-E,, E3, 170-EE,,
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DS, HEX, ZEN, 2-MeOE,, a-ZAL, B-ZAL, a-ZEL, B-ZEL) de leche de vaca
entera, leche de cabra semidesnatada y yogur natural entero de vaca.
Con el objetivo de determinar los analitos de interés mediante GC-
MS/MS, se optimizd su derivatizacion mediante adicion de BSTFA de
forma previa a la inyeccion, dando lugar a TMS-derivados. Una vez mas,
las muestras se sometieron a la precipitacion de proteinas mediante la
adicion de ACN en medio acido y, una vez optimizadas las condiciones de
extraccion haciendo uso de la HF-LPME, la metodologia completa fue
validada, realizando estudios de calibracién, precision y exactitud. Los
coeficientes de determinacion fueron superiores a 0,991 para la
calibracién del método, mientras que los LODs variaron entre 0,04 y 3,73

Hg/L.
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IV. CONCLUSIONES Y PERSPECTIVAS FUTURAS

IV.1. Conclusiones generales

En la presente Tesis Doctoral se han desarrollado diferentes
metodologias analiticas sostenibles con un bajo impacto ambiental,
permitiendo la extraccion y determinacion analitica de compuestos
estrogénicos en aguas, leche y derivados lacteos. Para ello, se han
aplicado métodos de microextraccion vy técnicas cromatograficas
miniaturizadas acopladas a la MS.

En base a los objetivos que se describieron previamente, los
resultados experimentales han permitido obtener las siguientes
conclusiones:

e Se ha desarrollado un método MEKC-MS para la determinacion de
compuestos estrogénicos. En este sentido, un grupo de 12
estrégenos fue separado mediante MEKC utilizando el PFOA como
tensioactivo volatil, lo que permitié una elevada compatibilidad de
este modo de CE con la deteccion mediante MS.

e El empleo de la fase estacionaria Pinnacle™ Phenyl con base de
silice permitié la separacién de un amplio grupo de compuestos
estrogénicos mediante nano-LC y CEC, incluyendo la separacion
de isdmeros bajo las condiciones 6ptimas.

e El acoplamiento de la nano-LC y la CEC con la MS se llevd a cabo
con éxito utilizando interfases ESI de nano-spray y unién-liquida,
respectivamente.

e Se obtuvo un incremento importante de la sensibilidad utilizando
el NSM como método de preconcentracién en linea en MEKC y la
focalizacion en columna en nano-LC.

e Se desarroll6 un método selectivo de GS-MS (QgQ) utilizando
BSTFA como agente derivatizante para la separacion de un grupo
de 13 compuestos estrogénicos.

e Se emplearon de forma eficaz procedimientos miniaturizados de
extraccion/preconcentracion fuera de linea, como la DLLME vy la
HF-LPME, para extraer los compuestos de interés de matrices
medioambientales y alimentarias.

e Se optimizé un método MIP-SPE para la extraccion de compuestos
estrogénicos de muestras de aguas utilizando cartuchos
comerciales con el ZEN como molécula molde, permitiendo la
extraccién selectiva de los analitos en estudio.

e Las metodologias desarrolladas (DLLME-MEKC-MS/MS, MIP-SPE-
nano-LC-MS vy HF-LPME-GC-MS/MS) se validaron mediante
estudios de repetibilidad, calibracidon, precisién, exactitud vy
recuperacion en matrices acuosas, leche y derivados lacteos,
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determinando la sensibilidad para cada uno de los compuestos en
cada procedimiento analitico. Todo ello demuestra su posible
aplicacion al analisis de muestras reales.

IV.2. Perspectivas futuras

Los resultados obtenidos a partir de los trabajos desarrollados
suponen un punto de partida para incrementar el numero de
metodologias analiticas que pueden ser utilizadas para la determinacion
de compuestos estrogénicos, de acuerdo con las tendencias de la Quimica
Analitica verde. En este sentido, las perspectivas futuras con respecto al
anadlisis de estos compuestos podrian enfocarse en los siguientes
aspectos:

e Empaquetamiento de columnas capilares con particulas de d.i.
inferiores a 2 ym para su empleo en nano-LC y CEC.

e Desarrollo de métodos rapidos nano-LC-MS, incluyendo |la
utilizacion de columnas capilares como emisores ESI.

e Combinacion de diferentes fases estacionarias en la misma
columna capilar para incrementar la capacidad de carga de la CEC
con el objetivo de mejorar la sensibilidad analitica.

e Utilizacion de analizadores de masa mas sensibles, como el QqQ o
el de tiempo de vuelo (TOF), en el acoplamiento de la nano-LC y
la CEC con la MS.

e Empleo de sorbentes nuevos y mas selectivos en los
procedimientos de extraccion, como el carbon poroso grafitizado u
otras nanoparticulas.
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V. ENGLISH SUMMARY AND CONCLUSIONS

Hormones are natural substances produced by the organism to
activate o deactivate certain functions. In this regard, the endocrine
system coordinates and regulates vital activities through numerous
hormones, including metabolism, reproduction or embryonic and fetal
development. The endocrine glands, which are localized in different parts
of the human body, react to external stimuli secreting hormones, which
are transported by blood and in small amounts acts in some target cells
that owns specific receptors to them.

Estrogens are, together with progestagens and androgens, sex
steroid hormones involved in the menstrual cycle of humans and, in
general, in the estrous cycle of mammalians. They stimulate the
development of female reproductive apparatus and play an important role
in mineral, fat, sugar and protein metabolization, being related with
digestion, blood coagulation, cholesterol metabolization and some kidney
functions.

Estrogenic hormones can be classified in two groups:
natural/endoestrogens and synthetic/exoestrogens. Estrone (E;),
estradiol (E;) and estriol (E;) are natural organism-synthesized
estrogens, also contained in milk, being E, the one that interacts with the
estrogen receptors. On the other hand, exoestrogens are foreign
compounds, either naturally or synthetically produced. Among them,
ethynylestradiol (EE,) is one of the most important, which is used for
increasing the weight gain of animals. It owns, along with natural
estrogens, an estrane-like structure, which has an aromatic ring
possessing a hydroxyl group in position 3. The difference between them
consists in the substituents on the tetracyclic ring. Synthetic stilbenes like
diethylbestrol (DES), dienestrol (DS) and hexestrol (HEX) are also
included in this group because of their growth promoter activity. They are
also used as a treatment for estrogen-deficiency disorders in veterinary
medicine, although they are non-steroidal compounds. This is also the
case of the so-called xenobiotic estrogens like the zearalanone
derivatives (i.e. zearalanol (ZAL) and zearalenol (ZEL)), also used for
improving feed conversion efficiency as well as promoting growths rates
in livestock.

Apart from the free forms of natural estrogens, their metabolites
(methylated, hydroxilated, etc.) are also of great importance.
Alternatively, estrogens can undergo a process of conjugation with sulfate
and glucuronic acid. These conjugated forms are not biologically active,
but when they reach the human gut, they can be transformed into their
free active forms by bacterial sulfatases and by bacterial and/or
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endogenous glucoronidases. Since both groups represent more than 85%
of the total estrogen content in commercial milk, depending on the
animal and on the gestation state, it is of great interest to determine
both free and conjugated forms.

The main objective of this Ph.D. Thesis is the development of
sustainable analytical methodologies with low environmental impact
which allow the extraction of natural and synthetic estrogens, their
metabolites and the most representative mycoestrogens in water, milk
and dairy products. To this end, different extraction and microextraction
procedures have been employed combining miniaturized analytical
techniques with MS. While working on this main objective, different
secondary issues have been raised. These include:

1) To optimize the analytical separation of different groups of compounds
with estrogenic activity.

e To evaluate the use of PFOA as a volatile surfactant to effectively
couple MEKC with MS.

e To investigate the use of different stationary phases to make
capillary columns which provide adequate analytical separation in
nano-LC and CEC.

e To carry out the coupling of nano-LC and CEC with MS by using
nano-spray and liquid-junction interfaces, respectively.

e To study the derivatization reaction of estrogenic compounds with
BSTFA for their analysis by GC-FID and GC-MS.

e To consider the application of on-line preconcentration methods in
CE (stacking methods) and in nano-LC (focusing) in order to
increase the sensitivity of the method.

2) To optimize different sample preparation procedures.

e To study the application of LPME techniques, such as DLLME and
HF-LPME for the extraction of compounds with estrogenic activity
from aqueous samples, milk and dairy products, optimizing the
different parameters influencing the microextraction, as well as
possible sample pre-treatments (deproteinization, lipid removal,
etc.).

e To assess the implementation of a commercial MIP for the SPE of
selected compounds in aqueous matrices.

e To validate the methodologies developed based on repeatability,
calibration, precision, accuracy and recovery studies, as well as to
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determine the sensitivity obtained for each of the studied
compounds.

e To demonstrate the potential of the developed methodologies to
analyse samples related to the possible presence of compounds
with estrogenic activity, such as wastewater, milk and dairy
products.

The presence of contaminants in food matrices is an issue that has
aroused increasing concern, both for producers and consumers
worldwide. In particular, the presence of compounds with estrogenic
activity such as natural and synthetic estrogens or mycoestrogens in
foods of animal origin, and in particular in milk and dairy products, is
especially alarming, given the enormous daily consumption of these
products worldwide. All this, along with the fact that in many cases these
contaminants are not completely removed in wastewater treatment
plants, makes their release into the environment.

For the determination of these compounds, the use of highly
sensitive, effective and selective analytical methods is required. The most
critical stage of this process is the sample preparation. In this respect,
current trends are focused on the development of miniaturized extraction
methods, such as DLLME (Articles 1 and 2) and HF-LPME (Article 4) and
on the use of highly selective materials such as MIPs in SPE (Article 3).
DLLME and HF-LPME have been applied only rarely for the extraction of
the compounds studied in this Ph.D. Thesis and in no case for the
simultaneous determination of them in water, milk and milk derivatives.

As previously discussed, the analysis of complex matrices such as
milk or yogurt requires a previous step consisting in protein precipitation
and delipidation. In the works that constitute this Thesis, deproteinization
was carried out using an acid in the presence of an organic solvent
(Articles 2 and 4), while fat removal was performed by LLE with n-hexane
(Article 2). Moreover, in the case of water analysis, a simple filtration to
remove any solid residues (Articles 1 and 3) was performed.

With regard to separation methods, and although compounds with
estrogenic activity have been separated in a number of occasions by
conventional LC, and in fewer cases by GC, the use of miniaturized
chromatographic techniques has been scarce. Furthermore, for an
unambiguous detection of the compounds, better isolation of interfering
compounds from the matrix and, particularly, to increase the sensitivity,
the separation technique has in all cases been coupled to MS.

On the one hand, and since the studied estrogenic compounds are
not charged in a wide range of pH, their separation was performed by CE-
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MS using MEKC as the separation mode (Articles 1 and 2). Coupling with
MS was carried out using PFOA as an ESI compatible volatile surfactant.

On the other hand, the use of a 25 cm long and 75 pm i.d. column
packed with 3 ym phenyl groups functionalized silica particles, allowed
the separation of the target compounds in a nano-LC-MS system with a
nano-spray interface, and in a CEC-MS system with a liquid-junction
interface (Article 3). Finally, their separation was carried out also by GC-
MS/MS derivatizing the compounds with BSTFA before the injection,
resulting in TMS-derivatives (Article 4).

All the proposed methodologies were duly validated through
repeatability, calibration, linearity, accuracy and precision studies, and
calculating the LODs and LOQs, both of the instrument and of the whole
methodology. They were also applied to the analysis of real samples.

V.1. General conclusions

In this Ph.D. Thesis, different sustainable analytical methodologies
with low environmental impact have been developed, which allowed the
extraction and analytical determination of estrogenic compounds in
water, milk and dairy products. For this purpose, microextraction
methods and miniaturized chromatographic techniques coupled to MS
have been successfully applied.

Based on the aims that have been described at the beginning of
this Ph.D. Thesis, the experimental results have permitted to obtain the
following conclusions:

e A MEKC-MS method has been developed for the determination of
estrogenic compounds. In this respect, a group of 12 estrogens
were separated using MEKC with a volatile surfactant, PFOA, which
allowed a high compatibility of this CE mode with MS detection.

e The use of silica-based Pinnacle™ II Phenyl stationary phase
allowed the separation of a wide group of estrogenic compounds
by nano-LC and CEC, being isomer separation possible under the
best conditions.

e The coupling of nano-LC and CEC with MS was successfully
achieved with a nano-spray and a liquid-junction ESI interface,
respectively.

e An important increase in the sensitivity was obtained using NSM
as on-line pre-concentration method in MEKC and on-column
focusing in nano-LC.

e A selective GC-MS (QgQ) method using BSTFA as derivatization
agent was developed for the separation of a group of 13
estrogenic compounds.
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e Miniaturized off-line extraction/pre-concentration procedures, such
as DLLME and HF-LPME, were efficiently employed to extract the
target analytes from environmental and food matrices.

e A MIP-SPE method was optimized for extraction of estrogenic
compounds from water samples using commercial cartridges
based on a ZEN template, allowing a selective extraction of the
target analytes.

¢ The methodologies developed, i.e. DLLME-MEKC-MS/MS, MIP-SPE-
nano-LC-MS and HF-LPME-GC-MS/MS, were validated through
repeatability, calibration, precision, accuracy and recovery studies
in water, milk and dairy products matrices, determining the
sensitivity achieved for each of the studied compounds in each
analytical procedure, which demonstrates their effective
applicability to analyze real samples.

V.2. Future perspectives

Results obtained in these works suppose a starting point to
increase the number of analytical methodologies that can be used to
determine estrogenic compounds, according to green Analytical
Chemistry trends. In this respect, future prospects with respect to the
analysis of these compounds might be focused on:

o Packing capillary columns with sub-2 pm particles to be
employed in nano-LC and CEC.

. Developing of fast-nano-LC-MS methods, including the use of
ESI-tip emitter capillary columns.

o Combining different stationary phases in the same capillary

column to increase the load capacity of CEC in order to
improve the analytical sensitivity.

. Using more sensitive mass analyzers, such as QqQ or TOF, in
the coupling of nano-LC and CEC with MS.
. Employing new and more selective sorbents in the extraction

procedures, such as porous graphitic carbon or other
nanoparticles.
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2D
2-MeOE,
170-E,
17B-E;

A

ACN
a-ZAL
a-ZEL
API

AD
AOT
Anti-ES

BSFTA
B-ZAL
B-ZEL

C

CE

CEC

CGE

CIEF
CITP

CLC
CNTs
CTAB
CZE
CF-FAB
CMC
CAPSO
CAPS
CF-SDME
CNTs-HF-SPME

[CeMIM][PFs]
[CeMIM][PF6]
[CeMIM][BF4]

D

d.i.
DDME
DI-SDME
DLLME
DS- DME

Dos dimensiones
2-Metoxiestradiol
17a-estradiol
17B-estradiol

Acetonitrilo

o-Zearalanol+

a-Zearalenol

Tonizacion a presion atmosférica

Detector amperométrico.

Sulfosuccinato sddico, octano, 1-butanol, CAPSO, tampdn CAPS
Anti-estrégeno

B ciclodextrina

Electrolito de separacion
N-O-bis-(trimetilsilil)-trifluoroacetamida
B-Zearalanol

B-Zearalenol

Electroforesis capilar

Electrocromatografia capilar

Electroforesis capilar en gel

Isoelectroenfoque capilar

Isotacoforesis capilar

Cromatografia liquida capilar

Nanotubos de carbono

Bromuro de cetiltrimetilamonio

Electroforesis capilar en zona libre

Atomos rapidos en flujo continuo

Concentracion micelar critica

Acido 3-(ciclohexilamino)-2-hidroxi-1-propanosulfénico acid
Tampodn, acido ciclohexilamino-1-propanosulfénico
Microextraccion en gota en flujo continuo
Microextraccion en fase soélida con fibra hueca reforzada
con CNTs

Hexafluorofosfato de 1-octil-3-metilimidazolio
Hexafluorofosfato de 1-hexil-3-metilimidazolio
Tetrafluoroborato de 1-hexil-3-metilimidazolio.

Diametro interno

Microextraccidn en gota a gota
Microextraccion en gota de inmersién directa
Microextraccidn liquido-liquido dispersiva
Microextraccion en gota colgante
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dSPE
DES
DS
DAD
DHPMM

DLLME-HF CEP
DLLSME-MIPFs

ES-IA
ES-ELISA

E
FAO

FASS

FD
FO-DLLME
FID

G
GC
GMA

H

HF
HF-LPME
HILIC

HPLC
HS-SDME
HEX
HF-SEBLLME

HF-LLLME
HFBA
HFPIL

Glosario

Extraccion en fase soélida dispersiva
Dietilestilbestrol

Dienestrol

Detector de diodos en serie
Polimetilmetacrilato hidroxilado

DLLME-HF collection of extraction phase
Microextraccion liquido-liquido-sdlido dinamica
con filamentos de MIP

Detector electroquimico.
Impacto electrénico

Flujo electroosmotico
Tonizacion por electrospray
Union Europea

US Environmental Protection Agency
Estrona

Estradiol

Estriol

17B-etinilestradiol
Cromatografia electrocinética
Deteccion electroquimica
Inmunoafinidad de estrégenos

Ensayo por inmunoadsorcion (anticuerpo anti-estrogeno (ES))

Organizacion de las Naciones Unidas para la
Alimentacion y la Agricultura

Inyeccion electrocinética o amplificacion del campo
Deteccion por fluorescencia

Microextraccién liquido-liquido dispersiva con gota flotante

Detector de fotometria de llama

Cromatografia de gases
Glicidil metacrilato

Fibra hueca

Microextraccion en fase liquida con fibra hueca
Cromatografia liquida de interaccion hidrofila
Cromatografia liquida de alta resolucion
Microextraccion en gota en espacio en cabeza
Hexestrol

Microextraccion liquido-liquido en fibra hueca con
barra de agitacion magnética

Microextraccion liquido-liquido-liquido en fibra hueca
Anhidrido heptafluorobutirico

Fibra hueca recubierta con un liquido idnico polimérico
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1

IL Liquido idnico

IT Trampa de iones
ITP Isotacoforesis

ILFOF-IL-DLLME DLLME con flotacion de espuma de liquido iénico

L

LC Cromatografia liquida

LLE Extraccidn liquido-liquido

LPME Microextraccién en fase liquida

LOD Limite de deteccion

LOQ Limite de cuantificacion

LLLME Microextraccion en gota liquido-liquido-liquido
LLME Microextraccién liquido-liquido

LPME Microextraccion en fase liquida

LIF Fluorescencia inducida por laser

K

Ka Constante de disociacion acida

M

7] Movilidad electroforética

MEKC Cromatografia electrocinética micelar
MeOH Metanol

MIP Polimero de impresién molecular

MS Espectrometria de masas

MSPD Dispersion solida en la matriz

Mw Masa molecular

MWCNTs Nanotubos de carbono de pared multiple
MSTFA N-metil-N-trimetilsililtrifluoroacetamida
MEEKC Cromatografia electrocinética de microemulsién
MIP-HFT Fibra hueca recubierta con un polimero de impronta molecular
MMIP-SPME MIP magnético-SPME

MIP-MSPD Dispersion sdlida en la matriz con MIP
MIP-HFT Fibra hueca recubierta con MIP

N

Nano-LC Nanocromatografia liquida

NACE Electroforesis capilar en medios no acuosos
NSM Stacking en modo normal

P

PSA Amina primaria/secundaria

PTFE Politetrafluoroetileno

PSP Pseudo-estacionarias.

PF Partial filling

PFOA Perfluorooctanoico
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PFOS Perfluorooctanosulfénico.

pCEC CEC - modalidad presurizada

PC-HF-LPME Microextraccion en fase liquida con fibra hueca recubierta
de polimero

PVDF Fluoruro de polivinildeno

Q

Q Cuadrupolo simple

QgqQ Triple cuadrupolo

QUEChERS Método de preparacion de muestra “Quick, Easy,
Cheap, Effective, Rugged y Safe”

R

RSD Desviacion estandar relativa

RMM Reverse-migrating micelles

S

S/N Relacion sefial/ruido

SDME Microextraccion en gota

SDS Dodecilsulfato sédico

SFE Extraccion con fluidos supercriticos

SFO-DLLME Microextraccién liquido-liquido dispersiva con gota flotante sdélida

SLM Membrana liquida soportada

SPME Microextraccién en fase soélida

SPE Extraccion en fase sdlida

SWCNTs Nanotubos de carbono de pared sencilla

SIM Single ion monitoring

I

TOF Tiempo de vuelo

TMIS Trimetilyodosilano

TMCS Trimetilclorosilano

TMS Trimetilsilil

u

UAE Extraccidon con disolvente asistida por ultrasonidos

UHPLC Cromatografia liquida ultra rapida

uv Ultra violeta

Z

ZEN Zearalenona
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In this work, a group of 12 estrogenic compounds, ie. four natural sexual hormones (estrone,
17B-estradiol, 17w-estradiol and estriol), an exoestrogen (17«-ethynylestradiol), a synthetic stilbene
(dienestrol), a mycotoxin (zearalenone) and some of their major metabolites (2-methoxyestradiol, «-
zearalanol, B-zearalanol, a-zearalenol and B-zearalenol) have been separated and determined by micellar
electrokinetic chromatography (MEKC) coupled to electrospray ion trap mass spectrometry. For this pur-
pose, a background electrolyte containing an aqueous solution of 45 mM of perfluorooctanoic acid (PFOA)
adjusted to pH 9.0 with an ammonia solution, as MS friendly surfactant, and methanol (10% (v/v)), as
organic modifier, was used. To further increase the sensitivity, normal stacking mode was applied by
injecting the sample dissolved in an aqueous solution of 11.5mM of ammonium PFO (APFO) at pH 9.0
containing 10% (v/v) of methanol for 25 s. Dispersive liquid-liquid microextraction, using 110 p.L of chlo-
roform and 500 pL of acetonitrile as extraction and dispersion solvents, respectively, was employed to
extract and preconcentrate the target analytes from different types of environmental water samples (min-
eral, run-off and wastewater) containing 30% (w/v) NaCl and adjusted to pH 3.0 with 1 M HCL. The limits
of detection achieved were in the range 0.04-1.10 pg/L. The whole method was validated in terms of lin-
earity, precision, recovery and matrix effect for each type of water, showing determination coefficients
higher than 0.992 for matrix-matched calibration and absolute recoveries in the range 43-91%.

© 2014 Elsevier B.V. All rights reserved.

Keywords:

Estrogens

Micellar electrokinetic chromatography
Mass spectrometry

Dispersive liquid-liquid microextraction
Water samples

1. Introduction contraceptive, dienestrol (DS) which is a growth promoter for

cattle, or zearalenone (ZEN) derived mycotoxins present in cereal

Estrogens can be considered as global environmental pollutants,
and their occurrence in aquatic systems has been demonstrated
[1,2]. In particular it has been confirmed that they appear in the
effluents from wastewater treatment plants since they are not
entirely metabolized in the animal organism. In this way, natural
occurring estrone (E;), estradiol (E;) and estriol (E3), the syn-
thetic derivative of E;, 17a-ethynylestradiol (EE;), widely used as

% Presented at the 20th International Symposium on Electro- and Liquid Phase-
Separation Techniques (ITP 2013), 6-9 October 2013, Puerto de la Cruz, Tenerife,
Canary Islands, Spain.
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crops that might be consumed by mammals, are mainly excreted
in urine. Furthermore, estrogenic compounds contained in animal
wastes which are used in agricultural fields for fertilizing purposes
may also reach run-off or groundwater.

Different methods have been developed so far for the deter-
mination of estrogens and their metabolites in diverse matrices
[3.4]. Immunoassays were the first methods widely applied and
although they are still used to obtain rapid and sensitive analysis
of targeted estrogens, their disadvantages such as single analyte
analysis, cross-reactivity or poor specificity have made the use of
chromatographic techniques more reliable. In this sense, either lig-
uid chromatography (LC), which is the preferred choice, or gas
chromatography (GC) have been used [1-5]. In this last case, a
derivatization step is required because of the low volatility of these
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compounds [6], a fact that clearly enlarges the analysis time and
that may somehow complicate the sample pretreatment.

Regarding the use of capillary electromigration methods, which
offer the typical advantages of any miniaturized technique, they
have also been applied for the analysis of estrogens but in a lower
number of occasions [7-19]. In these cases, and because they are
neutral in a wide range of pH, they cannot be easily analyzed by
capillary zone electrophoresis (CZE) [9] and therefore, micellar
electrokinetic chromatography (MEKC) is preferred [8,11,13-19]
though microemulsion electrokinetic chromatography (MEEKC)
[10] and capillary electrochromatography (CEC) [7,20] have also
been addressed for this purpose. In this sense, the use of non-
volatile surfactants in MEKC has clearly precluded its combination
with MS detection. lon suppression effects as well as contamination
of the ionization source are the main reasons and, as a result, estro-
gen analysis by MEKC has mostly used conventional detectors like
UV/DAD [8,11,13-15,17] or electrochemical [18]. To the best of our
knowledge, MEKC-MS analysis of estrogens has only been carried
out in one occasion [21]. In that work, Sirén et al. analyzed a group
of steroids in which only one estrogen, 17-estradiol (173-E; ), was
included, using the partial filling technique (PF-MEKC-MS) to pre-
vent the introduction of the micelles into the mass spectrometer.
This is, in fact, the most employed alternative to avoid contamina-
tion of the mass spectrometer in MEKC-MS together with the use
of reverse-migrating pseudostationary phases [22].

In order to achieve a direct coupling of MEKC with MS, some
authors have suggested the use of alternative pseudostationary
phases as, for example, the (semi)volatile surfactant ammonium
perfluorooctanoate (APFO) [23-27]. It has been observed that its
use provides similar results to standard systems based on sodium
dodecyl sulphate and exceptional results regarding its high com-
patibility with MS [23,24]. This approach has been employed only
for the separation of pharmaceutical drugs [24], pesticides [25,26]
and, very recently, amino acids [27]. However, the use of APFO as
a volatile surfactant in MEKC-MS for the analysis of estrogens has
not yet been described.

Regarding the extraction of estrogens from aqueous samples,
solid-phase extraction has been the preferred technique in the last
decades [3] due to its simplicity of operation and high enrichment
capacity in order to achieve concentrations in the low ng/L range.
However, when a high preconcentration factor is required, high
sample volumes are necessary (and therefore a relatively long sam-
ple retention time) as well as relatively high amounts of harmful
organic solvents. To overcome this and other problems, minia-
turized extraction techniques have been developed and widely
used in recent years. In particular liquid-phase microextraction
(LPME) inits different application modes - single drop microextrac-
tion, dispersive liquid-liquid microextraction (DLLME) and hollow
fiber-LPME - has provided very good results in the extraction
of organic compounds [28-30], because of their simplicity, effec-
tiveness, rapidity and low consumption of organic solvents over
classical techniques.

In general, DLLME has been the most exploited mode of LPME,
but the number of applications in the estrogen field is still very
low and only water samples have been analyzed |31-35] except for
ZEN, which has been analyzed in beer [36] and milk thistle [37]. In
this regard, a low number of analytes (no more than five) have been
simultaneously extracted. Hadjmohammadi and Ghoreishi [31], for
example, developed a method to extract Eq, E; and diethylstilbe-
strol (DES) from river, well and tap water using tetrachloromethane
(CCly) and acetone as extraction and dispersion solvents. Similarly,
Lima and co-workers [35] monitored E; and EE; in tap, surface and
waste waters using chlorobenzene and acetone. Chang and Huang
[34] and Liu et al. [32] studied the application of a DLLME method
based on the solidification of a floating organic drop (SFO-DLLME)
for the extraction of Eq [34], E3, E3 and EE; [32,34] from different

water samples using 1-undecanol and methanol (MeOH) as extrac-
tant and disperser solvent, respectively. Also, ionic liquid-based
(IL)-DLLME using 1-hexyl-3-methylimidazolium hexafluerophos-
phate (|[HMIm]|[PFg]) as extraction solvent was used to extract Eq,
E;. E3, EE; and DES from river, waste and sea water with the help
of acetone as disperser solvent. In all the cited works, LC coupled
to UV or fluorescence detection (FD) have been used; none of them
has applied CE as separation technique. In fact, the combination
of DLLME with CE for the analysis of organic compounds has only
been achieved in a reduced number of occasions. Some examples
can be found in [25,38,39].

As a result, the aim of this work is the development and vali-
dation of a DLLME-MEKC-MS method using APFO as a volatile BGE
surfactant for the analysis of a group of twelve estrogenic com-
pounds, i.e., four natural sexual hormones (E, 17B-E;, 17a-E; and
E3), an exoestrogen (EE;), a synthetic stilbene (dienestrol, DS), a
mycotoxin (zearalenone, ZEN) and some of their major metabolites
(2-methoxyestradiol, 2-MeOE;, a-zearalanol, a-ZAL, B-zearalanol,
B-ZAL, a-zearalenol, a-ZEL, and B-zearalenol, B-ZEL), in different
types of water samples (mineral, run-off and waste waters). An on-
line preconcentration technique (normal stacking mode) was also
used to enhance sensitivity. To the best of our knowledge, thisis the
first time that MEKC-MS is used for the separation of the selected
analytes and one of the very few applications of APFO as volatile
surfactant in MEKC-MS. It is also the first time that DLLME is com-
bined with CE for the analysis of estrogens, being also one of the
few works that join the use of DLLME with CE.

2. Materials and methods
2.1. Chemicals and materials

All chemicals used in this study were of analytical reagent
grade. MeOH was from VWR International Eurolab S.L (Barcelona,
Spain), ethanol absolute (EtOH) was from Panreac Quimica
(Barcelona, Spain); 2-propanol, dichloromethane (CH;Cly), CCla,
chloroform (CHCl3), acetone, ACN of HPLC grade and hydrochlo-
ric acid (25% (w/w)) were obtained from Merck (Darmstadt,
Germany); sodium hydroxide (NaOH) was from Scharlau Chemie
S.A. (Barcelona, Spain), ammonia (25% (w/w)) from Riedel-de Haén
(Seelze, Germany) and sodium chloride (purity > 99.5%) was pur-
chased from Sigma-Aldrich Chemie (Madrid, Spain). Distilled water
was deionized by a Milli-Q gradient system A10 from Millipore
(Bedford, MA, USA). Perfluorooctanoic acid (PFOA, purity of 96%)
was supplied by Sigma-Aldrich.

Analytical standards of DS (3,4-bis(4-hydroxyphenyl)-
2,4-hexadiene), 17a-E; (1,3,5(10)-estratriene-3,17a-diol),
173-E» (1,3,5-estratriene-3,17B-diol), E3 (1,3,5(10)-estratriene-
3,16a,17B-triol), E; (1,3,5(10)-estratrien-3-ol-17-one), EE,
(17a-ethynyl-1,3,5(10)-estratriene-3,173-diol), 2-MeOE;
(1,3,5(10)-estratriene-2,3,17-triol 2-methyl ether), o-
ZAL (2,4-dihydroxy-6-(6c,10-dihydroxyundecyl)benzoic
acid p-lactone), B-ZAL (2,4-dihydroxy-6-(6(3,10-
dihydroxyundecyl)benzoic acid p-lactone), B-ZEL
(2,4-dihydroxy-6-(6[3,10-dihydroxy-trans-1-undecenyl)benzoic
acid p-lactone), a-ZEL (2,4-dihydroxy-6-(6a,10-
dihydroxy-trans-1-undecenyl)benzoic acid p.-lactone), ZEN
((3S.11E)-14,16-dihydroxy-3-methyl-3,4,5,6,9,10-hexahydro-
1H-2-benzoxacyclotetradecine-1,7(8H)-dione) were from
Sigma-Aldrich Chemie and were used without further purifi-
cation (purity = 95%). Table 1 shows the structures and some of
the properties of the studied compounds.

Individual stock solutions of the analytes were prepared in
MeOH with the following concentrations: DS, 173-E;, 17«-E;, Es,
Ei, EE> at 1000mg/L; 2-MeOE;, a-ZAL and B-ZAL at 100 mg/L;
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Fig. 1. MS/MS spectra of the standard estrogens. For experimental conditions, see Section 2.3.

«-ZEL and B-ZEL at 500 mg/L and ZEN at 180 mg/L. They were all
stored in the freezer at —18°C. The working standard mixtures
were daily prepared by appropriate dilution in the sample medium
(11.25mM of APFO at pH 9 containing a 10% (v/v) of MeOH).

2.2. Apparatus, instrumentation and software

All CE-MS studies were performed with a PJACE MDQ CE
system (Beckman Instruments, Fullerton, CA, USA) coupled with
an amaZon SL ion trap (IT) mass spectrometer from Bruker
Daltonik GmbH (Bremen, Germany). Karat Software (Beckman
Instruments) was used for CE instrument control while all
MS parameters and spectra data were controlled, collected
and processed by using the Esquire NT software from Bruker
Daltonik.

CE analyses were carried out using fused silica capillaries of
60cm (50 umi.d. x 363 pmo.d.) obtained from Composite Metal
Services (Worcester, UK). The polyimide coating of the capillaries
was removed from the capillary ends with a razor, checking the
result with a Nikon Model SE Binocular optical microscope (Nikon
Instruments Inc., Japan).

Measurements of pH were done with a Crison GLP 22 pH-
meter (Barcelona, Spain) equipped with a combined electrode
with a temperature sensor. The accurate measurement of pH was
ensured by a two-point calibration with the appropriate certified
buffer solutions at pH 4.00 and 7.00. Conductivity measurements
were achieved using a Crison CM 35 portable conductimeter
with a platinum cell and temperature correction capability. One-
point calibration was done with a certified KCl solution of
1413 pS/em.

Statgraphics Centurion XV Version 15.2.06 from Statistical
Graphics (Rockville, MD, USA) was used for data processing.

2.3. CE-MS analysis

Before its first use, the capillary was activated by means of the
following rinse sequence: 3 min of 1 M HCl, 3 min of Milli-Q water,
5min of 0.1 M NaOH, 10 min of Milli-Q water, and finally 2 min of
the BGE. In all cases, a pressure of 20 psi (137.9 kPa) was applied.
The BGE was a solution of 45 mM APFO at pH 9.0 containing a 10%
(v/v) of MeOH which was prepared by dissolving PFOA in Milli-Q
water and adjusting the pH with 7 M ammonia solution.

In order to obtain a good repeatability between days, the cap-
illary was flushed at the beginning of the working day with 7M
ammonia solution and Milli-Q water for 10 min each, and then with
BGE for 2 min. Also, good repeatability was achieved by rinsing the
capillary between injections with 7M ammonia solution, Milli-Q
water and BGE for 2 min each. At the end of the working day, the
capillary was washed consecutively with 7M ammonia solution,
Milli-Q water and MeOH for 5 min each. All these washings steps
were also done at a pressure of 20 psi. The capillary was left full of
MeOH overnight.

Samples were injected hydrodynamically at 0.5 psi for 25s. The
electrophoretic separation was achieved using a voltage of +25kV
with an initial ramp time of 0.17 min. The temperature of the cap-
illary inside the cartridge was 25°C and the sample vial was kept
constant at 15°C before injection.

In order to couple the CE system to the mass spectrometer, the
capillary was fixed into a coaxial sheath-liquid interface so that its
outlet protruded 0.1 mm from the coaxial steel needle. The CE-MS
system operated in the positive ionization mode. MS electrophero-
grams were acquired in a range of 250-350m/z and the MS tune
was set in automatic mode, selecting 300 m/z as the target mass of
the studied compounds (trap drive level of 100%).

Optimized ESI conditions were as follows: capillary voltage of
—4600V, end plate offset of =500V, nebulizer gas (Nz) pressure
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Table 2 . i ) containing 500 pL of ACN (as dispersion solvent) and 110 pL of
MS and MS/MS detection parameters of the studied estrogenic compounds. CHCl; (as extraction solvent) was rapidly introduced into the aque-
Analyte Precursor ion Product ion Normalized ous sample with the help of a 1 mL micropipette, followed by 2 min
(m/z) [M+H]" (mfz) collision energy of vortex-shaking. The dispersion was centrifuged at 4000 rpm
Es 2892 271.1 030 (2.5 x g) for 5 min, observing afterwards a settled phase at the bot-
253.1 tom of the tube consisting ina droplet of CHCl3 containing the target
B-zAL 3232 305.2 025 analytes. The upper aqueous phase was partially removed (about
p2EL 1212 gg;: 030 4mL) by means of a micropipette and the droplet (120 pL) was
2851 collected into a vial and evaporated to dryness with a gentle nitro-
o-ZEL 3212 303.1 030 gen stream. The residue was reconstituted in 75 p.L of the sample
285.1 medium (11.25 mM of APFO, pH 9 containing a 10% (v/v) of MeOH)
17p-E2 2na 255.1 0.32 and injected hydrodynamically in the CE-MS system. Analyses of
17a-E 2731 ;gg? 032 blank samples were done in parallel to assure that no residues of
159.0 the analytes were present in the samples.
ZEN 3192 301.1 035
2831
EE» 2972 279.1 035 3. Results and discussion
159.0
1331
a-ZAL 3232 3052 025 3.1. MEKC-MS method
2-MeOE, 3032 5:;: 0.32 3.1.1. Selection of the detection mode in MS
189.0 First of all, and before the optimization of the electrophoretic
E, 2712 253.1 032 separation, preliminary studies of the MS determination of the
DS 267.1 :Z?? 0.40 selected group of estrogens were carried out. Although these com-
1071 pounds are generally non-charged in a wide pH range (see Table 1),

of 3.0 psi, dry gas (N3) flow of 3.0 L{min and dry gas temperature
of 200°C. A sheath-liquid consisting in 100% 2-propanol at a flow
rate of 1.7 pL/min was used to close the CE-MS electric circuit, to
stabilize the CE-current and to assist the ionization. With regard to
the IT parameters, the ion charge control (ICC) was set at 110,000,
the maximum accumulation time at 200 ms with 6 averages per
experiment and a rolling averaging of 7.

MS/MS experiments were performed by fragmentation of the
protonated molecular ion [M+H]* which was selected as the pre-
cursor ion. In these last experiments, the set mass range was
70-350m|z, the ICC was fixed at 10,000 and the maximum accu-
mulation time at 200 ms with a single average per experiment. The
m/z width was set at 1 and the collision energy was varied in the
range 0.25-0.40. Table 2 shows the fragmentation data obtained for
the studied analytes (m/z of the precursor and product ions, as well
as the normalized collision energy). The obtained MS/MS spectra
are shown in Fig. 1.

At the end of the working day, the ESl interface was cleaned with
MeOH in order to remove the residues of the surfactant.

2.4. Water samples selection

In this work, three types of water samples (mineral, run-off and
wastewater) were selected. Mineral water was acquired in a local
supermarket, while the run-off and the two wastewater samples
were collected in different areas of the island of Tenerife (Canary
Islands, Spain). pH values for mineral, run-off, wastewater 1 and
wastewater 2 were 7.84, 8.15, 8.37 and 8.26, respectively, while
conductivity values were 0.18, 1.51, 1.44 and 1.79 mS/cm at 25°C.
Values of the chemical oxygen demand (COD) were 55 mg/L O, for
wastewater 1 and 1100 mg/L O, for wastewater 2. All samples were
filtered through a Chromafil® Xtra PET-20/25 filter before extrac-
tion.

2.5. DLLME procedure
An aliquot of 7.5mL of a spiked or non-spiked water sample

containing 30% (w/v) NaCl and adjusted to pH 3.0 with 1M HCl
was introduced in a 10 mL screw cap glass tube. Then a mixture

they can be easily ionized under soft conditions in the ESI. In fact,
they have been determined both in the negative [41] and positive
mode [9,12,21,42.43].

An initial screening study was developed by filling the capillary
with a mixture of the estrogens at a concentration of 10mg/L in
50/50 (v/v) MeOH/45 mM APFO at pH 9. Then, an electrophoretic
run was developed at +25 kV permitting the entrance of the ana-
Iytes in the spectrometer. The ionization was supported by a
sheath-liquid consisting of 90:10 (v/v) 2-propanol/water with 1%
(v/v) formic acid or ammonia solution for positive or negative
detection, respectively. In these first experiments, early ESI con-
ditions, which were selected by varying each parameter using a
step-by-step approach, were maintained as follows: capillary volt-
age of —4500V, end plate offset of =500V, nebulizer gas pressure of
6.0 psi, dry gas flow of 6.5 L/min and dry gas temperature of 200°C.
Regarding the IT, the ICC was set at 60,000, the maximum accumu-
lation time at 200 ms with 6 averages per experiment and a rolling
averaging of 7.

In the negative mode, the MS spectra of most of the analytes
were not clear and they could not be correctly detected. Moreover,
the presence of APFO, though a (semi)volatile surfactant, char-
acterized the MS background spectra with three intense signals
corresponding to the PFOA ion [M—H]™ at 412.8m/z, the loss of
carbon dioxide at 368.9 m/z and the dimeric ion at 826.9 m/z, which
generated an important ion suppression and a high spray current
(=~2000nA). The best results, indeed, were found in the positive
mode, procuring characteristic MS spectra for each compound with
high intensity at the time that the current spray did not exceed
25-30nA.

3.1.2. Optimization of the MEKC-ESI-MS separation

For the optimization of the electrophoretic separation of the
selected group of estrogenic analytes, the first experiments were
carried out at +25 kV injecting at 0.5 psi for 5s a mixture of them
dissolved in different mediums at a concentration between 3 and
10 mg/L: MeOH (which was the solvent of the stock solutions),
water, APFO solutions up to a concentration of 45mM or mix-
tures of them, maintaining ESI and IT conditions as indicated in
the previous section. In general, it could be observed that when
using a BGE composed of different concentrations of APFO con-
sistent results could be obtained when the sample was dissolved
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in 80:20 (v/v) water/MeOH, that is, in the absence of surfactant.
The use of MeOH alone, though also useful, provided some current
breakdowns, while pure water caused low sensitivity due to the
low solubility of the analytes.

For BGE composition optimization, initial experiments were car-
ried out with APFO as buffer and surfactant solutions from the
critical micellar concentration (CMC), which is 12mM, to a con-
centration of 55 mM and pH between 7.5 and 9.5 adjusting it with
ammonia solution. Though the use of a mass spectrometer does not
require a complete separation of the analytes, efforts were made to
separate them, in particular, E;, ZAL and ZEL epimers («- and B-),
which share the same spectra in order to quantify them separately.

PFOA is a white powder with very low solubility in water at
low pH (0.70 and 4.6 g/L at pH 2 and 3, respectively), which pK;
is 0.50 and its CMC is 12mM (4.96g/L) [40]. So when PFOA was
added to water at the desired concentration (even at its CMC), still
some powder was observed in suspension. However, the addition of
ammoniasolution led to the formation of the highly solublesalt, i.e.,
APFQ, at the same time that the pH of the solution increased. Even
increasing the BGE's pH up to 7.5, PFOA exhibited poor solubility.
These experimental conditions only allowed studying concentra-
tions of the additive between 40 and 55 mM. However, in general, a
decrease in the pH value down to 7.5 produced a lower EOF with the
corresponding increase of the analysis time (up to 13 min). Instead,
at pH values higher than 9.0 the separation resulted to be poorer,
while at pH 9.0, commonly selected condition as reported in the lit-
erature [24,26], a good compromise between analysis time (9 min)
and resolution was achieved, especially for E;, ZAL and ZEL epimers
(a- and B-).

Following, and keeping the pH at 9.0, the concentration of APFO
was varied. The CMC defines the lower end of the working range for
a surfactant in MEKC. For the working PFOA/ammonia system, this
concentration has been previously determined as 12mM by sur-
face tension measurements [24]. The effect was shown as a general
increase in the migration times and resolution, as well as in some
changes in the elution order. In general, concentrations lower than
45mM did not allow an adequate resolution of the peaks due to
a worsening of the peak shape and a loss in efficiency. Although
50mM APFO allowed an improvement in the separation of the
isomers of ZEL and ZAL, the presence of higher amounts of PFOA
produced an increase of the background noise and a general reduc-
tion of the signal-to-noise ratio (S/N) for all analytes. The best
results in terms of separation and sensitivity was achieved with
45 mM. Under these conditions, a partial separation of the selected
analytes was obtained in 7.5 min, with good resolution for the iso-
mers of Ey, ZAL and ZEL. However, co-migration of 17a-E;, EE;, ZEN
and a-ZAL was still observed.

Finally, the effect of adding different organic solvents to the
BGE was investigated. The addition of an organic modifier can pro-
duce changes in the viscosity of the medium and in the mobility of
the analytes, as well as modifications in their partition coefficient.
These factors can produce changes in selectivity, migration times,
peak shape and also in the MS signal. The solvents tested were
MeOH, ACN and 2-propanol at percentages between 5% and 10%
(v/v). Both ACN and 2-propanol provided a worsening of the signal,
aswell as an overlapping of E; epimers. On the contrary, a 10% (v/v)
of MeOH improved the peak shape with respect to the absence of
organic modifier and maintained baseline separation of the ZAL,
ZEL and E; epimers in less than 12 min. Furthermore, under these
conditions, at an applied voltage of +25 kV, the electrophoretic cur-
rent was kept lower than 25 pA, while the ESI current was about
30nA, with a stable and intense MS signal and a total ion electro-
pherogram similar to the base peak profile.

Under these conditions, the limits of detection (LODs) achieved,
calculated as the concentration which provided a S/N ratio of three,
were in the range 21.0-288 pg/L. Since estrogenic compounds are

found in environmental waters in the ng/L range, such instrumen-
tal LODs are not satisfactory. In order to increase the sensitivity of
the determination, two strategies were developed: the application
of an on-line preconcentration procedure, namely normal stacking
mode (NSM) as well as an off-line one, such as DLLME.

3.1.3. On-line preconcentration by normal stacking mode

As it is well known, when stacking is applied, the sample
medium must have a lower conductivity than that of the BGE. As
described by Quirino and Terabe [42,43], when using NSM with
MEKC, the lower-conductivity sample solution with respect to the
separation solution enhances the field in the sample zone, provid-
ing micelles with electrophoretic velocities bigger than those in the
separation area. Then, in the concentration frontier, micelles decel-
erate and stack into sharp concentrated regions. For this purpose,
different solutions of the analytes (40-100 p.g/L) containing either
water, BGE (0-45 mM), organic solvents (ACN, MeOH or 2-propanol
at 0-50% (v/v)) as well as mixtures of them in different proportions
were tested as the sample medium.

The optimum results in terms of resolution and sensitivity were
obtained when the sample medium contained 11.5mM APFO at
pH 9.0, which is a concentration of APFO of approximately 4 times
lower than that of the BGE. In addition, in order to improve the
MS signal and analytes solubility, the effect of an organic solvent
added to the sample solutions was studied. As an example of the
improvement of the method performance, Fig. 2 shows the results
achieved using MeOH, ACN and 2-propanol (panel A) and different
concentrations of MeOH in the sample solutions (panel B).

The behavior of other analytes was very similar to that of 17-E;
epimers reported in this figure. As can be seen, both ACN and 2-
propanol caused a loss of 17-E; epimers resolution, while for other
analyzed compounds resolution was only partly reduced (results
not shown). On the contrary, a 10% (v/v) of MeOH improved the
peak shape and sensitivity with respect to the absence of organic
modifier and maintained baseline separation of the ZAL, ZEL and
17-E; epimers in less than 12 min. Summarizing the highest S/N
ratios were obtained with the analytes dissolved in 11.5 mM APFO
at pH 9.0 containing 10% MeOH (v/v).

Then, the volume of sample introduced into the capillary was
studied through the injection time up to 40s (theoretically equiv-
alent to a sample volume of approx. 40 nL and a 3% of the capillary
volume). The plot of the injection time vs the peak height (data
not shown) revealed a linear relationship up to 25s (approx. 25nL
and a 2% of the total capillary volume). Injection times higher
than that value produced a decrease of the MS signal due to an
increase of the band broadening with a reduction of the resolution.
Therefore, for an injection of 255 and in the extracted ion electro-
pherogram acquisition mode, the instrumental LODs ranged from
2.04 to 59.0 pg/L, which resulted in an average improvement of 10
times with respect to normal injection under the assayed condi-
tions (20.6-287.6 pug/L). These findings are in accordance to what
Quirino and Terabe described when stacking neutral analytes in
MEKC [44,45]. Besides, the application of this on-line preconcen-
tration strategy also reduced the analysis time down to less than
10 min, which is usual.

3.1.4. Optimization of MS and MS/MS parameters

Once the optimum electrophoretic conditions were obtained,
the optimization of the parameters that influence the ionization
and MS/MS detection was performed in the positive mode. For this
purpose, the standard mixture of the analytes was dissolved in the
selected BGE (0.5-1.0 mg/L) and the ESlinterface and IT parameters
were changed by direct infusion voltage (during an electrophoretic
run at +25 kV) in order to obtain the S/N for all the studied analytes.

First of all, and in order to obtain the highest ionization, differ-
ent compositions of the sheath-liquid were studied. In this regard,
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Fig. 2. Extracted ion electropherograms of 17-E; epimers (as representative compounds) showing the effect of the addition of a 10% (v/v) of different organic solvents in the
sample medium (A) and the percentage of MeOH as the best of them (B) in the NSM study injecting 100 pg/Lin 11.5mM of PFOA at pH 9.0, Experimental conditions: separation
capillary, 60 cm x 50 umi.d. x 375 wmo.d.; BGE, 45mM of PFOA at pH 9.0 containing 10% (v/v) of MeOH; injection, 0.5 psi for 20s; applied voltage, +25kV; temperature,

25°C. For other experimental conditions and MS parameters, see Section 2.3.

diverse organic solvents (ACN, MeOH, ethanol and 2-propanol)
mixed in different proportions with water (50-100% (v/v)) were
tested at a constant flow rate of 2 pL/min using also formic or acetic
acid as additives (0.1-1% (v/v)) to improve the ionization. The best
results in terms of the S/N and stability of the electrophoretic and
ESI spray currents were obtained using 100% of 2-propanol in the
absence of any acidic additive.

Another important parameter of the CE-MS coupling is the
sheath-liquid flow rate, so values between 1.0 and 2.5 pL/min
were studied. Below 1.6 pL/min, the spray current was unstable
and frequent interruption of the MS signal could be observed. On
the contrary, at flow rates above 2 pL/min, the MS signal was dra-
matically reduced due to a higher dilution of the analytes and an
increase of the background noise during the ionization. Further-
more, a deterioration of the electrophoretic separation, in terms of
resolution and efficiency, was observed when the flow was high,
probably due to a siphon effect, but also to the turbulent mixing of
the sheath-liquid and the BGE which come at different velocities
(pL/minvs nL{min), producing band broadening and partial mixing
of the electrophoretic bands. In conclusion, the best result in terms
of sensitivity and electrophoretic profile was obtained using a flow
rate of 1.7 pL/min.

After the optimization of the sheath-liquid compaosition, the
MS signal was maximized for each analyte tuning the fol-
lowing mass parameters in specific intervals: capillary voltage
[(—4000) —(-5000) V], end plate offset [(—400)—(-600)V], neb-
ulizer gas (N;) pressure (2-5psi) and drying gas (N») flow rate
(1-5L/min) and temperature (190-210°C). Finally, a capillary volt-
age of —4600V, an end plate offset of =500V, a pressure of N3 of
3.0 psi as nebulizer and a flow of 3.0L/min of Ny at 200°C as the
drying gas were selected as the best conditions. In order to obtain
the maximum response, the value of the ICC was increased from

60,000 to 110,000, reducing the acquisition rate without affecting
in any way the MS electrophoretic profile.

These optimization experiments were fundamental to obtain
both a good electrophoretic separation in terms of resolution, effi-
ciency and peak shape and excellent and similar total ion current
and base peak electropherogram profiles with high S/N. Fig. 3 shows
the separation of the selected compounds under the described con-
ditions.

Following, MS/MS fragmentation experiments were developed
for qualitative examination in order to confirm or deny the
unequivocal presence of the analytes in the samples. A preliminary
study was carried out by analyzing the fragmentation patterns of
each analyte by direct infusion voltage as described above. Once the
molecular peak [M+H]* was identified, the fragmentation energy
was changed manually and optimized in order to obtain high inten-
sity of the fragment ions leaving about a 10% of the precursor
ion, comparing the results with those reported in the literature
[12,42,43,46]. The presence or absence of all the analytes were
unambiguously checked in the studied matrices by isolating and
fragmenting the parent ion in the multiple reaction monitoring
(MRM) mode. Table 2 shows the fragmentation data obtained for
the studied analytes after running the MS/MS experiments while
Fig. 1 shows the MS/MS spectra of the standard analytes. As can be
seen, all the analytes lose a molecule of water, except DS, which
structure is particularly different.

3.1.5. CE-MS repeatability and calibration

Under optimal stacking, separation and detection conditions,
the MEKC-MS method was first validated by evaluating its repeat-
ability in terms of the migration times and peak areas. For this
purpose, five consecutive injections (n=5) were developed in
the same day and also in three consecutive days (n=15) of the
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Fig. 3. Total ion current, base peak and extracted ion electropherograms of a standard mixture of the analytes injected in the MEKC-MS system. Experimental conditions:
sample, 300-700 pg/L (depending on the analyte) in 11.5mM of PFOA at pH 9.0 containing 10% (v/v) of MeOH; injection, 0.5psi for 25s. (*): [321.2—H,0]". For other

experimental conditions and MS parameters, see the legend of Fig. 2 and Section 2.3.

standard mixture at two concentration levels (60-200 p.g/L and
120-400 pg/L). RSD values for migration times were in the range
0.5-1.8% and 0.8-2.1% for the same day and for different days,
respectively. On the other hand, RSD values for the intra- and inter-
day precision of the peak areas were in the range 2.4-8.3% and
10.0-15.2%, respectively.

Instrumental calibration curves of each estrogenic compound
were obtained by injecting seven levels of concentration (n=7) in
triplicate. Results are reported in Table 3 and, as can be seen, good
linearity was achieved with determination coefficients (R?) higher
than 0.991 in all cases. LODs and LOQs, calculated as the concentra-
tion that provided a S/N of 3 and 10, respectively, were in the range
2.04-59.0 pg/L for the first and 9.04-152 pg/L for the second.

3.2. Optimizartion of the DLLME procedure

Once the separation of the analytes was fully optimized and in
order to extract them from environmental aqueous samples in a fast
and environmentally friendly way, a DLLME method was studied
for this purpose. Extraction efficiency of DLLME is influenced by
several factors such as the extraction and disperser solvent type
and volume, as well as the extraction time, pH and salt addition,
which are varied and studied in order to favor the solubility of the
target compounds in the extraction solvent. For this reason, the
final conditions in DLLME depend a lot on the characteristics of the
studied compounds, basically on their Kow value. In general, high
values of Kqyy represent a compound which shows affinity for the
organic phase.

According to our experience and based on the data reported in
the literature [28], the best results in DLLME are obtained when

using volumes between 5 and 10 mL of the donor phase. For this
reason, 10 mL screw cap round-bottomed glass tubes were selected
and considering all the solutions’ volumes used for the extraction
procedure, the maximum volume of water that could be used in
this case (spiked with 0.6-2.0 p.g/L of target analytes) was 7.5 mL.
All the experiences were done in duplicate and analyses of blank
samples were done in parallel to ensure that none of the analytes
were present in the samples.

3.2.1. Selection of the extraction and dispersion solvents and
other preliminary parameters

The extraction solvent must be capable of extracting the ana-
lytes in an effective way, as well as not being miscible with the
aqueous donor phase. On the contrary, the dispersion solvent must
be miscible with both the extraction solvent and the donor phase.
The behavior of the analytes with the different tested solvents will
depend on the equilibrium between the three phases (aqueous,
extraction solvent and dispersion solvent), and on their solubility
in each of them.

Different assays were initially carried out injecting a mixture
of 80 pL of the extraction solvent (CCly, CHCl3 and CH,Cly) and
500 pL of the dispersion one (ACN, MeOH and ethanol) in 7.5 mL
of Milli-Q water at pH 6. Results of these attempts showed that
both CCl4 and CHCl; formed a clear settled phase with all the sol-
vents, while with CH,Cl; the drop was not clearly distinguishable
with any of the dispersion solvents. With CCl, the best results were
obtained when it was combined with acetone but obtaining very
low recoveries (4-47%). In contrast, when using CHCls, the highest
extraction took place when it was combined with ACN (46-94%)
vs the results obtained with acetone (37-72%), ethanol (11-53%)
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Table 3
(Calibration data of the selected group of estrogenic compounds from standards prepared in the final extract of each water sample after DLLME-MEKC-MS and assessment
of the matrix effect.

Analyte Studied linear range (pg/L)  Matrix Regression equation (n=7) R? LOD? (pg/l)  LOQ® (pg/ll)  Matrix effect
y=mx+n

M5, (x10%)  n+es, (x10%)

E3 200-1000 Standard 11.46 £ 0.76 —162.16 + 478.92 0.996 59.1 152 -
200-1000 Mineral water 11.62 + 0.76 99.10 + 38136 0.997 68.1 167 Yes
200-1000 Run-off water 833 +0.73 129.92 + 364.03 0.994 98.6 181 Yes
220-1000 Wastewater 1533+ 1.14 —648.88 + 533.03 0.997 110 220 Yes

B-ZAL 100-1000 Standard 1791 £ 132 —805.39 + 827.75 0.995 200 66.1 -
100-1000 Mineral water 1517 £ 071 —379.29 + 356.19 0.998 274 79.1 Yes
100-1000 Run-off water 10.56 £ 0.95 176.59 £ 476.76 0.994 324 724 Yes
200-1000 Wastewater 16.31 £+ 1.63 —1075.21 = 819.09 0.993 95.9 195 Yes

B-ZEL 100-1000 Standard 2813 £ 151 —261.05 £ 947.72 0.997 15.2 60.4 -
100-1000 Mineral water 2437 + 1.44 —44421 + 719.63 0.997 17.1 88.1 Yes
100-1000 Run-off water 17.52 + 1.56 1044.07 + 780.48 0.994 42.0 913 Yes
150-1000 Wastewater 32.83 + 1.64 —1054.62 + 821.33 0.998 625 134 Yes

o-ZEL 100-1000 Standard 19.70 £ 1.53 —140.98 + 961.13 0.995 11.6 57.2 -
100-1000 Mineral water 18.75 £ 1.09 369.44 + 547.40 0.997 18.2 89.1 No
100-1000 Run-off water 15.06 + 1.02 —106.60 + 508.74 0.997 323 75.0 Yes
200-1000 Wastewater 21.07 £1.83 —1185.48 = 916.35 0.994 88.7 188 No

17B-E2 100-1000 Standard 791 + 041 —70.01 + 255,69 0.998 46.4 90.1 -
200-1000 Mineral water 929 + 0.75 —205.10 + 374.18 0.995 55.3 182 Yes
200-1000 Run-off water 5.62 +0.19 13051 + 94.42 0.999 87.0 195 Yes
220-1000 Wastewater 7.06 + 0.67 —296.34 + 336.43 0993 921 220 Yes

170-E; 100-1000 Standard 1424 £ 1.13 —292.62 + 71049 0.994 292 98.3 -
110-1000 Mineral water 1542 £1.27 —145.57 + 636.64 0.995 35.2 103 Yes
110-1000 Run-off water 8.61 + 0.66 42228 + 333.10 0.999 51.6 110 Yes
200-1000 Wastewater 1597 + 1.38 —686.56 + 693.56 0.994 72.7 198 Yes

ZEN 50-1000 Standard 57.31 4+ 424 —1265.32 + 1435.41 0.995 11.3 36.5 -
100-1000 Mineral water 56.22 + 2.03 —250.05 + 550.10 0.999 14.4 85.2 Yes
110-1000 Run-off water 38.30 + 3.48 99.06 + 941.13 0.994 15.1 103 Yes
110-1000 Wastewater 70.26 + 5.84 —2726.75 + 1579.19 0.995 183 108 Yes

EE; 100-1000 Standard 14.84 + 0.88 —303.23 £+ 553.57 0.997 6.22 56.2 -
200-1000 Mineral water 14.47 £ 0.86 48.92 + 431.87 0.997 41.2 171 No
200-1000 Run-off water 10.01 £ 0.92 —181.43 = 459.40 0.994 89.5 180 Yes
300-1000 Wastewater 15.89 + 1.47 —893.05 + 734.56 0.994 91.0 263 No

a-ZAL 100-1000 Standard 19.88 + 1.43 —521.50 + 898.16 0.995 7.00 70.4 -
100-1000 Mineral water 18.00 + 0.95 —371.41 + 476.11 0.998 19.2 715 Yes
100-1000 Run-off water 12,66 + 1.18 -39.73 + 592.96 0.993 38.1 88.2 Yes
200-1000 Wastewater 1738 + 1.46 -623.15 + 733,59 0.995 7 154 Yes

2-MeOE; 10-400 Standard 13243 £ 9.92 —553.02 + 1865.72 0.995 2.04 9.04 -
50-400 Mineral water 13359 £ 934 —883.18 + 1404.19 0.996 435 19.8 No
50-400 Run-off water 89.53 £ 7.76 —104.35 = 1167.16 0.996 9.50 254 Yes
50-400 Wastewater 156.27 + 16.41 —4570.69 + 2467.44 0.992 12.1 30.2 Yes

Eq 100-1000 Standard 17.04 + 1.51 —362.40 + 949.93 0.993 292 98.2 -
200-1000 Mineral water 18.92 + 1.57 —252.16 + 785.37 0.995 37.5 154 Yes
200-1000 Run-off water 1235+ 093 -74.63 + 464.82 0.996 67.3 160 Yes
200-1000 Wastewater 2333 +£225 —1437.97 + 112761 0.994 88.4 175 Yes

DS 50-400 Standard 30.73 +£2.22 —515.66 + 694.80 0.995 5.43 335 -
100-400 Mineral water 22.09 £ 1.66 —390.58 £+ 414.76 0.996 18.1 7.2 Yes
100-400 Run-off water 13.68 + 1.07 —238.85 + 269.05 0.995 327 80.0 Yes
200-400 Wastewater 21.02 + 230 —466.16 + 575.81 0.994 97.2 190 Yes

m, slope; Sy, standard deviation of the slope; n, intercept; S, standard deviation of the intercept; 2, determination coefficient.
2 Calculated as the concentration associated to a S/N ratio of 3.
b Calculated as the concentration associated to a S/N ratio of 10.

and MeOH (5-38%). In all cases and under the assayed conditions, time (0-20 min) was also investigated. Vortex resulted to be much
E3 could not be extracted. Such low extraction efficiency for this more effective than ultrasounds. In this respect, 2min of vortex
compound under these preliminary conditions can be withdrawn were enough to effectively assist the extraction, providing recov-
from its value of Kow (Table 1) which is the lowest one. Taking into eries 3-fold higher than those obtained without it. Furthermore, it
account these initial results, CHCl3 was selected as the extraction could be observed that the equilibrium was rapidly achieved and

solvent and ACN as the dispersion one. no significant differences were obtained in the recoveries of the
Afterwards, and before the selection of the solvent volumes, analytes when the extraction time was extended. For this reason,
agitation of the dispersion during the extraction by vortex or ultra- after injecting the mixture of dispersive and extraction solvents

sounds (1-3 min), extraction time (0-5min) and centrifugation in the sample, it was vortexed for 2 min and directly centrifuged.
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Table 4
Mean recoveries percentages, RSD values, analyte concentration added to the sample and LODs of the method after the DLLME-MEKC-MS procedure.
Analytes Mineral water Run-off water Wastewater
Level 1# Level 2% LODmetnoa  Level 17 Level 2 LODmethoa  Lewvel 17 Level 2% LOD methoa
Recovery” Recovery®” (pgfL) Recovery® Recovery” (ng/L) Recovery” Recovery® (prg/L)
(RSD, %) (RSD, %) (RSD, %) (RSD, %) (RSD, %) (RSD, %)
Es 56 (3) 53(3) 0.68 56(13) 60(10) 0.99 68(10) 54(14) 110
B-ZAL 82(10) 80(11) 027 69(10) 79(9) 0.32 57(14) 64(16) 0.96
B-ZEL 73(16) 78(10) 0.17 71(10) 79(7) 0.42 58(17) 58(17) 0.63
a-ZEL 80 (8) 83(1) 018 69(7) 82(11) 032 61(18) 56(18) 0.89
17B-Ez 81(14) 91(10) 055 69(7) 79(11) 0.87 56 (15) 65(13) 0.92
17a-E; 73(10) 73(7) 035 74(9) 80(8) 0.52 55(12) 69(14) 0.73
ZEN 77(13) 80(6) 0.14 71(11) 77(13) 0.15 61(17) 58(15) 0.18
EE, 79(11) 78(1) 0.41 74(10) 73(15) 0.90 57(18) 59(17) 091
a-ZAL 83(15) 85(11) 0.19 71(7) 85(9) 038 47(11) 61(16) 0.72
2-MeOE; 72(19) 76(6) 0.04 66 (8) 73(16) 0.10 64(14) 73(16) 0.12
Er 69(18) 71(2) 038 69(6) 75(12) 0.67 74(8) 75(17) 0.88
DS 58(15) 66(17) 0.18 45(15) 43(12) 033 60(17) 57(17) 0.97

* Level 1: 60-200 pg/L; level 2: 200-667 Lg/L.
b Mean of five extractions (n=5), 7.5 mL of water.

Finally, the centrifugation time was studied (5-20 min), observing
that results did not change when the sample was centrifuged for
more than 5 min.

3.2.2. Extraction and dispersion solvent volume

The volumes of the solvents were optimized by means of a
step by step approach in order to obtain good recovery values.
The first experiments were carried out fixing the volume of ACN
as the dispersion solvent at 500 pL and changing the volume of
CHCl; between 60 and 130 pL. The extractions were carried out
with 7.5 mL of Milli-Q water at pH 6.0. As can be seen in Fig. 15 of
the Supplementary Material, an amount of 110 pL provided a max-
imum in the extraction recoveries for all analytes (71-96%), except
for E3 which was only recovered in a 6%.

Following, and maintaining constant the volume of the extrac-
tion solvent (110 pL), the volume of ACN was studied between 200
and 1200 pL (Fig. 2S of the Supplementary Material). In general,
values higher than 500 p.L caused a decrease in the recoveries, prob-
ably due to the partial solution of the analytes in the ACN that acted
as the dispersion solvent. Also, with volumes lower than 500 p.L, the
dispersion was less effective, giving a slightly inferior extraction of
the target analytes, in particular of Es, B-ZAL, 2-MeOQE;, E; and DS
which were around 60-81% for 200 L of ACN. For this reason, the
volume of ACN was finally fixed at 500 pL.

3.2.3. Effect of the pH and the ionic strength of the donor phase

Under the previously described conditions, the pH of the aque-
ous phase was varied between 2 and 10, since the analytes can be
ionic or neutral depending on their pK, and on the working pH
value. If this value is higher than the pKj, their solubility in water
will be drastically affected, reducing the extraction efficiency (see
Table 1 for pK, values and solubility in water at different pH values).
Fig. 3S shows the results of these studies observing that between
pH 2 and 6 the recoveries did not vary significantly. However, at
pH 3, the results were slightly better for all the analytes. On the
contrary, at high pH values, the extraction decreased for some of
the analytes, in particular for those with a pK, ~ 8 («-ZAL, B-ZAL,
«-ZEL, B-ZEL and ZEN). This is justified by the increment of the sol-
ubility of the species in the aqueous phase when they are in their
anionic form. At pH 3.0 mean recovery values were in the range
69% and 94% for all the analytes except, once more for E; which
was around 6%.

A common practice in this type of microextraction techniques
is the modification of the ionic strength of the donor phase in order
to improve the extraction of some analytes taking advantage of a
salting-out effect. For this reason, and especially with the purpose

of improving the low extraction recovery of E3, NaCl was added
in concentrations from 0% to 30% (w/v). As can be seen in Fig. 4S,
the increase of the ionic strength has an extraordinary important
effect in the recovery value of E; which changed from 6%, when
no salt was added, to 76% when the concentration was 30% (w/v).
This behavior can be explained because E; becomes less soluble
in water at high salt concentration, favoring its solubility in the
organic solvent. For this reason, and because the recovery values for
the rest of the analytes were sufficiently high and did not change
significantly with the addition of NaCl, such concentration of NaCl
in the aqueous phase was selected for further extractions.

3.3. Application of the DLLME-NSM-MEKC-MS method for the
analysis of real water samples and validation

Under these optimized conditions, and in order to demonstrate
the repeatability of the procedure, a recovery study was developed
at one level of concentration (0.6-2.0 p.g/L) for Milli-Q water (n=5)
obtaining recoveries in the range 76-96% with RSDs lower than 9%.
Inorder to fully validate the method for the analysis of environmen-
tal water samples, the full procedure was applied to the extraction
of the analytes from different types of water (mineral, run-off and
wastewater) which were analyzed with the developed method in
order to verify the presence of the target compounds. However, in
none of them, residues of the studied estrogens were found.

3.3.1. Recovery study

The repeatability of the DLLME-NSM-MEKC-MS method was
evaluated by the development of arecovery study at two concentra-
tion levels for the three types of water samples. All the extractions
were carried out five times (n=5) at each level, calculating the
mean recovery values by comparison of the obtained peak areas
with those of the standards. The results of this study, as well as the
spiking levels, LODs and LOQs of the whole method are shown in
Table 4.

In general, the recoveries slightly decreased as the complexity
of the matrix increased, which is normal due to an evident matrix
effect (which will be later considered). In this sense, recovery val-
ues were in the range 53-91% for mineral water, 43-85% for run-off
water and 54-75% for wastewater 1, in all cases with RSDs values
lower than 20%. The results for DS in run-off water are particularly
low, probably due to a specific interaction between this analyte
(which structure is somewhat different from the other selected
compounds) and any component of the matrix.

In order to check if the methodology could be applied to more
complex wastewater samples, which have a special interest in the
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Fig. 4. Total ion current, base peak and extracted ion electropherograms of a spiked wastewater sample after the DLLME-MEKC-ESI-MS method. Experimental conditions:
sample spiked at 0.60-2.00 jug/L (depending on the analyte). For other experimental conditions and MS parameters, see the legend of Fig. 2 and Section 2 3.

determination of estrogenic compounds, the recoveries were cal-
culated also for a second wastewater which COD was 1100 mg/L O,
(the wastewater selected for validation had a COD of 55 mg/L O3).
Recovery values for this new sample were also in the range 42-88%
(n=3), aresult that confirms that the method may also be valid for
the analysis of more complex wastewater samples.

LODs of the whole method were between 0.04 and 0.68 pg/L for
mineral water, 0.10 and 0.99 p.g/L for run-off water and 0.12 and
1.10 pg/L for wastewater. Concerning the articles that have previ-
ously analyzed estrogens in water samples by DLLME [31-37], the
results in terms of LODs are in the same order of magnitude than
the ones obtained in the present work, though it should be men-
tioned that in all of them, a lower number of analytes (no more
than five) were extracted. For example, Chang et al. [34] obtained
LODs in the range 0.8-3.1 p.g/L for Eq, E3, E5 and EE; in river and tap
water by SFO-DLLME while Wu et al. [33] achieved LODs between
0.08 and 0.50 p.g/L for Ey, E;, E3, EE; and DES in river, sea and waste
waters using IL-DLLME. However, these values are lower than those
obtained by Lima et al. [35] (in the low ng/L range) who analyzed
only two of the selected estrogenic compounds (E; and EE3 ) in tap,
surface and waste water samples. Such low LODs are explained by
the use of HPLC-FD and by the obtainment of a high preconcentra-
tion factor as a result of the reconstitution of the dried final extract
in 40 pL of acetonitrile, which could only be injected in the HPLC
system just once. In the particular case of ZEN and its derivatives,
only ZEN has been previously analyzed using DLLME [36,37]. The
LOD obtained in this work (in the range 0.14-0.18 pg/L) is very

similar to that obtained by Wu and co-workers [36] (0.12 p.g/L) in
beer and, though exact comparison cannot be made, lower than
that obtained by Arroyo-Manzanares et al. [37] in milk thistle
(6.05 pg/kg) as expected from a more complex sample.

It is also worth to mention that in the majority of these refer-
enced works, separation of the analytes was carried out by HPLC
[31,33-37] and one of them by GC [32]. For this reason, one of
the biggest advantages and novelties of the proposed method is
the coupling of DLLME with CE, characterized by short analysis
time, extremely low consumption of reagents and samples and low
operational costs.

3.3.2. Matrix-matched calibration

Alteration in the MS signal due to the presence of substances
coming from the matrix that affect the ionization of the target ana-
lytes may be observed. In fact, the variations of the recoveries in
the recovery study can give a clue in this respect, being probably
caused by a non-disposable matrix effect. In order to assess such
effect, it is highly recommendable to make a comparison between
the calibration equations obtained from the standards dissolved in
the pure injection medium and the ones obtained with the stan-
dards dissolved in the sample extracts (note that in both cases the
solvent is the same: 11.5 mM APFO at pH 9.0 containing 10% MeOH
(v/v)). If there are significant differences between the slope and/or
intercept values obtained in both ways, then there is a matrix effect
for the compound under study.
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Table 3 also shows the calibration data of the standards dis-
solved in the injection medium (standard instrumental calibration)
and in each type of water extract (n = 7). As can be seen, the response
of the MS detector was linear in all cases in the tested range with
determination coefficients (R?) higher than 0.991. Statistical com-
parison between the calibration in the pure injection medium and
ineach type of water extract was carried out using a statistical pro-
gram that calculates F and p values to compare the slopes and the
intercepts (see Section 2.2). When the value of p for the comparison
of the slopes or intercepts is <0.1, statistical differences exist, and
thus, matrix effect is confirmed.

Only «-ZEL, EE; and 2-MeOE; in mineral water (the sim-
plest matrix studied) and EE; in wastewater did not show matrix
effect. The study for the rest of analytes in the three matrices
demonstrated that there were significant differences between the
intercepts and/or slopes. Therefore, and in order to achieve accurate
results, quantification should be done using the calibration curves
in the sample matrix.

Regarding the LODs of the matrix-matched calibrations, values
in the ranges 4.35-68.1 pg/L, 9.50-98.6 pg/L and 12.1-110 pg/L
were obtained for mineral, run-off and waste waters. Also in this
case, the limits were calculated as the concentration that pro-
vided a S/N of three and were experimentally verified. In none
of the water samples residues of the estrogenic compounds were
found. Fig. 4 shows the MEKC-MS extracted ion electrophero-
grams of all the analytes of a spiked wastewater sample after the
DLLME-MEKC-MS method. As can be seen, the compounds could
be perfectly identified in the sample. A similar electropherogram
was also obtained for the other two samples.

4. Conclusions

A new MEKC-MS method has been optimized for the separation
of a group of 12 estrogenic compounds using APFO as a volatile
surfactant. A complete separation of the analytes was accomplished
in 11 min and NSM was applied in order to enhance the sensitivity,
obtaining also good efficiencies and repeatability.

DLLME was optimized for the extraction of the selected sub-
stances from mineral, run-off and waste water samples. Validation
was carried out developing a recovery study at two levels of con-
centration for the three types of water obtaining acceptable results
(43-91% for all the analytes in all the matrices) and LODs of the
method in the range 0.04-1.10 pg/L. The assessment of the matrix
effect was statistically studied through matrix-matched calibration
in each type of water, revealing that the method was affected in
general by the presence of the matrices.

The procedure proposed hereby constitutes a simple, fast and
reliable method to determine the selected estrogenic compounds
in this type of water samples by coupling DLLME with CE, which
requires a very low consumption of reagents and samples as well
as low operational costs.
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Evaluation of the combination of a
dispersive liquid-liquid microextraction
method with micellar electrokinetic
chromatography coupled to mass
spectrometry for the determination of
estrogenic compounds in milk and yogurt

In this work, the suitability of a methodology based on dispersive liquid-liquid microex-
traction (DLLME) has been evaluated for the extraction of four endoestrogens (estriol,
17a-estradiol, 17B-estradiol, and estrone), an exoestrogen (17a-etynylestradiol), and a my-
cotoxin (zearalenone), together with some of their major metabolites (2-methoxyestradiol,
a-zearalanol, B-zearalanol, a-zearalenol, and B-zearalenol) from different types of milk
(whole and skimmed cow milk and semiskimmed goat milk) and whole natural yogurt.
The methodology includes a previous protein precipitation with acidified ACN and a defat-
ting step with n-hexane. Separation of the analytes, determination, and quantification were
developed by MEKC coupled to ESI-MS using a BGE containing an aqueous solution of
ammonium perfluorooctanoate as MS friendly surfactant. Calibration, precision, and ac-
curacy studies of the described DLLME-MEKC-MS/MS method were evaluated obtaining

a good linearity and LODs in the low micrograms per liter range.

Keywords:

Estrogens / Mass spectrometry / Micellar electrokinetic chromatography / Milk /

Yogurt

1 Introduction

All the technological evolution applied to improve the activi-
ties related with animal husbandry may involve the introduc-
tion into the environment, and especially into the food chain,
of chemical substances that could threaten human health.
Meat, milk, and dairy products are the main target products
in this respect.

Regarding cow’s milk, which is mostly consumed, an-
nual production relative to the year 2012 was of more than
150 and 90 million tons in Europe and the United States,
respectively (FAOSTAT, Food and Agriculture Organiza-
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Abbreviations: 2-MeOE2, 2-methoxyestradiol; APFO, ammo-
nium perfluorooctanoate; DES, diethylstilbestrol; DLLME, dis-
persive liquid-liquid microextraction; DS, dienestrol; E,, es-
trone; Ez, estradiol; E3, estriol; EEz, 17a-ethinylestradiol; HEX,
hexestrol; HF, hollow fiber; LPME, liquid-phase microextrac-
tion; MeOH, methanol; PFOA, perfluorooctanoic acid; TIC, to-
tal ion current; ZAL, zearalanol; ZEL, zearalenol; ZEN, zear-
alencne
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tion of the United Nations, URL http://faostat.fac.org/, ac-
cessed September 5, 2014), with a worldwide consumption of
about 85 kg/capita/year in 2009 (most recent data available)
(FAOSTAT, Food and Agriculture Organization of the United
Nations, URL http://faostat.fac.org/, accessed February 5,
2014). This means that this nourishment is not only a possible
vehicle of chemical risk worldwide, but also that the levels of
exposure for potential harmful substances are high and daily.

To satisfy global demand for milk, practices such as milk
collection from pregnant cows and abusive or illegal use
of synthetic estrogens, increase the exposure of humans to
dairy products containing estrogenic hormones over recom-
mended levels [1].

Additionally, humans are the only adult mammal who
drinks milk after weaning; hence, this uncommon habit in
the animal kingdom raises an important question about its
necessity [2]. Although studies corroborate the importance
of milk for the supply of nutrients in a healthy diet [3], its
consumption has been related with a possible increased risk
of various diseases in the Western world such as cardiovas-
cular diseases, diabetes, or even cancer [2,4,5]. In particular,
the high intake of endogenous or exogenous estrogenic hor-
mones contained in dairy products may induce abnormalities
in the human reproductive system [6,7] and the possibility of
the onset of more serious diseases such as testicular, breast,
prostate, ovarian, and corpus uteri cancers, which seems quite
confirmed [1,4,8-10].

www.electrophoresis-journal.com
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Regarding the European legislation, maximum residue
limits are only established in milk (Commission Regulation
(EU) No. 37/2010, Official Journal of the European Union
L 15/1 of 20.1.2010) for certain hormones (e.g., dexametha-
sone, 0.3 pg/kg in bovine or caprine milk; prednisolone,
6 pg/kg in bovine milk). For this reason, there is a strong
necessity of knowing if these compounds are present in these
matrices or not, and at which concentrations.

Obviously, and due to the high concentrations of lipids,
carbohydrates and proteins in dairy products (also vitamins
and minerals in a lesser extent) sample pretreatment and an-
alyte preconcentration are required. In this respect, liquid-
liquid extraction (LLE) and SPE have been the main proce-
dures employed for this purpose, in combination with differ-
ent chromatographic methods [11].

One of the current trends in analytical methodologies is
the development of easier and faster methods, involving a
lower consumption of organic solvents such as microextrac-
tion procedures. For instance, and concerning the analysis
of estrogens in milk, solid-phase microextraction has been
used for their determination after a suitable deproteinization
procedure. This is the case of the analysis of estrone (E;),
estradiol (E;), ethinylestradiol (EE,), diethylstilbestrol (DES),
and hexestrol (HEX) by HPLC-UV [12]; DES, HEX, and di-
enestrol (DS) by HPLC-UV [13]; Ey, E;, estriol (E:), and DES
by HPLC-UV [14]; or DES by HPLC-DAD [15]. Meanwhile,
liquid-phase microextraction (LPME) has also been employed
for this purpoese, in particular hollow fiber (HF)-LPME. In this
sense, Socas-Rodriguez et al. analyzed E,, 17a-E,, 17B8-E,, Es,
EE,, DES, DS, HEX, and 2-hydroxyestradiol in milk, yogurt,
and cheese by HPLC-DAD/fluorescence detection after a pre-
vious deproteinization with ACN /acetic acid (cheese samples
also required a second defatting step with n-hexane) [16,17].
Also, Zhong et al. developed a dynamic liquid-liquid-solid
microextraction HPLC-UV procedure using molecularly im-
printed polymer filaments as solid phase for the determi-
nation of DES, dihydrodiethylstilbestrol, E;, E;, and EE; in
complex matrices including milk, after deproteinization with
ACN [18], while Xu et al. [19] analyzed 17a-E;, 17B-E;, E;, and
EE;, among others, in milk by HF-based stirring extraction
bar LLME-GC-MS after simple dilution.

Dispersive liquid-liquid microextraction (DLLME),
which is another LPME mode, has been widely employed
for food analysis [20]. In the case of milk or its derivatives,
different methodologies have been proposed for the extrac-
tion of diverse analytes as, for example, antibiotics [21, 22]
polybrominated diphenyl ethers [23, 24], cholesterol [25] non-
steroidal anti-inflammatory drugs [26], etc. However, up to
now, this technique has not been employed for the determi-
nation of estrogenic hormones in these matrices.

In a previous work recently developed by our group [27],
a method based on the use of DLLME was optimized and
validated for the extraction and preconcentration of a group of
four natural estrogens (E3, 17B-Ez, 17a-E;, and E;), an exoe-
strogen (EE;), a synthetic stilbene (DS), a mycotoxin (ZEN),
and some of their major metabolites (2-methoxyestradiol,
2-MeOE;; «-zearalanol, «-ZAL; [B-zearalanol, B-ZAL;

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a-zearalenol, a-ZEL; and B-zearalenol, B-ZEL) from different
types of water samples. The determination of the target
analytes was carried out MEKC-MS using ammonium
perfluorooctanoate (APFO) as a MS friendly surfactant
that it has been recently used for determination of 17 N-
methylcarbamates [28] amino acids [29] and 5-nitroimidazole
[30] by MEKC-MS. The whole methodology showed a
worthy performance with LODs in the low micrograms per
liter range. The proposed procedure was simple, selective,
effective, and with low consumption of organic solvents.

The main objective of the present paper is to evaluate
the suitability of our previous method for the extraction of
estrogenic compounds residues in different types of milk
samples and also yogurt as a different dairy product matrix.
In order to adapt the methodology, a deproteinization step
followed by a suitable defatting was necessary to obtain good
extraction yields for all the analytes. Also, a minor change
in the sheath liquid was required with respect to previous
MS conditions, in order to remove some matrix components
from the ESI interface, which hindered obtaining a stable
analysis. To the best of our knowledge, this is the first time
that estrogenic compounds have been extracted from milk
or dairy products by DLLME and the first work reporting
the analysis of these estrogenic compounds in milk or dairy
products by MEKC-MS.

2 Materials and methods
2.1 Chemicals and materials

All chemicals were of analytical reagent grade and used as
received without filtration or further purification. Methanol
(MeOH) and n-hexane were from VWR International Eurolab
S.L. (Barcelona, Spain) and formic acid (98% v/v) was from
Panreac Quimica (Barcelona, Spain). ACN of HPLC grade,
2-propanol, chloroform (CHCI;), hydrochloric acid (25% v/v),
and glacial acetic acid were obtained from Merck (Darmstadt,
Germany). Sodium hydroxide (NaOH) was from Scharlau
Chemie S.A. (Barcelona, Spain), ammonia solution (25%, v/v)
from Riedel-de Haén (Seelze, Germany), and sodium chloride
(NaCl) (purity > 99.5%) was purchased from Sigma-Aldrich
Chemie (Madrid, Spain). Bondesil primary/secondary amine
(40 pm) bulk sorbent was from Agilent Technologies
(Waldbronn, Germany).

Ultrapure water was DI by a Milli-Q gradient system
A10 from Millipore (Bedford, MA, USA). The BGE was an
aqueous solution of APFO at pH 9.0 prepared using perfluo-
rooctanoic acid (PFOA) (96% w/w) from Sigma-Aldrich and
7 M ammonium hydroxide solution for pH adjustment.

Analytical ~standards, namely 17a-E; (1,3,5(10)-
estratriene-3,17a-diol), 17B-E; (1,3,5-estratriene-3,17B-diol),
E; (1,3,5(10)-estratriene-3,16a,17B-triol), E; (1,3,5(10)-estra
trien-3-0l-17-one), EE; ((17«-ethinyl-1,3,5(10)-estratriene-
3,17B-diol), = 2-MeOE:  (1,3,5(10)-estratriene-2,3,17-triol
2-methyl ether), «-ZAL (2,4-dihydroxy-6-(6c,10-dihydroxy
undecyl)benzoic acid p-lactone), B-ZAL (2,4-dihydroxy-6-(6B,
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10-dihydroxyundecyl)benzoic acid p-lactone), a-ZEL (2,4-di
hydroxy-6-(6c,10-dihydroxy-trans-1-undecenyl)benzoic  acid
p-lactone), B-ZEL (2,4-dihydroxy-6-(6B,10-dihydroxy-trans-
l-undecenyl)benzoic acid p-lactone), ZEN ((35,11E)-
14,16-dihydroxy-3-methyl-3.4,5,6,9,10-hexahydro-1H-2-benz
oxacyclotetradecine-1,7(8H)-dione) were purchased from
Sigma-Aldrich Chemie (Madrid, Spain) and were used
without further purification (purity = 95%).

Stock solutions of each analyte were prepared in MeOH
with the following concentrations: 17B-E;, 17a-E;, E; E;, and
EE, at 1000 mg/L; 2-MeOE; a-ZAL, and B-ZAL at 100 mg/L;
o-ZEL and B-ZEL at 500 mg/L; and ZEN at 180 mg/L. They
were all stored in the freezer at —18°C. The working standard
mixtures were daily prepared by appropriate dilution in the
sample medium (11.25 mM of APFO at pH 9 in 10% v/v
MeOH). All samples, standard solutions, and extracted sam-
ples were stored at 4°C and kept in the dark prior to analysis.

2.2 Apparatus and software

MEKC-MS experiments were performed with a P/ACE
MDQ CE system (Beckman Instruments, Fullerton, CA,
USA) coupled with an AmaZon SL IT mass spectrometer
from Bruker Daltonik (Bremen, Germany) through a CE-MS
coaxial sheath-liquid electrospray interface. Karat Software
(Beckman Instruments) was used for controlling the CE
instrument while all MS parameters, spectra data, and
chromatograms were controlled, collected, and processed by
Esquire NT software from Bruker Daltonik.

Fused-silica capillaries of 60 cm (50 pm id x 363 pm id),
obtained from Composite Metal Services (Worcester, UK)
were used to carry out CE analyses. A few millimeters of the
thin layer of polyimide coating was carefully removed from
the capillary ends with a razor and with the help of a Nikon
Model SE binocular optical microscope (Nikon Instruments,
Japan).

A Crison GLP 22 pH-meter (Barcelona, Spain) equipped
with a combined electrode and a temperature sensor was used
for pH measurements.

2.3 MEKC-MS conditions

Before its first use, the separation capillary was activated with
the following rinse sequence: 3 min of 1 M HCI, 3 min of
Milli-Q water, 5 min of 0.1 M NaOH, 10 min of Milli-Q
water, and finally 2 min of the BGE. In all cases, a pressure
of 20 psi (137.9 kPa) was applied. The BGE was a solution
of 45 mM APFO at pH 9.0 containing a 10% v/v of MeOH
prepared dissolving PFOA in Milli-Q water and adjusting the
pH with 7 M ammonium hydroxide solution.

Good repeatability between days was obtained flushing
the capillary with 7 M ammonium hydroxide solution and
Milli-Q water for 10 min each at the beginning of the work-
ing day, and then with BGE for 2 min. Between injections
the capillary was washed with 7 M ammonium hydroxide so-
lution, Milli-Q water, and BGE for 2 min each. At the end of

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the working day, it was rinsed consecutively with 7 M ammo-
nium hydroxide solution, Milli-Q water, and MeOH for 5 min
each. All these washings steps were also done at a pressure
of 20 psi. The capillary was left full of MeOH overnight.

Samples were injected hydrodynamically at 0.5 psi for
25 s. The chromatographic separation was achieved using a
voltage of +25 kV with an initial ramp time of 0.17 min. The
capillary temperature that was controlled by an air condition-
ing system was set at 25°C and the sample vial was kept at
15°C before injection.

Coupling of the CE system to the mass spectrometer was
achieved fixing the capillary into a coaxial sheath-liquid inter-
face so that its outlet protruded 0.1 mm from the coaxial steel
needle. The MEKC-MS system worked in the positive ion-
ization mode. Chromatograms were acquired in a range of
250-350 m/z and the MS tune was set in automatic mode, se-
lecting 300 m//z as the target mass of the studied compounds
(trap drive level of 100%).

Optimized ESI conditions were as follows: capillary volt-
age of —4600 V, end plate offset of —500 V, nebulizer gas (N)
pressure of 3.0 psi, dry gas (N;) flow of 3.0 L/min, and dry
gas temperature of 200°C. The sheath liquid was a solution
of 96:4 v/v 2-propanol/water at a flow rate of 1.7 pL/min.
Regarding IT parameters, the ion charge control was set at
110 000, the maximum accumulation time at 200 ms with six
averages per experiment, and a rolling averaging of 7.

MS/MS experiments were performed by fragmentation
of the protonated molecular ion [M + HJ*, which was se-
lected as the precursor ion. The mass range was 70-350 m/z,
the ion charge control was fixed at 10 000, and the maximum
accumulation time at 200 ms with a single average per exper-
iment. The m/z width was established at 1 and the collision
energy was varied in the range 0.25-0.40, depending on the
analyte. Table 1 shows the structures and the fragmentation
data obtained for the studied analytes (m/z of the precursor
and product ions, as well as the normalized collision energy).

At the end of the working day, the ESI interface was
cleaned with MeOH and water in order to remove the residues
of the surfactant and matrix residue of real sample.

2.4 Milk and yogurt sample selection,
deproteinization, and defatting

In this work, three types of ultrahigh-temperature processed
milk (whole cow, skimmed cow, and semiskimmed goat
milk) and whole cow natural yogurt (liquid yogurt) were
selected for validation of the methodology. The content
of proteins, carbohydrates, and fats were 3.0 g/100 mL,
4.5 g/100 mL, and 3.6 g/100 mL for the first; 3.1 g/100 mL,
4.7 g/100 mL, and 0.3 g/100 mL for the second;
3.4 g/100 mL, 4.5 g/100 mL, and 1.6 g/100 mL for the
third; and 3.5 g/100 g, 4.5 g/100 g, and 3.6 g/100 g for the
fourth, respectively. All the samples analyzed in this study
were purchased in local supermarkets of Tenerife, Canary
Islands, Spain.
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Table 1. Characteristics and MS and MS/MS detection parameters of the studied estrogenic compounds

Analyte Abbreviation Structure M {g/mal) Production (m/z) NCE?

Estriol Es 2884 2na 0.30
2531

B-Zearalanol B-ZAL 3224 305.2 0.25
261.1

B-Zearalenal B-ZEL 3204 3031 0.30
285.1

a-Zearalenal a-ZEL 3204 303.1 0.30
285.1

17@-Estradiol 17B-E, 272.4 255.1 032
159.0

17a-Estradiol 17a-E 2724 255.1 0.32
159.0

Zearalenone ZEN 3184 3011 0.35
283.1

17w-Ethinylestradiol EEz 296.4 279.1 0.35
159.0
1331

a-Zearalanol a-ZAL 3224 305.2 0.25
261.1

2-Methoxyestradiol 2-Me0E; 302.4 285.1 0.32
189.0

Estrone E; 2704 253.1 0.32

a) Normalized collision energy

The samples were left an hour at room temperature and
homogenized. Two milliliters of spiked or nonspiked sample
were introduced in a 15 mL polypropylene centrifuge tube
from VWR (Barcelona, Spain). Subsequently, 4 mL of ACN

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and 100 p.L of acetic acid were added to the sample and it was
vortex shaken in a Lab Dancer vortex from VWR (2800 rpm)
for 2 min. The mixture was kept for 15 min in the darkness in
order to produce complete protein precipitation. Afterward it
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was centrifuged at 4400 rpm (3000 x g) for 10 min in a 5702
centrifuge from Eppendorf (Hamburg, Germany). Following,
the supernatant was transferred into a new 10 mL polypropy-
lene centrifuge tube and treated with 2 mL of n-hexane to in-
duce a defatting of the extract. The suspension was vigorously
mixed for 2 min with vortex shaking and centrifuged again at
4400 rpm (3000 x g) for 10 min. The n-hexane layer contain-
ing the fat fraction was carefully removed and the remaining
solution was later evaporated at 40°C and 180 mbar using a
rotavapor R-200 equipped with a V-800 vacuum controller and
a 500 vacuum pump, all of them from Buchi Labortechnik
(Flawil, Switzerland). The obtained aqueous residue (approx.
1.5 mL) was ready for the microextraction procedure (see
Section 2.5).

2.5 DLLME procedure

The previous milk/yogurt extract was diluted to a final vol-
ume of 7.5 mL with Milli-Q water and NaCl was added to
a final concentration of 30% w/v. Afterwards, the solution
was filtered through a 0.45 pm Minisart SRP 15 PTFE filter
from Sartorius (Goettingen, Germany) into a 10 mL screw
cap glass tube. A mixture containing 500 pL of ACN (as dis-
persion solvent) and 110 pL of CHCl; (as extraction solvent)
was rapidly introduced into the aqueous extract with the help
of a 1 mL micropipette, followed by 2 min of vortex shaking.
The dispersion was centrifuged at 4000 rpm (2500 x g) for
5 min, observing later a droplet of CHCI; in the bottom of the
tube. The upper aqueous phase was partially removed (about
4 ml) using a micropipette and the droplet was transferred
to a vial and evaporated to dryness with a gentle nitrogen
stream. The residue was reconstituted in 75 p.L of the sample
medium (11.25 mM of APFO, pH 9 containing a 10% v/v of
MeOH) and injected hydrodynamically in the MEKC-MS sys-
tem. Analyses of blank samples were done in parallel to assure
that no residues of the analytes were present in the samples.

3 Results and discussion

As previously indicated, in a work recently done by our
group [27], we proposed and optimized the separation and
extraction of a group of 12 estrogenic compounds, that is,
four natural sexual hormones (as E;, 17B-E;, 17a-E;, and
E;), an exoestrogen as 17a-EE,;, a synthetic stilbene as DS,
a mycotoxyin as ZEN, and some of their major metabolites
(as 2-MeOE,, a-ZAL, B-ZAL, a-ZEL, and B-ZEL). Separa-
tion was carried out by MEKC coupled to ESI-IT-MS, using
APFO as an MS compatible surfactant, and normal stack-
ing mode as an online preconcentration technique to en-
hance the sensitivity. A DLLME procedure was optimized for
the extraction of the selected substances from mineral, run-
off, and waste water samples, which was found to be very
simple, quick, and effective. With the aim of extending this
methodology to the analysis of more complex matrices (milk
and yogurt), the method must be slightly modified, introduc-
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ing a deproteinization and a defatting steps previous to their
DLLME-MEKC-MS analysis.

In our first work [27], we discussed in depth the optimiza-
tion of MEKC and MS conditions. In this case, when the final
extracts obtained after sample treatment were injected, it was
experimentally observed that milk/yogurt matrices had no
effect in the chromatographic separation. However, the MS
signal was affected by an increase of the background noise
(and its subsequent loss of sensitivity) and frequent current
breakdowns during the runs at a migration time just when
the first compound was about to reach the detector (ie., mi-
gration time of the EOF or higher). One possible explanation
is that the matrix, which is not completely removed during
sample preparation, produced an instability and interruption
of the electrospray during the ionization of the analytes in the
ESIinterface. In order to solve this problem, the composition
of the sheath liquid was varied with respect to our previous
work (which was 2-propanol) [27], studying the behavior of
the total ion current (TIC) and the stability of the MS signal.
It was observed that the addition of a small percentage of
water managed to increase the S/N ratio and maintain the
MS signal stable during the chromatographic run. For this
reason, from now on, a sheath liquid consisting of 96:4 v/v
water [2-propanol was used.

3.1 Optimization of the deproteinization/defatting
procedure

As an starting point, and taking into account the experience
that our group has in the sample treatment of milk and
milk derivatives for the extraction of antibiotics [31-33] and
estrogenic compounds [16, 17], first experiments were devel-
oped by treating simultaneously spiked whole cow milk sam-
ples and whole cow natural yogurt samples (since these are
the more complex matrices under study) keeping in mind the
deproteinization procedures carried out by Socas-Rodriguez
et al. [16,17], due to the similarity among the compounds
studied. In these last works, a mixture of ACN/acetic acid to
induce protein precipitation was used. Later, the analysis of
the estrogenic compounds in the aqueous extract was accom-
plished by HF-LPME and separation by HPLC-fluorescence
detection/DAD, resulting in an overall effective analytical
method.

Taking into account that the effect of the matrix is directly
related to the extraction and separation technique that will be
used later (in this case DLLME-MEKC-MS), initial screening
experiments were developed using MeOH or ACN in differ-
ent proportions with respect to the sample (1:2 v/v, 1:3 v/v,
1:4 v/v milk or yogurt/solvent) varying the type and volume
of acid (acetic or formic acid, 50-150 pL) and using 2 mL of
sample. The mixture was vortexed for 2 min and maintained
15 min in the darkness to faver precipitation [16,17, 32, 34].
In order to achieve suitable phase separation, a brief study
of the centrifugation time showed that 10 min at 4400 rpm
resulted enough. Then, the supernatant was evaporated in a
rotavapor and the remaining residue was reconstituted with
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Figure 1. Total ion current (TIC), base peak, and extracted ion
chromatograms of a spiked whole cow milk sample, and base
peak chromatograms of nonspiked samples of whole cow (a),
skimmed cow (b), and semiskimmed goat (c} milk after the
DLLME-MEKC-ESI-MS method. Experimental conditions: separa-
tion capillary, 60 cm x 50 pm id x 3756 pm od; BGE, 45 mM of
PFOA at pH 9.0 containing 10% v/v of MeOH; sample, 36-609
pg/L (depending on the analyte) in 11.5 mM of PFOA at pH 9.0
containing 10% v/v of MeOH; injection, 0.5 psi for 25 s; applied
voltage, +25 kV; temperature, 25°C. (*): [321.2 — H;0]*. For other
experimental conditions and MS parameters, see Section 2.

Milli-Q water up to 7.5 mL. Finally, the DLLME procedure
described in our previous work [27] was carried out in this
aqueous extract.

In general, MeOH was not able to produce suitable
precipitation as also observed in one of our previous
works [16]. On the contrary, of all the studied combinations,
4 mL of ACN (ratio 1:2 v/v sample/ACN) together with
100 pL of acetic acid was observed to produce good precipi-
tation of the proteins and phase separation for both milk and
yogurt. Regarding the acid, even though formic acid provided
comparable results to acetic acid, the latter directly assured
a pH value of 3 for all the matrices studied, which is, in fact,
the pH value required for optimum DLLME of the selected
analytes [27]. Under these conditions, and after carrying out
the DLLME procedure described in Section 2.5, extraction
recoveries ranged between 10 and 50% for all the analytes,
except for a-ZEL, ZEN, and EE,, which were around 5%.

Apart from proteins, milk and yogurt have a high con-
tent of carbohydrates and fats (as shown in their commercial
nutritional values), which can produce MS signal suppres-
sion and a reduction in the performance of the extraction
method. For this reason and in an effort to increase the re-
covery values and taking into account the high success of
primary/secondary amine in the clean-up of matrices with
high content of carbohydrates [35] some experiments were
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Figure 2. TIC, base peak, and extracted ion chromatograms of a
spiked whole yogurt sample, and base peak chromatogram of a
nonspiked whole yogurt sample after the DLLME-MEKC-ESI-MS
method. Experimental conditions: sample, 36-609 .g/L (depend-
ing on the analyte). For other experimental conditions and MS
parameters, see Fig. 1.

carried out adding amounts between 200 and 500 mg of this
sorbent to the supernatant obtained after precipitation of the
proteins. After 2 min of vortex and centrifugation for 10 min at
4400 rpm (3000 x g), the supernatant was evaporated, recon-
stituted, and submitted to the DLLME procedure. While a
slight improvement of the baseline signal was perceived, an
increase in the extraction recoveries was not observed at all.
Due to the small benefit and in order to avoid long treat-
ment time, this step was not considered. On the other hand,
and regarding the good results obtained in the literature after
defatting steps with n-hexane when considering fatty ma-
trices [17, 36, 37], such procedure was considered after the
deproteinization step. For this purpose, n-hexane was added
to the ACN supernatant layer obtained after deproteinization
and after 2 min of vortex and centrifugation for 10 min at
4400 rpm (3000 x g), the lipid phase (upper phase) was dis-
carded, and the extract was evaporated and subjected to the
DLLME procedure. The volume of defatting solvent was stud-
ied between 1 and 5 mL, experimentally verifying that 2 mL
were necessary and enough to produce appropriate defatting
of the supernatant, resulting in an improvement of the ex-
traction recoveries up to 10%, depending on the analyte.
Finally, the amount of sample was studied between 2
and 4 mL, adapting all the reagents proportionally. This study
showed that volumes higher than 2 mL did not produced the
sedimentation of the CHC; phase in the bottom of the tube,
but a layer of the solvent remained suspended over the aque-
ous phase. In this way, the solvent could not be recovered with
repeatability. In fact, one of the aspects that must be carefully
taken into account in DLLME is the possible inversion of the
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Table 2. Method calibration data of the selected compounds in the different milk derivatives after the DLLME-MEKC-MS method

Analyte Linear range Sample Regression equation (n=6) y= mx+ n ;3 Lop®!
{no/l) m+ tSy (104 n+ 1S, (10) fugll)
Eq 30-180 Whale cow milk 8.99 + 0.81 1.36 + 7.82 0.995 14
20-180 Skimmed cow milk 872 = 094 4.40 + 9.62 0.994 3
30-180 Semiskimmed goat milk 13.05 £ 173 925 + 17.96 0993 7
30-180 Natural yogurt 469 = 059 15.06 + 6.13 0.992 12
B-ZAL 30-750 Whole cow milk 5.90 = 0.60 39.34 + 2410 0.993 6
20-750 Skimmed cow milk 7.85 = 0.90 0.96 + 38.40 0.993 5
50-750 Semiskimmed goat milk 767 £ 1.16 6.02 + 51.19 0991 15
30-750 Natural yogurt 0.94 += 012 86.26 + 5.03 0.992 10
B-ZEL 40-750 Whole cow milk 6.58 + 0.69 5274 + 27.719 0.993 16
30-750 Skimmed cow milk 9.45 = 1.16 52.29 + 49.30 0.992 9
70-750 Semiskimmed goat milk 7.32 = 1.08 3717 + 46.78 0.992 20
30-750 Natural yogurt 083 = 0.1 91.69 +4.76 0.993 9
a-ZEL 250-2500 Whole cow milk 1.06 £+ 0.11 3240 + 2279 0.993 n
150-2500 Skimmed cow milk 183 £ 023 1491 + 4812 0.992 40
350-2500 Semiskimmed goat milk 1.00 = 0.10 811 £ 2251 0.996 104
275-2500 Natural yogurt 0.29 = 0.03 6.84 £ 741 0.993 m
17B-E2 120-1220 Whole cow milk 1.29 £ 0.15 12.42 = 1447 0.992 19
1001220 Skimmed cow milk 1.80 = 0.13 29.17 = 13.02 0.998 21
210-1220 Semiskimmed goat milk 116 = 0.17 18.12 + 17.66 0.992 61
1201220 Natural yogurt 0.16 = 0.02 41.78 = 1.79 0.994 26
17a-E2 100-1220 Whole cow milk 276 = 0.33 3.66 + 32.23 0.991 19
50-1220 Skimmed cow milk 3.4 £ 039 54.89 + 40.28 0.993 13
1201220 Semiskimmed goat milk 218 = 0.18 21.66 + 18.98 0.997 36
100-1220 Natural yogurt 0.49 = 0.05 36.51 = 5.33 0.995 19
ZEN 45-900 Whole cow milk 4.06 = 0.48 17.21 + 36.62 0.993 12
45-900 Skimmed cow milk 6.41 = 0.66 35.00 = 50.42 0.995 9
90-900 Semiskimmed goat milk 328 + 045 21.76 + 3460 0993 22
135-900 Natural yogurt 0.76 = 0.08 16.44 + 593 0.995 29
EE; 450-2013 Whale cow milk 0.52 = 0.04 3.99 + 6.99 0.996 12
250-2013 Skimmed cow milk 0.96 = 0.09 1.32 =+ 16.21 0.995 64
750-2013 Semiskimmed goat milk 0.34 + 0.05 6.43 + 8.12 0993 220
500-2013 Natural yogurt 0.18 = 0.02 476 + 411 0.992 140
a-ZAL 50-1000 Whale cow milk 266 + 0.31 1092 + 24.93 0.991 13
50-1000 Skimmed cow milk 3.14 £ 037 38.75 + 31.25 0.993 9
100-1000 Semiskimmed goat milk 237 £ 034 1478 £ 29.75 0.992 26
100-1000 Natural yogurt 0.75 = 0.09 1292 + 7.85 0.993 15
2-Me0E; 10-100 Whole cow milk 23.75 + 2.52 2317 = 2031 0.993
10-100 Skimmed cow milk 35.14 + 366 14271 + 31.21 0.994 1
15-100 Semiskimmed goat milk 21.05 = 2.79 4.85 + 24.05 0.993 4
15-100 Natural yogurt 5.64 = 0.71 17.17 £ 6.18 0.992 5
E 60407 Whale cow milk 440 + 043 10.47 + 13.97 0.994 32
30-407 Skimmed cow milk 5.02 = 0.46 36.89 + 16.07 0.996 8
65407 Semiskimmed goat milk 413 + 063 26.32 + 22.03 0991 19
50-407 Natural yogurt 0.98 + 0.12 1985 £ 41 0.993 14

a) SD of the slope (Sm) and intercept (5,).
b) Calculated as a S/N of 3.

phases due to density variations of them. Density of CHCL
is 1.48 g/mL at 25°C, and if that of water containing 30% w/v
NaCl and the matrix exceeds it, the droplet remains in sus-
pension or in the upper part of the aqueous phase. For this
reason, 2 mL of sample was maintained in all cases to carry
out the final methodology. Finally, the methodology was also
applied to skimmed cow milk, semiskimmed goat milk, and
whole natural yogurt, obtaining similar results.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.2 Validation of the method and analysis of real
milk and yogurt samples

Validation of the method was carried out after it had been
adapted for the extraction of the selected group of analytes
from skimmed and whole cow milk, semiskimmed goat milk,
and whole natural yogurt. Figure 1 shows the MEKC-MS TIC
chromatogram, base peak chromatogram, and extracted ion
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Table 3. Results of the precision and accuracy study of the DLLME-MEKC-MS method for the selected compounds in milk and yogurt

Peak Analyte Type of milk or yogurt Spiked level (ng/L) Found® (pg/L) Accuracy (%) (RSD) ®
1 Es Whole cow milk 36 37+7 103 (7) 0.82
12 80 £ 6 112 (6) 270
Skimmed cow milk 36 3_B+9 97 (16) 0.4
72 7% +7 106 (18) 0.68
Semiskimmed goat milk 36 32+ 1 89(11) 2.16
12 72+10 100 (7) 0.05
Whole natural yogurt 36 40+ 10 12(11) 1.85
12 18+t8 108 (13) 1.29
2 B-ZAL Whole cow milk 150 157 £+ 32 105 (10) 0.96
300 219 + 28 93(17) 1.02
Skimmed cow milk 150 165 + 37 110(6) 2.70
300 326 + 31 109 (19) 0.73
Semiskimmed goat milk 150 127 £ 55 85(10) 2.68
300 286 + 47 95 (8) 1.49
Whole natural yogurt 150 127 + 42 85(11) 2.60
300 317 £ 35 106 (7) 1.75
3 B-ZEL Whole cow milk 150 146 £+ 33 98(12) 0.47
300 212+ 29 81(19) 1.10
Skimmed cow milk 150 152 + 40 101 (14) 0.20
300 308 £+ 33 102 (20) 0.17
Semiskimmed goat milk 150 123 + 53 82(19) 2.25
300 285 + 45 95(19) 1.02
Whole natural yogurt 150 156 + 39 104 (13) 0.56
300 330 + 33 110(5) 2.68
4 a-ZEL Whole cow milk 750 700 £ 85 93 (15) 0.99
1500 1484 + 76 100 (7) 0.12
Skimmed cow milk 750 762 + 56 102 (13) 0.26
1500 1603 + 46 107 (20) 0.23
Semiskimmed goat milk 750 855 + 114 114 (16) 1.50
1500 1675 = 104 97(13) 1.09
Whole natural yogurt 750 845 + 106 113(18) 1.09
1500 1622 += 74 108 (8) 1.81
5 17B-Ez Whole cow milk 366 3712 + 87 102 (10) 0.35
732 664 £+ 77 91(13) 1.54
Skimmed cow milk 366 353 + 56 96 (13) 0.61
732 733 £+ 46 100 {19) 0.02
Semiskimmed goat milk 366 377 +£ 120 103 (15) 0.38
732 708 £+ 106 97 (13) 0.54
Whole natural yogurt 366 322 + 88 88 (17) 1.61
732 621 £ 76 85(12) 2.50
6 17e-E2 Whole cow milk 366 406 + 89 111(12) 1.89
732 682 + 80 93(11) 1.50
Skimmed cow milk 366 359 + 91 98 (15) 0.28
732 700 £ 76 96 (19) 0.54
Semiskimmed goat milk 366 349 + 70 951(9) 1.10
732 722 £+ 60 99 (6) 0.57
Whole natural yogurt 366 356 + 84 97 (11) 0.53
732 783 £ N 108 (10) 127
7 ZEN Whole cow milk 210 232+ 70 86 (186) 2.04
540 481 £ 61 89(19) 0.97
Skimmed cow milk 210 270 £ 601 100 (14) 0.01
540 508 + 52 94 (16) 0.81
Semiskimmed goat milk 270 248 + 85 92(17) 1.02
540 589 + 72 109 (18) 0.62
Whole natural yogurt 270 277 + 60 102 (12) 041
540 583 + 51 108 (10) 1.45
8 EE, Whole cow milk 609 511 £ 112 84(18) 2.09
1218 1218 + 95 100 (15) 0.01
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Table 3. Continued

CE and CEC 623

Peak Analyte Type of milk or yogurt Spiked level (jg/L) Found® (pug/L) Accuracy (%) (RSD) [
Skimmed cow milk 609 626 + 130 103 (14) 043
1218 1187 + 112 95(17) 0.33
Semiskimmed goat milk 609 704 + 182 116 (14) 1.94
1218 1314 + 162 108 (9) 170
Whole natural yogurt 609 529 + 176 87 (14) 214
1218 1272 £+ 145 104 (12) 0.69
9 a-ZAL Whole cow milk 300 276 + 76 92(12) 1.46
600 504 + 68 84(19) 1.98
Skimmed cow milk 300 328+ 75 109 (11) 1.65
600 567 + 67 95(17) 0.66
Semiskimmed goat milk 300 306 £ 99 102 (11) 0.37
600 563 + 88 94(15) 0.87
Whole natural yogurt 300 296 + 81 99 (11) 0.22
600 634 £ 95 106 (11) 1.01
10 2-Me0E, Whole cow milk 30 26 + 7 85(15) 227
60 53+ 6 89(10) 239
Skimmed cow milk 30 34 +7 114(17) 1.59
60 60 = 6 100 (14) 0.01
Semiskimmed goat milk 30 25+ 9 83(11) 259
60 65 + 8 109 (18) 0.90
Whole natural yogurt 30 26+ 9 88 (14) 193
60 68 = 10 114(9) 210
n E Whole cow milk 122 127 £ 25 104 (19) 0.29
244 228 + 22 93(19) 0.74
Skimmed cow milk 122 127 + 24 104 (10) 0.85
244 245+ 21 100 (19) 0.03
Semiskimmed goat milk 122 133 £+ 42 109 (19) 0.86
244 206 + 40 84(19) 1.63
Whole natural yogurt 1212 126 + 32 103 (18) 0.33
244 226 + 44 93 (6) 243

a) Average value + confidence interval (five determinations, 0.05 of confidence).

b) t.p (Student’s t-test) = 2.78, « = 0.05.

chromatograms of all the analytes of a spiked whole cow milk
sample after the DLLME-MEKC-MS method, as well as the
base peak chromatograms of blank samples of whole cow
milk (a), skimmed cow milk (b), and semiskimmed goat milk
(c). Figure 2 shows the same results for the whole natural
yogurt. As can be seen, all the analyzed compounds were
clearly identified in the samples and quantified without any
problem. It is worth noting the presence of two peaks (tagged
with an asterisk) in the extracted ion chromatogram at m/z
303.3 was also observed in the injection of the standard mix-
ture of the analytes. Since their migration times match with
those of a- and B-ZEL (m/z 321.2), it can be deduced that they
are a result of the loss of a water molecule during ESI of the
structure of these analytes ([321.2 — H,0]*).

Calibration of the method was carried out by spiking each
matrix with six increasing concentrations of the target ana-
lytes (n = 6). The results are shown in Table 2, observing good
linearity for all the matrices with determination coefficients
(R?) higher than 0.991 in all cases. The LODs and LOQs were
calculated as the concentration of analyte that gave a S/N of 3
and 10, respectively, and were experimentally checked. LODs
ranged between 3 and 32 pg/L for whole cow milk, between

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 and 21 pg/L for skimmed cow milk, between 4 and 61 pg/L
for semiskimmed goat milk, and between 5 and 29 pg/L for
whole natural yogurt, except for 178-E; (40-104 pg/L) and
EE; (64-220 pg/1), which were slightly higher. These results
in the micrograms per liter range are in general comparable
to those obtained with the use of microextraction techniques
for the analysis of estrogens from milk [12-17].

Following, a study to evaluate the precision and the ac-
curacy of the method was carried out spiking each matrix
with the 11 analytes at two concentration levels and perform-
ing the extraction five times (n = 5). The concentration cal-
culated from the previous calibration curves was compared
by a Student’s t-test with the added one. Table 3 shows the
results of this study, observing that all experimental ¢ val-
ues were lower than the tabulated one (t, = 2.78 for n =
5, p = 0.05), and that good accuracy percentages, between
81 and 116% and RSDs lower than 20% in all cases were
obtained. Accordingly, the developed method can be success-
fully employed for the analysis of this group of estrogenic
compounds in the selected matrices, with high repeatability
and obtaining good relative recovery values with acceptable
RSDs.

www.electrophoresis-journal.com



140

624 G. D'Orazio et al.

3.3 Application of the method for the analysis of
commercial samples

In order to fully demonstrate the potential of the proposed
methodology for the analysis of the selected group of an-
alytes in milk and yogurt, a total of 15 milk samples and
three yogurt samples were bought in local supermarkets and
submitted to the described treatment. The nutritional infor-
mation of the analyzed samples was quite similar to the ones
previously analyzed. In none of the samples, residues of the
estrogenic compounds analyzed were found over the LODs
of the method. MS/MS experiments were developed in order
to confirm the absence of the analytes.

4 Concluding remarks

In the present work, a DLLME-MEKC-MS method previously
developed for the analysis of a group of compounds with
estrogenic activity in water samples has been adapted for its
application to more complex matrices. This method allows
achieving very good selectivity and sensitivity employing a
nonvolatile surfactant as an additive of the BGE (APFO) with-
out any interference in the MS signal. In this way, after a suit-
able deproteinization and defatting of whole cow, skimmed
cow, and semiskimmed goat milk and whole cow natural yo-
gurt, the methodology resulted suitable for the analysis of the
target compounds.

The methodology was validated by means of method cal-
ibration, precision, and accuracy studies, obtaining good re-
sults. LODs were in the micrograms per liter level, values that
are in the same order of magnitude with respect to similar
works. A screening analysis of 18 milk and yogurt samples
currently commercialized in Spain was carried out, not de-
tecting any of the estrogenic substances in any of the analyzed
samples.

This research represents the first application of DLLME
for the analysis of estrogenic compounds in milk and yogurt.
It is also worth mentioning that it is also the first time that
DLLME is coupled with MEKC-MS for this purpose. The
whole methodology involves a low consumption of organic
solvents and samples, has a relatively low cost, and is very
simple.

M.A.R. thanks the Spanish Ministry of Economy and Com-
petitiveness for the Torres Quevedo contract at the Instituto Vol-
canoldgico de Canarias (INVOLCAN). J.H.B. thanks the Span-
ish Ministry of Economy and Competitiveness for the Ramdn y
Cajal contract at the University of La Laguna. This work has been
supported by the Spanish Ministry of Economy and Competitive-
ness (project AGL2011-24667).

The authors have declared no conflict of interest.

5 References

[1] Maruyama, K., Oshima, T, Ohyama, K., Pediatr. Int. 2010,
52,33-38.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[21
[3]

[41
[5]
(6]
[71
(8]
[91

[10]

111

[12]

[131

[14]

[15]

[16]

[171

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Articulos cientificos

Electrophoresis 2015, 36, 615-625

Pereira, P. C., Nutrition 2013, 30, 619-27.

Rice, B. H., Quann, E. E., Miller, G. D., Nutr. Rev. 2013,
71,209-223.

Parodi, P W., Int. Dairy J. 2012, 22, 3-14.

Melnik, B. C., Med. Hypotheses 2009 72, 631-639.
Rasier, G., Toppari, J., Parent, A.-S., Bourguignon, J.-P,
Mol. Cell. Endocrinol. 2006, 254-255, 187-201.

Massart, F, Harrell, J. C., Federico, G., Saggese, G., J.
Perinatol. 2005, 25, 282-288.

Ganmaa, D., Li, X.-M., Wang, J., Qin, L.-Q., Wang, P-Y.,
Sato, A., Int. J. Cancer 2002, 98, 262-267.

Ganmaa, D., Sato A., Med. Hypotheses 2005, 65,
1028-1037.

Malekinejad, H., Scherpenisse, P, Bergwerff, A. A., J.
Agric. Food Chem. 2006, 54, 9785-9791.
Socas-Rodriguez, B., Asensio-Ramos, M., Hernandez-
Borges, J., Herrera-Herrera, A. V., Rodriguez-Delgado,
M. A., Trends Anal. Chem. 2013, 44, 58-77.

Hu, Y., Fan, Y, Li, G., J. Chromatogr. A 2012, 1228,
205-212.

Yu, Q.-W. Ma, Q., Feng, Y.-Q., Talanta 2011, 84,
1019-1025.

Lan, H., Gan, N., Pan, D., Hu, F, Li, T, Long, N., Qiao, L.,
J. Chromatogr. A 2014, 1331, 10-18.

Yang, Y., Chen, J., Shi, ¥-P, Talanta 2012, 97, 222-
228.

Socas-Rodriguez, B., Asensio-Rarn_os, M., Hernandez-
Borges J., Rodriguez-Delgado M. A., J. Chromatogr. A
2013, 1313, 175-184.

Socas-Rodriguez, B., Asensio-Ramos, M., Hernandez-
Borges J., Rodriguez-Delgado M. A., Food Chem. 2014,
149, 319-325.

Zhong, Q., Hu, Y., Hu, Y., Li, G., J. Chromatagr. A 2014,
1241, 13-20.

Xu, X., Liang, F, Shi, J., Zhao, X., Liu, Z., Wu, L., Song,
Y., Zhang, H., Wang, Z., Anal. Chim. Acta 2013, 790,
39-46.

Asensio-FIamqs, M., Ravelo-Pérez, L. M., Gonzalez-
Curbelo, M. A., Hernandez-Borges, J., J. Chromatogr.
A 2011, 1218, 7415-7437.

Campillo, N., Vinas, P, Férez-Megarejo, G., Hernandez-
Cordoba, M., J. Chromatogr. A 2013, 1282, 20-26.

Gao, S., Yang, X., Yu, W, Liu, Z., Zhang, H., Talanta 2012,
99, 875-882.

Han, Y., Jia, X. Y., Duan, T. C., Chen, H. T., Anal. Method
2011, 3, 842-848.

Liu, X., Zhao, A., Zhang, A., Liu, H., Xiao, W., Wang, C.,
Wang, X., J. Sep. Sci. 2011, 34, 1084-1080.

Daneshfar, A., Khezeli, T., Lotfi, H. J., J. Chromatogr. B
2009, 877, 456-460.

Alshana, U., Goger, N. G., Ertas, N., Food Chem. 2013,
138, 890-897.

D'Orazio, G., Asensio-Ramos, M., ngnéndez-Bnrges, J.,
Fanali, S., Rodriguez-Delgado, M. A., J. Chromatagr. A
2014, 1344, 109-121.

Moreno-Gonzalez, D., Gamiz-Gracia, L., Bosque-Sendra,
J. M., Garcia-Campana, A. M., J. Chromatogr. A 2012,
1247, 26-34.

www.electrophoresis-journal.com



Articulos cientificos 141

Electrophoresis 2015, 36, 615-625

[29] Moreno-Gonzélez, D., Torano, J. S., Gamiz-Gracia, L.,
Garcia-Campana, A. M., de Jong, G. J., Somsen, G. W,
Electrophoresis 2013, 34, 2615-2622.

[30] Hernandez-Mesa, M., Cruces-Blanco, C., Garcia-
Campana, A. M., J. Sep. Sci. 2013, 36, 3050-3058.

[31] Herrera-HerrE_:ra, A.V., Hernandez-Borges, J., Rodriguez-
Delgado, M. A., Herrero M., Cifuentes, A., J. Chromatogr.
A 2011, 1218, 7608-7614.

[32] Herrera-Herrera,_A. V., Hernandez-Borges, J., Rodriguez-
Delgado, M. A., J. Chromatogr. A 2009, 1216,
7281-7287.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CE and CEC 625

[33] D'Orazio, G., Rocchi, S., Fanali, S., J. Chromatogr. A
2012, 1255, 277-285.

[34] Christodoulou, E. A., Samanidou, V. E, J. Sep. Sci. 2007,
30, 2421-2429.

[35] Yan, W., Li Y, Zhao L., Lin J. M. J. Chromatogr. A 2009,
1216, 7539-7545.

[36] Zeng, Z., Dong, A., Yang, G., Chen, Z., Huang, X., J. Chro-
matogr. B 2005, 821, 202-209.

[37]1 Giménez, ., Herrera, M., Escobar, J., Ferruz, E., Loran,
S., Herrera, A., Arino, A., Food Control 2013, 34, 268—
273.

www.electrophoresis-journal.com






Anexo I.3. - Articulo 3

Capillary electrochromatography and nano-liquid chromatography
coupled to nano-ESI interface for the separation and
identification of estrogenic compounds

G. D’Orazio, J. Hernandez-Borges, M. Asensio-Ramos, M.A. Rodriguez-
Delgado, S. Fanali

Electrophoresis 27 (2016) 356-362.






356

Giovanni D’Orazio™-2

Javier Herndndez-Borges?

Maria Asensio-Ramos?

Miguel Angel Rodriguez-
Delgado

Salvatore Fanali’

TInstituto di Metodologie
Chimiche, Consiglio Nazionale
delle Ricerche (C.N.R.),
Monterotondo, Roma, ltalia

2Departamento de Quimica,
Unidad Departamental de
Quimica Analitica, Facultad de
Ciencias, Universidad de La
Laguna (ULL), La Laguna,
Tenerife, Espana

3Instituto Volcanolégico de
Canarias (INVOLCAN), Parque
Taoro, Puerto de la Cruz,
Tenerife, Espana

Received July 17, 2015
Revised September 27, 2015
Accepted October 5, 2015

1 Introduction

Articulos cientificos 145

Electrophoresis 2016, 37, 356-362
Research Article

Capillary electrochromatography and
nano-liquid chromatography coupled to
nano-electrospray ionization interface for
the separation and identification of
estrogenic compounds

Nano-LC and CEC were coupled to MS through a nanospray or a pressurized liquid-
junction interface for the simultaneous separation and determination of 11 estrogenic
compounds. Different stationary phases, that is, phenyl, C18, and C18 bidentate silica
hydrate, were studied. For both techniques, the phenyl stationary phase was the best
option, considering separation efficiency, selectivity, and resolution. Under the optimized
conditions, the baseline separation of the target compounds (including estradiol and
zearalanol epimers) was achieved in less than 20 min in nano-LC-MS and less than
13 min in CEC-MS. Molecular imprinted polymer SPE was used for extracting the target
compounds from mineral water samples with the analysis of nano-LC-MS. The whole
molecular imprinted polymer SPE nano-LC-MS method was validated through a recovery
study at two levels of concentration. Sensitivity was improved by on-column focusing
technique obtaining LODs in the range 1.4-55.4 ng/L.

Keywords:
Electrochromatography / Estrogens / Molecular imprinted polymer / MS / Nano-
LC DOI 10.1002/elps.201500327

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

use of small amounts of stationary phase, and lower costs
analysis; and on the other side, it offers higher separation ef-

Recent trends in the field of Analytical Chemistry focus on
the development of approaches that consider environmental
aspects [1]. One way to achieve the so-called “Green Analytical
Chemistry” is definitely the miniaturization of the separation
system. In this respect, electromigration techniques, that is,
CE and CEC, and miniaturized chromatography, that is, cap-
illary LC (CLC) and nano-LC, have become important in the
last decades. On the one side, column downscaling (internal
diameter < 100 pm) entails an important advantage over con-
ventional tools as reduced sample and mobile phase volumes,

Correspondence: Dr. Salvatore Fanali, Instituto di Metodologie
Chimiche, Consiglio Nazionale delle Ricerche (C.N.R.), Via Salaria
Km 29,300, 00015 Monterotondo, Roma, Italia

E-mail: salvatore.fanali@cnr.it

Fax: +390690672269

Abbreviations: BP, base peak; CLC, capillary LC; DS, diene-
strol; EIC, extracted ion chromatogram; L-J, liquid-junction;
MIP, molecular imprinted polymer; SL, sheath liquid; TIC, to-
tal ion current; ZAL, Zearalanol

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ficiency and resolution, and shorter analysis duration. Finally,
working at low flow rates (nL/min), these miniaturized tech-
niques can be easily coupled to MS using mainly nano- ESI
interfaces. Although commercial solutions are available, such
as sheath liquid (SL) interfaces for CZE [2] and nanospray for
CLC/nano-LC [3, 4], the hyphenation of CEC with MS is still
mainly focused in the research field.

The use of traditional SL flow interface for CEC-MS may
cause a current instability and limited sensitivity, on the one
hand, and a worse chromatographic performance in terms
of the selectivity resolution and a long analysis time due to
the use of a long capillary column [5] on the other hand.
Good results have been obtained employing nanospray
MS interfaces as sheath-less [6] and the liquid junction [7].
In the latter solution, a hybrid design emerges as a low
sheath-flow [8] between the sheath-less and the sheath-flow
interface due to the presence of the SL, which offers
versatile applicability [9-11] without any assisted pressure.
Despite the good results achieved, it has not been widely
applied in other important fields such as environmental
analysis.

www.electrophoresis-journal.com
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In this respect, estrogens analysis has been described
[12-14] using conventional chromatographic techniques (GC
and HPLC). On the contrary, only few studies have de-
scribed the use of miniaturized techniques [2,15-20]. In this
sense, Kuehnbaum and Britz-McKibbin [15] developed a CE-
TOF/MS method to analyze free and conjugated estradiol
(E;) and estriol (E;) in human urine. Sirén et al. [16] used
the partial filling technique in micellar electrokinetic chro-
matography (PF-MEKC) MS to determine metabolic profiles
by analyzing endogenous low-hydrophilic steroids, includ-
ing 17B-E;. In addition, MEKC-MS was applied in our lab-
oratories [2,17] to determine 12 estrogenic compounds in
water, milk, and yogurt using a BGE-containing perfluorooc-
tanoic acid as an MS volatile surfactant. Pressurized CEC
with UV detection or end-column amperometric detection
was used for the analysis of diethylstilbestrol, hexestrol, and
dienestrol (DS) in fish muscle [18,19]. Kozlik et al. [20] used
CLC-MS/MS to separate and quantify trace concentrations of
five estrogens (Ei1, Es, 17a-Ez, 17B-Ez, and EE;) in aqueous
samples, while Farlow et al. [21] also used 300 pm id column
for CLC-MS/MS to determine total and free estrogens (Le.,
Ei, E3, 17a-E;) and estrogens metabolites in commercial milk
products.

Although SPE has been the most historically employed
extraction and preconcentration technique in many fields for
the analysis of estrogens in environmental waters [12,22,23],
nowadays there is a growing use of more selective sor-
bents, such as molecularly imprinted polymers (MIPs). In
this sense, MIP-SPE has been applied for the removal of
estrogenic pollutants from wastewaters [24] and also in the
trace analysis of estrogens [25, 26]. In this respect natural
and synthetic estrogens have been extracted from river and
tap water using a laboratory-made [27, 28] and commercial
MIP, such as AFFINIMIP® SPE Estrogens [29], a mixture
of AFFINIMIP® SPE sorbents (i.e., estrogens, bisphenol A,
and phenolics) [30], and very recently AFFINIMIP® SPE ZEN
Zearalenone [31].

This work proposes the separation of 11 estrogenic com-
pounds by nano-LC and nonpressurized CEC. The hyphen-
ation with MS by nanospray or pressurized liquid-junction
(L-]) interface is a main novelty. This is the first time that such
a large group of estrogenic compounds are studied by these
miniaturized techniques. The selected compounds were an-
alyzed utilizing capillaries packed with different silica-based
stationary phases. In order to improve the sensitivity, on-
line preconcentration techniques were applied. Mineral wa-
ter samples were analyzed after a simple sample prepara-
tion based on MIP-SPE using AFFINIMIP® SPE ZEN com-
mercial cartridges. To the best of our knowledge, this is
the first time that CEC-MS with an L-] interface is used
for the separation of estrogenic compounds. Although MIP-
SPE has been already combined in one occasion with CE
for the analysis of estrogens [32], this is the first time that
MIP-SPE has been combined with nano-LC-MS for the same

purpose.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Materials and methods
2.1 Chemicals and materials

All chemicals used in this study were of analytical reagent
grade. Formic acid (HFo), glacial acetic acid (HAc, >99%,
m/m), hydrochloric acid (HCl, 37%, m/m), methanol
(MeOH), and propan-2-ol (Pr-20H) were purchased from
Carlo Erba (Rodano, Milan, Italy); ACN was from VWR
(International PBI S.rl, Milan, Italy) while ammonia so-
lution (30%, m/m) was from Riedel-de Heidn (Seelze, Ger-
many). Pure and DI water was obtained with a Milli-Q appa-
ratus (Millipore, Bedford, MA, USA).

Analytical standards, namely DS (peak #10), 17a-
estradiol (17a-E;, peak #6), 17B-estradiol (17B-E,, peak
#4), estriol (Es3, peak #1), estrone (Ei, peak #9), 17a-
ethinylestradiol (EE;, peak #8), 2-methoxyestradiol (2-MeOE,,
peak #7), a-Zearalanol (a-ZAL, peak #3), B-Zearalanol (8-
ZAL, peak #2), a-Zearalenol («-ZEL, peak #5), Zearalenone
(ZEN, peak #11) were from Sigma-Aldrich Chemie and were
used without further purification (purity = 95%).

Stock solutions of the analytes were prepared dissolving
the appropriate amount of each in MeOH at a final concen-
tration of 1000 mg/L, except a-ZAL at 500 mg/L. Ammo-
nium formate and acetate buffer solutions were prepared by
titrating appropriate volumes of formic or acetic acid with
1 M NH.OH to the desired pH. The standard stock solutions
were stored at —20°C for no more than 2 months, while work-
ing standards, buffer solutions, and extracted samples were
stored at 4°C and kept in the dark prior to analysis.

AFFINIMIP® SPE ZEN commercial cartridges were pro-
vided by POLYINTELL (Valde Reuil, France). Each cartridge
contained 100 mg of MIP in a 3 mL plastic tube.

2.2 Instrumentation

A basic 20 pH (Crison, Barcelona, Spain) was used for pH
measurement. An ultrasonic bath, model FS 100b Decon
(Hove, UK) was used to sonicate solutions and capillary
columns during the packing procedure.

Polyimide-coated fused silica capillaries from Polymicro
Technologies™ (CM Scientific, Silsden, UK) with 375 pm
od and 25, 50, and 75 pm id were used to prepare capillary
columns and tip emitters. The columns were packed in our
laboratory following a packing procedure published previ-
ously [11,33], which was based on the slurry packing method.
The following stationary phases were studied: Pinnacle™ II
C18 (3 pm, pore size 11 nm, carbon load 13%) and Pinnacle™
IT phenyl (3 um, pore size 11 nm, carbon load 6%), both
purchased in bulk from Restek (Bellefonte, PA, USA), and
RP-C18, Cogent Bidentate C18™ (TYPE-C™, 4 pm, pore
size 10 nm, carbon load 16.5%) kindly donated by Microsolv
Technology (Eatontown, NJ, USA). Columns were packed
for 25.0 cm, with an effective and total length of 26.5 and
350 cm.
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2.3 Nano-LC

Nano-LC experiments were carried out using a laboratory-
assembled instrument previously described [10]: an LC Agi-
lent 1100 series LC micropump (G1376A) with a passive split
system to reduce the flow rate from microliter per minute to
nanoliter per minute, a modified injector for nanoliter injec-
tion (Enantiosep, Mfinster, Germany) [34, 35] and a Spectra
100 UV apparatus, set at 214 nm (Thermo Separation Prod-
ucts, San Jose, CA, USA) with an on-column detector cell
(data acquisition and rise time were fixed at 20 Hz and 1.0 s,
respectively). After these preliminary experiments, the capil-
lary column was then cut at the outlet frit and connected to the
nano-ESI interface for MS coupling. The HPLC pump was
controlled by the Chemstation software (Rev.A.09.01, Agilent
Technologies), while the UV detector data were acquired and
analyzed with the ChromQuest version 3.0 software (Thermo
Finnigan).

24 CEC

AP CE system (Agilent Technelogies, Waldbronn, Germany)
was employed for CEC experiments. During the CEC-DAD
experiments, the sample was electrokinetically injected ap-
plying +15 kV x 15, 40, or 120 s at the anodic end or hydro-
dynamically injected for 10 bar x 30 s, and then separated at
+25 kV (column temperature, 25°C) pressurizing both ends.
The detection wavelength was set at 214 nm.

For CEC-MS experiments, the capillary column was cut
at the UV detection window and, following the protocol de-
scribed in the previous paper, it was introduced into the L-]
interface [36]. At the end of the working day, the inlet reservoir
was immersed in an aqueous—organic mixture (H,0:MeOH,
1/99, v/v, 5 mM ammonium acetate pH 4.5). Chemstation
software (Rev. A.09.01, Agilent Technologies) was used for
managing the instrument and to handle the obtained data.

2.5 MS and electrospray interface

The nano-LC system was coupled to the MS through a
commercial suitably modified nanospray interface (Thermo
Finnigan) as described in our previous paper [10]. A
laboratory-made L-] ESI interface was used for coupling CEC
with MS as fully described in a previous work [36].

The MS 5/N was optimized changing the MS parameters.
The MS tune, in negative detection, was set in an automatic
mede by direct infusion of a 1 pg/mL 17B-E, standard so-
lution in mobile phase, considering the base peak (BP) at
271.4 m/z. The following MS parameters were set up: cap-
illary voltage, —11.45 V; capillary temperature, 200°C; tube
lens voltage, 0 V; automatic gain control, 3 x 107; number of
micro scans: 3; and injection time, 70 ms. Mass spectra were
acquired in the full scan mode in the range 200-350 m/z.

For method validation, retention times, peak heights, and
peak areas were taken from the extracted ion chromatograms

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrophoresis 2016, 37, 356-362

(EICs) for each studied compound. The mass spectra and
ion- and electrochromatograms (TIC, BP, and extracted ions)
were acquired and reprocessed using Xcalibur™ 1.3 software
(Thermo-Finnigan).

2.6 Nano-LC-MS and CEC-MS optimum conditions

The best separation was achieved using the columns packed
with Pinnacle™ II phenyl stationary phase following the ex-
perimental conditions listed below. For CEC: mobile phase,
5 mM NHAc at pH 4.5 in 60/40 ACN/H,0 v/v; separa-
tion voltage, +15 kV; sample medium, 20/80 ACN/H,0
v/v; electrokinetic injection, +15 kV x 40 s; spray liquid,
MeOH/H:O, 60:40 (v/v) with 0.1% (v/v) NHsOH delivered at
a pressure of ~4.0 kPa; for nano-LC: mobile phase, 50/10/40,
ACN/MeOH/H,0 v/v/v at 100 nL/min; injection volume:
700 nL; injection medium, MeOH/H,0, 10/90 v/v. For nano-
LC, and in order to obtain a better repeatability between in-
jections, the column was flushed consecutively with MeOH
and ACN for 5 min each, and then reconditioned with mobile
phase. At the end of the working day, the column was washed
with ACN for 15 min.

2.7 Extraction and clean-up using MIP-SPE

Mineral water sample was acquired from a local supermar-
ket. Its pH value and conductivity at 20°C as well as the
fixed residue at 180°C were 7.8, 118 S /em, and 80.2 mg/L
respectively.

AFFINIMIP® SPE-ZEN cartridges were conditioned with
5 mL of ACN followed by 5 mL of Milli-Q water. For the MIP-
SPE experiments, 100 mL of spiked or nonspiked Milli-Q
or mineral water were adjusted to pH 7.0 with 0.1 M HCI
or NaOH. The samples were then percolated through the
MIP-SPE cartridge at a flow rate of 1 mL/min. After wash-
ing with 4 mL of ACN/H,0, 80:20 v/v, and 2 mL of water,
the sorbent was dried by applying full vacuum. Estrogenic
compounds were eluted from the cartridges with 5 mL of
MeOH, which was evaporated at 40°C using a rotavapor R-
200 from Buchi Labortechnik (Flawil, Switzerland) equipped
with a KNF LABOPORT diaphragm vacuum pump (KNF
NEUBERGER, Trenton, NJ, USA). The residues were recon-
stituted in 200 pL H,O/MeOH 90:10 v/v and injected into
the nano-LC-MS system.

3 Results and discussion

Before coupling the miniaturized techniques to MS, experi-
ments were carried out using a UV detector. In this respect,
parameters such as the best stationary phase, experimental
conditions, and sensitivity were evaluated first in CEC and
subsequently applied to nano-LC. CEC conditions were se-
lected taking into account that the MS coupling through the
L-] interface might be affected by bubble formation.
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3.1 Study of the stationary phase

The selected analytes are noncharged in a wide pH range
(pK,>7.5 [17]) and are characterized by their hydrophobic
molecular structure. For these reasons, the analytical sep-
aration of estrogenic compounds can occur mainly by an
MEKC [2] or a RP chromatographic mechanism [13]. Fol-
lowing the last of them, three different stationary phases
with free silanol groups were investigated changing differ-
ent parameters (injection mode, applied voltage, and mabile
phase composition and solvent medium), reaching the best
chromatographic separation in terms of selectivity, isomeric
resolution, analysis time, and peak shape of all estrogenic
compounds.

The column packed with RP-C18 Cogent Bidentate pro-
vided a poor resolution of the analytes (eight of 11 identified
peaks) and was not able to separate 17« and 17B-E,. For
this reason, this stationary phase was discarded for subse-
quent studies. On the contrary, Pinnacle™ phases proved to
be very selective, especially for the resolution of ZAL and E;
epimers, obtaining the complete separation of nine over 11
peaks. Due to the high carbon load value of Pinnacle™ 11 C18,
the strong hydrophobic and secondary interactions toward
2-MeOE, resulted in a clear peak tailing (peak #7, asymme-
try 0.63) that was hardly quantifiable in MS experiments. For
this reason, this column was set aside for this study. Finally,
the phenyl substituents existent on the Pinnacle™ Phenyl
silica promoted 7— interactions with the aromatic moieties
and the planar structure of the studied compounds, a fact
that resulted in a better chromatographic profile in terms of
separation efficiency (116 000-140 000 theoretical plates per
meter), peak shape (asymmetry: 0.96-1.05), selectivity, and
analysis time (about 12 min); see Supporting Information
Fig. 1.

Preliminary experiments in nano-LC-UV were assayed
under the best conditions for CEC separation for each capil-
lary column. RP-C18 Cogent Bidentate and Pinnacle™ 11 C18
stationary phases were discarded for the same reasons pre-
viously expressed in the CEC experiments. Taking all these
results into account, the column packed with Pinnacle™ II
Phenyl stationary phase was selected for further experiments.

3.2 Increasing the sensitivity: on-column
preconcentration

Sample stacking and/or focusing strategies [37, 38] with dif-
ferent compositions of sample medium were studied by load-
ing a quite large injection volume of the standard mixture by
an electrokinetic injection for CEC (+15 kV x 30 s) and a
high pressure injection for nano-LC (400 nL). Optimum re-
sults regarding separation efficiency, resolution, shape, and
height for each analyte were achieved when the sample was
dissolved in ACN/H,0 (20:80, v/v) and MeOH/H,0 (10:90,
v/v) for CEC and nano-LC, respectively. Under these condi-
tions, different sample volumes were injected in the systems,
by electrokinetic injection in the range 5-60 s for CEC and
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by high pressure injection with volumes in the range 100-
800 nL for nano-LC. Analyzing the ratio of peak height and
peak width at half height (H/w,2) versus the injected sample
volumes, the highest compression peak effect was interpo-
lated at the last volume/time of a linear trend (R* = 0.98-0.99)
identified with 40 s by electrokinetic injection for CEC and
700 nL in nano-LC (see Supporting Information Fig. 2).

3.3 Optimization of nano-LC-ESI-MS and
CEC-ESI-MS separations

Once the electro/chromatographic conditions were opti-
mized, both miniaturized techniques were coupled to MS.
In nano-LC, as the nanospray interface is not designed to
use a make-up liquid for ionization, the composition of the
mobile phase had to be slightly modified to assist the ioniza-
tion. In the positive detection mode, although no change in
the chromatographic separation was observed under acidic
conditions (0.1-1% v/v of formic acid or TFA or ammonium
formate pH 2.5), a good MS signal was obtained only for
ZAL, ZEL, ZEN, 2-MeOQE;, and E;, while the other analytes
were below the LOD signal. In the negative mode, no signal
was observed using basic conditions (0.1% of NH,OH v/v
or ammonium acetate pH 8.0). In contrast, in the negative
mode, when the mobile phase was only an organic mixture
(ACN/H,0 60:40, v/v), TIC and EICs for all the studied com-
pounds were collected with a clear and a unique signal. Fi-
nally, an improvement of the peak shapes and resolution of
E, epimers was obtained when a 10% of MeOH v/v was added
(see Supporting Information Fig. 3).

When the column was coupled to MS detector, it was not
possible to pressurize both ends of the column as in CEC-UV
experiments. A useful solution to prevent bubbles formation
was lowering the applied voltage and thus the current. After-
wards, by decreasing the separation voltage from 425 to +15
kV (current decreased from 2.1 to 1.4 pA), the separation was
achieved in less than 13 min (MS negative detection), with a
separation efficiency in the range 73 000-125 000 plates/m
and epimers resolution of ZAL and E; of 4.8 and 1.5, respec-
tively.

In order to obtain a stable spray and the highest S/N
ratio for each analyte, the spray liquid composition and the
hydrostatic pressure were studied [36, 39]. In general, a dra-
matic ion suppression (with the exception of ZAL, ZEL, and
DS) occurred when a 0.1% (v/v) formic acid or 5 mM am-
monium formate pH 2.5 was aqueous-organic (MeOH/H,0,
50:50; data not shown). A slightly better MS response was
obtained under basic conditions (ammeonia solution), which
suppressed the positive charge of the majority of the ana-
lytes. Subsequently, among ACN, MeOH, and Pr-20H, in a
ratio 50:50 v/v with water, the second resulted to guarantee in
general the highest S/N value and better spray stability (data
not shown). Finally, a high MeOH content led to a higher
spray signal, but lower §/N ratios, while in contrast a high
water content increased the surface tension, which together
with the lowest volatility of the mixture resulted in a unstable
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Figure 1. TIC, BP, and EICs of a standard mixture of the analytes injected in (A) CEC-MS and (B) MIP-SPE-nano-LC-MS method. Capillary
column, 75 pum id; packed length, 25.0 cm; MS interface length, 25.5 cm; stationary phase, Pinnacle™ Il Phenyl; (A) sample, 100~
1000 pg/L in ACN/H,0 (20:80, v/v); mobile phase, 5 mM NH,Ac pH 4.5 in ACN/H,0 (60:40, v/v); applied voltage, +15 kV; electrokinetic
injection at 415 kV for 40 s; temperature, 25°C; spray liquid, MeOH/Hz0 (60:40, v/v} with 0.1% (v/v) ammonia solution; hydrostatic pressure
~4.0 kPa (50.0 cm). (B) sample spiked at 40-400 ng/L in MeOH/HzO (10:90, v/v); mobile phase, ACN/MeOH/H:0 (50:10:40, viviv); flow rate:
100 nL/min; injection volume: 700 nL; temperature, 25°C. For peak identification see Section 2.1. For MS experimental conditions see

Section 2.5.

spray with a decrease of the ionization (shown in Supporting
Information Fig. 4). Therefore, a 60% (v/v) of MeOH with
0.1% (v/v) ammonia allowed obtaining the highest 5/N value

for almost all analytes.

height of 50 cm), providing a flow of the spray liquid of about
200 nL/min into the tip emitter tip. Figure 1A shows the TIC,
BP, and extract ion electrochromatograms of the separation
of the 11 analytes under the optimized conditions.

The height of the reservoir with respect to the column-tip
liquid junction was changed in the range 25-55 cm, giving
a pressure of ~2.1-4.5 kPa. As it has been previously ob-
served [36] no influence on the chromatographic separation
was shown. The increase of the pressure produced an en-
hancement of the flow into the emitter-tip, giving a higher
S/N, up to ~4.0 kPa (shown in Supporting Information Fig.
5). A higher flow of the spray liquid made the evaporation of
the solvent surrounding the analyte molecules difficult, hin-
dering the electrospray phenomenon and observing a reduced
ionization, spray instability, sample dilution, and increase of
the noise level. In addition, the spray liquid flow between the
column and the tip emitter in the liquid junction produced
a turbulence that influenced the chromatographic separation
in terms of band broadening (data not shown). From these
data it can be concluded that the highest sensitivity for all the
studied analytes was achieved at ~4.0 kPa (corresponding toa

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.4 Instrumental validation of the method

For the repeatability study, a standard solution containing
the 11 selected compounds was consecutively injected five
times in the same day (n = 5) for 3 days (d = 3, n = 15).
In nano-LC-MS, 700 nL at a concentration of 10-100 ng/mlL,
were injected obtaining an intraday precision (RSD, %) in the
range 1.5-2.3% and 5.1-12.1% for migration times and peak
areas, respectively, while interday precision was in the range
5.2-7.3% and 7.4-15.3%, for the same chromatographic pa-
rameters, respectively. In the case of CEC-MS, for an elec-
trokinetic injection of 40 s at +15 KV at a concentration of
1-10 pg/mL, retention times precision was in the range 0.7-
0.9% and 5.8-6.3%, while peak areas precision was in the
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Table 1. Mean recovery percentages, RSD values, analyte concentration added to the sample, LODs, and LOQs of the method after the

SPE-MIP-nano-LC-MS procedure

Analytes Milli-Q water Mineral water

Level 22! recovery Level 1 recovery Level 2% recovery LOD nethod LOQgthod

(%) %, (RSD, %) (%)°) ¢! (RSD, %) (%)%, (RSD, %) (ng/L) (ng/L)
E; 57(13) 58 (15) 55(16) 5.46 18.8
B-ZAL 69 (15) 65(12) 61(13) 173 442
a-ZAL 69 (16) 67 (13) 65(12) 161 5.20
17p-E, 64 (13) 62(12) 55(11) 138 472
a-ZEL 78 (15) 71013) 75(12) 142 4.5
17a-E, 67(12) 58(13) 63(14) 158 na
2-Me0OE; 65 (17) 62 (15) 58 (15) 554 143
EE;z 64 (13) 61(12) 59(13) 19.2 735
Ei 58 (14) 52 (14) 55(16) 185 66.7
Ds 51(16) 45 (186) a1 (17) 14.6 62.5
ZEN 73(15) 71 (14) 68 (14) 5.63 182

alLevel 1: 10-100 pg/L; level 2: 20-200 pg/L.
b)Mean of five extractions (n = 5), 100 mL of water.
c)Recovery data: Agc (SD in sample)/Agic (SD in solvent).

range 10.8-14.4% and 13.5-19.8% for the same day and for
different days, respectively.

Calibration curves were obtained plotting the values of
the peak areas, measured in the EICs, versus the concentra-
tion of each analyte. Results of the linear dynamic range and
sensitivity were reported in Supporting Information Table 1.
Despite the use of on-column focusing/stacking, less satis-
factory LOD and LOQ results were obtained in CEC-MS. In
this respect, on the one hand, the injection can be consid-
ered small in comparison with nano-LC, while on the other,
the presence of the buffer in the mobile phase, necessary for
electrical conductivity, probably suppresses the MS signal, as
also observed when the mobile phase was studied in nane-LC.
Besides, the spray liquid was not able to provide an ionization
comparable to that obtained by the nanospray interface.

3.5 Application to water samples

Once the separation was fully optimized, the estrogenic com-
pounds were extracted from aqueous samples and analyzed
by nano-LC-MS. The optimization of the extraction proce-
dure was performed using 10 mL of spiked Milli-Q water at a
concentration in the range 20-200 pg/L. Following the pro-
cedure indicated in the AFFINIMIP® SPE ZEN instruction
sheet and from the literature for the extraction of a similar
group of compounds [31], the presence of acetic acid in the
elution solvent produced an ion suppression effect and then
an overall disturbed MS background signal and low S/N ra-
tio was obtained. The recovery values were lower than 10%.
Hence, the extractive procedure was applied in the absence
of acid, obtaining an enhanced MS signal for all the ana-
lytes, reaching recovery values in the range of 35-65%. This
fact demonstrated that acetic acid led to an ion suppression
effect, likely due to the increase of the surface tension that
change the efficiency of droplet formation or evaporation and

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

competition with negative charged ions, which in turn affects
the amount of charged ion in the gas phase and then ions not
compatible with the developed analytical methodology.

A repeatability study of the MIP-SPE-nano-LC-MS
methodology was carried out with 100 mL of mineral
water at two concentration levels, and recovery data of
LODs and LOQs of the method were reported in Table 1.
Figure 1B shows the TIC, BP, and EICs of a spiked mineral
water sample after being subjected to the MIP-SPE-nano-LC-
MS method. No residues of the estrogenic compounds were
found in the analyzed samples over the LOD of the method.

Comparing the results obtained by the present method
with other previously published studies that analyzed es-
trogenic compounds in water samples using SPE-MIP cou-
pled to classic chromatographic techniques, LODs are of the
same order of magnitude. For instance, Lucci et al. [29] used
AFFINIMIP® SPE Estrogens cartridges, analyzing the target
compounds (E;, 17B-E;, 17a-E,, E;, EE;, DS, and diethyl-
stilbestrol) by UPLC-APCI-QqQ-MS. For 100 mL of water
sample, LODs and LOQs were in the range 4.5-9.8 ng/L and
14.9-32.6 ng/L, respectively. Also, Mat&jicek et al. [30] ob-
tained LODs and LOQs in the range 0.7-1.9 and 2.5-6.4 ng/L,
respectively, using as sorbent a mixture of AFFINIMIP® SPE
Estrogens, bisphenol A, and phenolics and HPLC-ESI-IT-MS
for the analysis of E,, 17B-E,, E;, EE,.

4 Concluding remarks

Nano-LC and CEC techniques coupled to both UV and MS
were optimized for the separation of 11 estrogenic com-
pounds, achieving baseline E; and ZAL epimers separation
in less than 20 and 13 min, respectively. Different types of
stationary phases were studied for column packing, obtain-
ing the best results for Pinnacle™ II Phenyl silica support
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concerning separation efficiency, selectivity, resolution, and
EOF (in the case of CEC).

In order to increase the method sensitivity, on-column
focusing/stacking mode was studied, as well as MS hy-
phenation parameters. The optimized method was validated
through retention /migration time and area repeatability, cal-
ibration, and sensitivity.

A simple MIP-SPE, using a commercial MIP cartridge,
was optimized for the extraction of the 11 selected substances
from mineral water, carrying out the analysis by nano-LC-MS.
The methodology was validated through a recovery study in
Milli-Q and mineral water, obtaining acceptable results for
mineral water and LODs and LOQs of the whole method be-
tween 1.4-19.2 and 4.2-143.7 ng/L, respectively. The analysis
of mineral water samples did not reveal the presence of any
residues of the studied estrogenic compounds over the LOD
of the developed method.

This work was supported by the Spanish Ministry of Econ-
omy and Competitiveness (project AGL2011-24667). M. A. R.
would like to thank the Spanish Ministry of Economy and Com-
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Abstract An environmentally friendly method based on
hollow-fibre liquid-phase microextraction (HF-LPME) was
developed for the extraction of selected estrogenic compounds
(i.e. four natural sexual hormones: estrone, 17f-estradiol,
17o-estradiol and estriol; two exoestrogens: 17a-
ethynylestradiol and 2-methoxyestradiol: two synthetic stil-
benes: dienestrol and hexestrol: and five resorcylic acid lac-
tones: zearalenone, c-zearalanol, B-zearalanol, o-zearalenol
and (-zearalenol), from whole cow and semi-skimmed goat
milk and whole natural yegurt. After the optimization of the
sample preparation procedure, spiked extracts were
derivatized to their trimethylsilyl products using N, (-
bis(trimethylsilyljtrifluoroacetamide reagent and then ana-
Iyzed by gas chromatography—tandem mass spectrometry
(GC-MS/MS). Once optimum extraction conditions were
established (protein precipitation with acetonitrile, extraction
and the back-extraction in acetonitrile following the HF-
LPME procedure), the method was validated and the
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calibration range, precision and accuracy were studied. The
RSD values for the intra- and inter-day precision of the peak
areas were in the range 0.65-9.69 and 1.00-11.47 %, respec-
tively. The determination coefficients were higher than 0.991
for method calibration curves while LOD and LOOQ) values
were between 0.06-2.55 and 0.16-6.11 pg/L for whole cow
milk, 0.04=1.70 and 0.11-4.86 pug/L for semi-skimmed goat
milk and 0.07-3.73 and 0.23-9.81 pg/L for natural yogurt,
respectively. Finally, the accuracy and precision of the method
were evaluated, obtaining a value in the range 84 E1=119 %
and RSD values lower than 20 % in all cases.

Keywords Estrogens - Hollow-fibre liquid-phase
microexiraction - Gas chromatography-triple quadrupole mass
spectrometry - Milk - Yogurt

Abbreviations

2-MeDE; 2-Methoxvestradiol
DES Diethylstilbestrol
Ds Dienestrol

E, Estrone

Es Estradiol

E, Estriol

EEx 17 oc-Ethinylestradiol
HEX Hexestrol

ZAL Zearalanol

ZEL Zearalenol

ZEN Zearalenone
Introduction

Lately, substances exhibiting natural or synthetic estrogenic
activity have become of concern, since they can be introduced
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in the environment but also in the human food chain. These
compounds may mimic the activity of endogenous hormones
or even interfere with them [1, 2].

Regarding their introduction in the human diet, those es-
trogenic compounds that can be introduced through meat,
milk or dairy products ingestion [3—5] are of high interest. In
particular, milk collection from pregnant cows and the abusive
or illegal use of synthetic estrogens as growth promoters are
common practices that involve the presence of estrogenic hor-
mones in dairy products over the recommended levels [6, 7]. It
is a matter of concern that high intakes of dairy products
containing estrogenic hormones can induce problems in
humans, such as cancer [8-10].

The European Commission has forbidden the use of sub-
stances with hormonal activity for fattening livestock in
Directive 2003/74/EC (Official Journal of the European
Communities, L 262/17 of 14.10.2003) and establishes max-
imum residue limits (MRLs) for certain hormones in meat
(Commission Regulation (EU) N® 37/2010, Official Journal
of the European Union L 15/1 0f 20.1.2010). Although the EU
legislation on food safety in this issue is still lacking, scientific
research continues to focus its efforts on monitoring and de-
velopment of more efficient, sensitive and environmentally
friendly analytical methods in order to increase the security
in their consumption.

Although HPLC and UHPLC are the analytical techniques
most applied to the determination of estrogenic compounds
and their metabolites in milk and dairy products [11-13], min-
iaturized LC separation systems have also been used [14].
This is the case of the work of Farlow et al. who used a
300-pm ID column in a capillary LC (cLC)-MS/MS system
to determinate total and free estrogens (i.e. E,, E;, 17a-Es)
and estrogens metabolites in milk and buttermilk [14].

Furthermore, a relatively low number of LC analytical
methods have also been developed to detect other compounds
with estrogenic activity such as resorcylic acid lactones
(RALs) like the mycotoxin ZEN produced by Fusarium spe-
cies and its metabolites, o- and $-ZAL and ZEL, in milk and
dairy products in particular, by HPLC-MS/MS [15-18] and
UHPLC-MS/MS [19-21].

GC is another alternative for the determination of these
compounds; however, it has only been used for this purpose
in very few occasions [22-28]. Among these works, it is
worth mentioning the application of Choi et al. [22] who de-
veloped a method for the determination of natural estrogens
and mycotoxins in breast milk by means of GC-MS or the
work of Azzouz et al. [23] in which a SPE procedure was used
in combination with GC-MS for the determination of EE-, E,,
17p-E; in milk samples [23]. In addition, recently, a stir-bar
sorptive extraction procedure, in which a stainless steel wire
was confined inside a hollow fibre (HF) impregnated with
solvent, was applied to the extraction of hormones, including
E;, E,. E;, EE,, from milk samples by GC-MS [28].

@ Springer

Due to the low concentrations at which these compounds
appear in food matrices, sample preparation procedures is one
of the most important parts of their determination. In this
sense, traditional extraction, pre-concentration and clean-up
procedures like liquid—liquid extraction (LLE) or solid-phase
extraction (SPE) have been widely used [12] despite the fact
that, depending on the application, they might use relatively
high amounts of solvents, in particular, LLE.

In the course of recent years, together with the use of tra-
ditional extractive methodologies, trends in sample pre-
treatment have been focused on the use of simple, rapid and
miniaturized techniques with low solvent consumption. In this
respect, liquid-phase microextraction (LPME), and specially
HF-LPME, combined with HPLC or GC has been successful-
ly applied for the extraction of a wide variety of analytes from
environmental [29-31], biological fluids [32, 33] and also
food samples [34]. In particular, HF-LPME has been applied
in different cases for the determination of some natural and
synthetic estrogenic compounds like 17x-E,, E;, 17p3-Ez, Es,
EE,, HEX or DS in milk and dairy products [28, 35-39].

In this work, a HF-LPME-GC-MS/MS method has been
developed and validated using N,O-bis(trimethylsilyl)
trifluoroacetamide (BSTFA) as silylating agent for the analy-
sis of the TMS derivatives of 13 estrogenic compounds, i.e.
natural hormones (17a-E,, E;, 17p3-E;, E;) and metabolites
(2-MeOE,), exoestrogens (EE;), synthetic stilbenes (HEX,
DS), a mycotoxin (ZEN) and some of its major metabolites
(a-ZAL, 3-ZAL, a-ZEL and 3-ZEL), in whole cow milk,
semi-skimmed goat milk and natural yogurt. 173-Estradiol-
ds was used as intemal standard. To the best of our knowledge,
this is the first time that HF-LPME is applied to the determi-
nation of a-ZAL, B-ZAL, «-ZEL, [3-ZEL and ZEN, also to
their simultancous determination with the natural and synthet-
ic estrogenic compounds previously described. It is also the
application in which the higher number of natural and synthet-
ic estrogenic hormones and mycotoxins has been analyzed
and the first time that GC-MS/MS using a triple quadrupole
mass analyzer is combined with HF-LPME to analyze the
target analytes in milk/yogurt.

Materials and methods
Chemicals and materials

All chemicals were used as received without filtration or fur-
ther purification. Methanol (MeOH) and n-hexane (HPLC
grade) were purchased from VWR International Eurolab
S.L. (Barcelona, Spain) and formic acid (98 %, w/w) from
Panreac Quimica (Barcelona, Spain). ACN of HPLC grade,
hydrochloric acid (25 %, w/w), acetone and anhydrous glacial
acetic acid (100 %, w/w) were from Merck (Darmstadt,
Germany). Sodium hydroxide (NaOH) was from Scharlau



Articulos cientificos

Determination of estrogenic compounds in milk and yogurt samples

157

7449

Chemie S.A. (Barcelona, Spain), while 1-octanol, cyclohex-
ane, sodium chloride (NaCl) (purity > 99.5 %) and N,O-
bis(trimethylsilyDtrifluoroacetamide (BSTFA) with 1 %
trimethylchlorosilane (TMCS) for GC derivatization were
purchased from Sigma-Aldrich Chemie (Madrid, Spain).
The Accurel Q3/2 polypropylene HF membrane (600 pwm
1D, 200 pum wall thickness and 0.2 um pore size) was acquired
from Membrana GmbH (Obernburg, Germany). Ultrapure
water was deionized by a Milli-Q gradient system A10 from
Millipore (Bedford, MA, USA).

Analytical standards, namely 3,4-bis(4-hydroxyphenyl)-
2.4-hexadiene (DS, dienestrol), 4.4 0-(1,2-
diethylethylene)diphenol (HEX, hexestrol), (1,3,5(10)-
estratriene-3,17a-diol (17a-E,, 17x-estradiol), 1,3,5-
estratriene-3,173-diol (17B-Es, 17p estradiol), 1,3,5(10)-
estratriene-3,16a,17B-triol (Es, estriol), 1,3,5(10)-estratrien-
3-0l-17-one (E;, estrone), (17x-ethynyl-1,3,5(10)-
estratriene-3,17p-diol (EE,, 17o-ethinylestradiol), 1,3,5(10)-
estratriene-2,3,17-triol 2-methyl ether (2-MeOE,, 2-
methoxyestradiol), 2,4-dihydroxy-6-(6a,10-
dihydroxyundecyl)benzoic acid p-lactone (x-ZAL, o-
Zearalanol), 2,4-dihydroxy-6-(63,10-
dihydroxyundecyl]benzoic acid p-lactone (p-ZAL, B-
Zearalanol), 2,4-dihydroxy-6-(6c,10-dihydroxy-trans-1-
undecenyl)benzoic acid p-lactone (a-ZEL, a-Zearalenol),
2.4-dihydroxy-6-(6p,10-dihydroxy-trans-1-
undecenyl)benzoic acid p-lactone (3-ZEL, B-Zearalenol),
(38,11E)-14,16-dihydroxy-3-methyl-3.4,5,6,9,10-hexahydro-
1H-2-benzoxacyclotetradecine-1,7(8H)-dione (ZEN,
Zearalenone) were from Sigma-Aldrich Chemie and were
used without further purification (purity =95 %) (see
Electronic Supplementary Material (ESM) Table S1).
Furthermore, for GC-MS/MS method validation, 17 -estradi-
ol-ds (17B-Ea-ds) (Sigma-Aldrich Chemie) was employed as
internal standard (IS).

Stock solutions of each compound were prepared in MeOH
and stored at =18 °C: DS, HEX, 178-E»_ 170-E, Es_E, and
EE, at 1000 mg/L; 2-MeOFE,, o-ZAL and B-ZAL at 100 mg/
L; «-ZEL and B-ZEL at 500 mg/L and ZEN at 100 mg/L. The
standard mixtures were prepared each working day by dilution
in MeOH. Standard solutions, the derivatization reagent, sam-
ples and sample extracts were stored in the dark at 4 °C prior
to analysis.

Apparatus and software

GC-FID analysis was performed with a Varian 3800 GC sys-
tem (Walnut Creek, CA, USA) equipped with a FID detector
and a Combi PAL autosampler. Separation was achieved
using a poly (5 % diphenyl/95 % dimethylsiloxane)-bonded
fused silica capillary column (Equity™ -5; 30 m % 0.25 mm,
0.25-um film thickness, Supelco™, Bellefonte, PA, USA).
Nitrogen was used as carrier gas at a flow rate of 0.7 mL/

min. Two microlitres of a standard or sample solution was
injected (10 pL syringe Microliter® Pal System, Hamilton
company, Reno, NV, USA) by means of a CP-1177 injector
valve at 280 °C. Split/splitless injection was applied: Initially,
the split state was in off position, at 3 min the split state was set
at 1:75 and held for all analysis time. The 13 TMS-O-estro-
genic compounds were resolved nearly to the baseline in
19 min following the next GC oven program: The column
temperature was initially set at 55 °C followed by a 25 °C/
min ramp to 255 °C and soon after a 3 °C/min ramp to 275 °C
was applied and held for 5 min; finally, the temperature was
increased to 300 °C at 30 °C/min and held for 4 min more. The
temperature of the FID was maintained at 300 °C. The GC,
autosampler and FID detector were controlled by the Varian
Star chromatography Workstation (version 6.41, Varian). This
equipment was used for the optimization of the extraction and
derivatization procedures.

For compound identification and method quantification, an
Agilent 7890B GC coupled to a triple quadrupole (QqQ) mass
spectrometer 7000B MS with an electron impact interface was
used (Agilent 7000C Triple Quadrupole GC/MS System,
Agilent Technologies, Waldbronn, Germany). Two (5 % phe-
nyl)-methylpolysiloxane bonded fused silica capillary col-
umns (HP-5 MS; 15 m % 0.25 mm, 0.25-um film thickness,
Agilent Technologies) were connected by means of a
backflush valve. He flows in the first and second column were
setat 0.7 and 0.9 mL/min, respectively. Separation was carried
out by the same gradient of temperature used in the GC-FID
system due to the equivalence of columns and flows. The
QqgQ was operated in multiple reaction monitoring (MRM)
mode with two transitions for each analyte as listed in
Table 1. The mass spectrometer was used under the following
conditions: transfer line temperature 250 °C, source tempera-
ture 300 °C, electron ionization energy at —70 eV; the temper-
ature of the first and second quadrupole was 180 °C and the
collision cell gases were nitrogen (1.5 mL/min) and helium
(2.25 mL/min). Depending on the specific transitions, the col-
lision energy and dwell times were adjusted in the range 5—
37.5 eVand 25-40 s, respectively; the time window was set at
3.3 eycles s~ (Hz) (see Table 1).

The mass spectra and the ion chromatograms were collect-
ed and processed using the MassHunter software. During
method validation, all chromatographic parameters, i.e., reten-
tion time, peak height, peak area and noise level, were ac-
quired for each studied compound and processed using the
MassHunter quantitative analysis software v. B.04.04
(Agilent Technologies).

Samples
Different types of ultra-heat treated milk (whole cow and

semi-skimmed goat milk) and whole cow natural yogurt were
selected. The content of proteins, carbohydrates and fats were
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Table 1  Diagnostic ions for all studied O-TMS estrogenic compounds and their internal standard
Peak# Abbreviation Retention Mw Mw TMS- Precursor  MS/MS quantification MS/MS qualification
time (min) (g/mol) dervatized 1on (m/z)
(g/mol) Product Collision Dwell Product Collision Dwell

ions (m/  energy (s) ions (m/  energy (s)

2) (eV) 2) (V)
1 HEX 11.1 2704 414 207 191 10 25 179 10 25
2 DS 11.2 2663 410 410 381 15 25 395 15 25
3 17a-E; 14.0 2724 416 416 326 75 40 285 15 40
4 E, 14.0 2704 342 342 244 15 40 257 15 40
5 17B-E,» 14.5 2724 416 416 326 7.5 40 285 15 40
1S 17B-E>-Ds 14.5 2774 421 421 331 15 40 287 15 40
6 EE> 15.0 2964 368 368 205 35 40 285 15 40
7 2-MeOE, 163 3024 446 446 416 15 30 315 20 30
8 o-ZAL 16.5 3224 538 433 309 17 30 389 10 30
9 p-ZAL 16.7 3224 538 433 309 17 30 389 10 30
10 ZEN 17.0 3184 462 462 444 5 30 151 10 30
11 a-ZEL 175 3204 336 336 317 375 30 446 15 30
12 E; 17.6 2884 504 504 386 10 30 414 5 30
13 B-ZEL 17.8 3204 536 536 317 375 30 446 7.5 30

in range 4.2-4.5 g/100 mL, 3.0-3.4 ¢/100 mL, 1.0-3.6 g/
100 mL, respectively. All the analyzed samples were pur-
chased in local supermarkets of Tenerife, Canary Islands
(Spain).

Sample preparation

A deproteinization procedure, previously used by our group
for the analysis of milk/yogurt samples [40], was adapted to
our analytical system (GC-FID and GC-MS).

Briefly, a standard mixture including the IS (10 pg/L) was
introduced in a 10-mL glass centrifuge tube and the solvent
was evaporated to dryness with a gentle nitrogen stream.
Then, 2 ml/g of non-spiked milk/yogurt sample at room tem-
perature was introduced into a glass centrifuge tube. Just after,
the sample was vortex shaken (Lab Dancer vortex from
VWR) at 2800 rpm for 1 min and left at rest for 5 min.
Afterwards, 4 mL of ACN was added to the spiked or non-
spiked milk and it was vortex shaken at 2800 rpm for 2 min to
ensure complete protein precipitation. The organic mixture
was kept for 15 min in the darkness. Regarding yogurt sam-
ples, 2 g (about 2 mL) was accurately weighted and treated
with 4 mL of ACN and 100 uL of acetic acid and subjected to
the same procedure performed for milk samples. Both types of
samples were then centrifuged on a 5702 centrifuge from
Eppendorf (Hamburg, Germany) at 4400 rpm (3000xg) for
10 min. Then, the supernatant was evaporated at 40 °C and
180 mbar using a rotary evaporator R-200 (Buchi
Labortechnik, Flawil, Switzerland) equipped with a V-800
vacuum controller and a 500 vacuum pump. The obtained
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aqueous residue (approx. 1.5 mL) was ready for the HF-
LPME extraction procedure.

HF-LPME procedure for milk/yogurt samples

Before the application of the HF-LPME procedure, the sample
extract was diluted to a final volume of 10 mL with Milli-Q
water and NaCl was added to achieve a final concentration of
10 % (w/v). After the complete dissolution by ultrasounds
(3510 Branson, Danbury, CT, USA), the solution was trans-
ferred into a 10 mL polypropylene/polyethylene syringe
(Injekt®, B. Braun Melsungen AG, Mesungen, Germany)
and filtered through a 0.45-pum Chromafil® Xtra PET-45/25
polyester filter (MACHEREY-NAGEL GmbH & Co. KG,
Diiren, Germany) into a 22-mL crew cap amber glass vial
(Supelco™). The pH was adjusted to 6.0 with 8 M NaOH.
The HF-LPME procedure used was slightly modified from
a previous work reported by our group [36]. In order to re-
move impurities a 2.0 cm of HF was pre-rinsed sequentially
with acetonitrile and acetone, sonicated for 5 min and dried
under an air stream. The fibre was then inserted into the tip of
a needle of a 25-uL syringe (Hamilton) that was previously
filled with 20 pL 1-octanol. Afterwards, the solvent was slow-
ly introduced into the lumen of the HF until the syringe was
completely empty and the same fibre was carefully impreg-
nated. The syringe-fibre system was quickly placed into am-
ber glass vial containing the aqueous extract in such a way that
the fibre was situated at the centre of the sample. Extraction
time was performed for 60 min at room temperature with a
constant magnetic agitation at 1250 rpm (Agimatic-E, JP
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SELECTA S.A., Barcelona, Spain). Subsequently, the HF
(connected with the syringe) was introduced/submerged in a
conical glass insert (Supelco™) containing 320 uL of ACN
and introduced in an ultrasonic bath (Selecta S.A.., Barcelona,
Spain) for 10 min (back-extraction took place). Finally, the
solvent was evaporated to dryness with a gentle nitrogen
stream. A small volume of 1-octanol (approx. 20 puL) was left
in the glass insert. The extract was ready to be subjected to the
derivatization procedure.

Derivatization procedure

Following the derivatization procedure most frequently de-
scribed in the literature [41], exact volumes of each working
standard solution were added to the glass conical insert and
then evaporated to dryness under a gentle stream of nitrogen.
The analytes were derivatized by adding 20 uL of 1-octanol,
40 pL of cyclohexane and 40 pL of silylating agent for the
standards, while for the samples extracted by HF-LPME
(which also contained about 20 pL of 1-octanol) only cyclo-
hexane and the derivatizing reagent were added. The final
volume (100 pL) was mixed, and the insert was introduced
in amber screw top glass vial with PTFE/silicone cap
(Supelco™) and heated at 70 °C for 80 min. After cooling,
the TMS derivatives of the selected estrogenic compounds
were ready for GC-FID or GC-MS/MS analysis.

MS quantification procedure

As dictated by Commission Decision 2002/657/EC
(http://eur-lex.europa.eu/legal-content/EN/TXT/Turi=
CELEX:32002D0657), the quantification method was based
on the selection of specific ions for each studied compound:
one precursor and two product ions as quantification and
qualifier ion (see Table 1). Furthermore, the principle
established in the SANCO Guide for analysis of pesticide
residues in food [42], according to which the MS response
ratio between two product fragments must satisfy a range of
430 % of maximum tolerance as strict criteria diagnostic of
their presence, was adopted. Quantification study was based
on peak area of the most intense product ion of the analyte
relative to that one of the intemal standard (IS).

Results and discussion

The analytical methodology used for the determination of es-
trogenic compounds was optimized in order to obtain the best
conditions (including the derivatization reaction and the HF-
LPME procedure) in Milli-Q water and then applied to spiked
milk/yogurt samples.

Evaluation of derivatization conditions

Although estrogens can be directly analyzed by GC [43, 44],
their conversion into more volatile and thermo-stable products
is usually preferred [12, 41]. For this purpose, it is very com-
mon to use N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) as silylating agent [23].

Itis worthmentioning thatalthough thesilylation procedureim-
proves the properties of MS measurements with the formation of
more favourable diagnostic fragmentation patterns, which allows
achieving amore specificidentification and better sensitivity [45],
thereactionwith BSTFA couldyield morethanone-O-TMS deriv-
ative. Indeed, the presence of multiple hydroxyl groups on the mo-
lecularstructure,asithappensinthiscase,impliesthatmultiple TMS
compoundsaresynthesizedandthatamorecomplicated GCprofile,
also fora simple standard mixture, may occur. For this reason, the
derivatizingsolution(BSTFA)wasacquired containing 1 % (v/v)of
trimethylchlorosilane(TMCS)asacatalysttoincreasethederivative
efficiencyformultiplehydroxylanalytes. Thisfactresultsinaneasier
interpretationof MSspectraof TMS-derivatives.

It is important to remark that the HF-LPME procedure used
in this work [34] requires the impregnation of the fibre in 1-
octanol, as it will be later shown. After extraction, the fibre is
introduced/submerged in ACN for 10 min (back-extraction
takes place) and evaporated to dryness with a gentle stream
of nitrogen. Since 1-octanol has a low volatility, its complete
evaporation is time consuming. Therefore, the derivatization
procedure was tested including the presence of 20 pL of 1-
octanol, since the presence of other solvents may also influ-
ence the derivatization reaction and the chromatographic pro-
file [34, 46].

For the optimization of the derivatization reaction condi-
tions, 20 pL of 1-octanol and 40 pL of cyclohexane were
mixed. A large excess of BSTFA respect to the analytes/
mixture (40 uL BSTFA with 1 % TMCS solution) was also
added, while the temperature was maintained at 70 °C, as
previously reported [41]. The reaction time was changed in
the range 20-90 min (data not shown). Between 20 and
60 min, average peak areas (n=3) increased significantly,
while 80-90 min were long enough times to obtain a stable
response factor, resulting in the complete derivatization reac-
tion. Thus, 80 min was selected as the optimum derivatization
time. Under the final derivatization conditions, batch-to-batch
repeatability was evaluated. Peak areas RSD values of four
derivatization batches were in the range 5.3-9.1 % (see
ESM Table S2), which clearly demonstrates the repeatability
of the derivatization procedure.

HF-LPME optimization
In one of our previous work [35], a HF-LPME procedure was

applied to the extraction of HEX, DS, E,, E,, EE, and E; from
milk samples. After a previous deproteinization step, the
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procedure was applied to the extraction of a 10-mL aqueous
sample. Such procedure consisted on the use ofa 2 cm of a PP
HF impregnated with 1-octanol, 10 mL of water at pH=6
containing 10 % w/v of NaCl and 60 min of extraction at
1250 rpm at room temperature.

Despite the good performance of the method, its suitability
for the analysis of 2-MeOE,, a-ZAL, (3-ZAL, ZEN, «-ZEL
and -ZEL, the rest of the analytes used in this work, was still
unknown. Therefore, and in order to verify the suitability of
such procedure, 10 mL of Milli Q water, as donor phase, was
fortified at 20 pg/L and the pH and ionic strength of the aque-
ous phase, as well as the extraction time and the time of the
back-extraction of the HF-LPME procedure were studied.

The 2-cm HF impregnated with 1-octanol was immersed in
Milli-Q water at pH 2, 6 and 8 for 60 min with a constant stirring
at 1250 rpm at room temperature. Figure 1a shows the results of
this study. As can be observed, considering the standard devia-
tion, the recoveries at pH 2 and 6 did not vary meaningfully
while only a slight decrease of the recovery values was observed
at pH 8 for a-ZAL, B-ZAL, ZEN, o-ZEL and B-ZEL. This
trend can be explained considering the similar values of the
experimental conditions. pH and RALs pKa increase the solu-
bility of the analytes that are present in their anionic form in the
aqueous phase with respect to the hydrophobic phase. Based on
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Fig. 1 Effect of (A) pH, (B) ionic strength expressed as percentage (w/A)
NaCl of donor phase and (C) the back-extraction time in the HF-LPME
procedure on the absolute recovery of fortified Milli-() water sample with
selected estrogens by GC-FID system. Experimental conditions: 10 pg/L
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the obtained results, pH 6 was maintained for further experi-
ments, as previously described in [35].

Maintaining the previous selected conditions (2 cm of HF
impregnated with 1-octanol, 10 mL of spiked water at pH=6
and 60 min of extraction at 1250 rpm and room temperature),
the donor phase ionic strength was studied by changing the
percentage of NaCl in a range of between 5 and 15 % (w/v).
As can be seen in Fig. 1b, a slight improvement was observed
for natural and synthetic estrogens by the addition of 10 % (w/
v) of salt while the recovery values did not change significant-
ly for the mycotoxins.

Afterwards, the extraction time varied between 30 and
80 min. An important increase of the percentage of extraction
was observed in the range of 21-38 to 29-54 % at 30 and
60 min of extraction time, respectively. Increasing the extrac-
tion time up to 80 min, recovery values slightly increased were
showed but affected by a considerable standard deviation,
therefore not statistically relevant. Taking into account these
results, 60 min was considered as a compromise between re-
covery and precision values and used for further experiments
as also found in our previous work [35] (data not shown).

Finally, and in order to complete the optimization of the
extraction procedure, the HF was submitted to the back-
extraction step. Taking into account the previous results

60

#5% =10% = 15% (NaCl, wiw}

= 8 min
=10 min
w12 min

=15 min

@
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of the analytes; 2.0 cm HF, 1-octanol as extraction solvent, 60 min ex-
traction time. For other experimental conditions, see HF-LPME
optimization
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obtained by our group for the extraction of natural and syn-
thetic estrogens [35, 36], ACN was selected as back-extraction
solvent. In the GC micro vial, later used as reactor for the
TMS-derivatization, 320 uL of ACN (the maximum volume
of the vial insert) covered the HF along its entire length. This
volume, despite being different from that used in the previous
manuscript [36], was suitable for a satisfactory back-
extraction of all the analytes. Regarding back-extraction time
(assisted by sonication), it was investigated in the range of 8—
15 min. The study showed that for a time up to 10 min pro-
vided the best efficiency while beyond had changes in which
recovery value was not related to any trend for improvement
considering the standard deviation (Fig. 1c¢). Therefore,
10 min was set for all real samples. Moreover, a better back-
ground signal was obtained when the fibre was previously
washed with an organic solvent as fully described in the HF-
LPME procedure for milk/yogurt samples section.

Mass spectra of the derivatives

Table 1 shows MS/MS acquisition parameters used to gener-
ate MS fragments as diagnostic ions of the selected TMS-O-
estrogenic compounds including the internal standard. In gen-
eral, the full scan MS data showed that the base peaks were the
molecular ions corresponding to the molecular weight of the
selected estrogens derivatized with the highest number of
TMS groups. Cases apart are the derivatives of the estrogen
ZAL and HEX. A slight fragmentation in the source could be
the cause of the most intense peak. Among these are excep-
tions as the TMS-O-ZAL and TMS-O-HEX. Likely due to a
EI fragmentation source, the intense base peak of TMS-O-
ZAL corresponding to m/z 433 could be the result of consec-
utive of loss of methyl [M-15]" and trimethylsilanol [M-90]*
[41], while m/z 207 of TMS-O-HEX as result of a possible
molecular symmetry breaking.

All MS spectra of the derivatives yielded an ion at m/z 73,
[(CH3),S1]", which was characteristic of the TMS group.

In MS/MS experiments, the base peak of each TMS-O-
estrogen was fragmented and in each fragmentation pattern
MS ions with the highest relative abundance, charge—mass
ratio, time stability and, in particular, those that satisfy the
diagnostic criteria previously described European
Commission, SANCO/12571/2011, were selected.

Similar results were obtained when fortified milk and yo-
gurt samples were later analyzed.

Application of the HF-LPME-GC-MS/MS method
for the analysis of milk and yogurt samples and validation

Once the HF-LPME procedure was studied, the complete
methodology was extended to more complex matrices such
as milk and yogurt samples.

In this respect, and because of the need to obtain an aque-
ous sample compatible with the extraction procedure, a previ-
ous deproteinization step was introduced to remove the pro-
tein fraction that strongly influences the recovery of the target
analytes.

Optimization of the deproteinization

As a starting point, and on the base of our previous experience
[35, 36, 40], a mixture of ACN and acetic or formic acid was
tested to induce protein precipitation. Screening experiments
were developed with 2 mL of sample by adding ACN in
different proportions in relation to the sample (1:2 vA or 1:4
v/ milk or yogurt/solvent) changing the type and volume of
acid (acetic or formic acid, 100400 uL). Finally, 4 mL of
ACN (1:2 v sample/ACN) without acid addition offered a
good protein precipitation and phase separation for milk
samples.

GC-MS/MS validation of the method and analysis of real
milk and yogurt samples

Under optimal separation and detection conditions, the HF-
LPME-GC-MS/MS method was validated evaluating some
parameters such as repeatability of the peak areas, linear cal-
ibration range and LODs and LOQs of the method. For the
evaluation of the repeatability, spiked whole cow milk extracts
at two concentration levels (level 1, 10 pg/L and level 2,
20 pug/L) were injected six times each (n = 6) in three consec-
utive days (n = 18). As reported in Table S3 in the ESM, RSD
values for the intra- and inter-day precision of the peak areas
were in the range 0.65-9.69 and 1.00-11.47 %, respectively.

As it is well known, the calibration of the standards in pure
solvent could give biased results by suppressing or by increas-
ing the chromatographic signal [47]. In this regard, concerning
the performance of analytical methods, the European guide-
lines recommend the use of matrix-matched calibration
(http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
CELEX:32002D0657). This study was tackled evaluating the
matrix effect percentage, estimated as the difference between
the slope value of the matrix-match calibration curve and the
pure solvent one [48]. Under optimal experimental conditions,
calibration standard mixtures of the 13 analytes were prepared
in pure solvent and in the matrix extract (whole cow milk
extract). Each calibration curve comprised five concentration
levels, within the range of 25-1000 pg/L, and each level was
injected in triplicate.

In general, an increase in the slope of the matrix-matched
calibration curve was observed with respect to the calibration
in pure solvent. The relative change of the two slopes was
evaluated in a range of 10-60 % with relative standard devi-
ations lower than 15 %. Considering this, a medium/strong
matrix effect was obtained, and for this reason, all experiments
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Table 2 Calibration data of the selected group of estrogenic compounds in spiked real samples before the sample pretreatment HF-LPME and
analyzed by GC-MS/MS. For experimental conditions, see “Material and methods’ section

Analyte Linear dynamic Sample Regression equation (n=7)
range (ug/L)
y=mx+n
mtS, (107 ntS, (10%) R LOD® pemoa LOQ® rmehod
(ngll) (ng/L)
HEX 1.25-50.00 Whole cow milk 29.74£335 3.13x4.14 09918 0.51 1.24
1.25-50.00 Semi-skimmed goat milk 24.82+281 769£923 09937 0.32 1.17
1.25-50.00 Natural yogurt 39.58+6.16 —7.05+17.08 09921 043 121
1.25-50.00 Whole cow milk 363034 =2.67+£9.62 0.9943 033 1.10
DS 1.25-50.00 Semi-skimmed goat milk 291+029 1.92+8.15 0.9966 0.24 0.79
1.25-50.00 Natural yogurt 618067 —6.07 +18.68 09939 0.28 0.72
1.25-50.00 Whole cow milk 14.15+1.32 =19.71 £37.08 0.9944 0.17 0.54
170-E, 1.25-50.00 Semi-skimmed goat milk 13.66+1.27 =1931£35.62 0.9944 0.10 035
1.25-50.00 Natural yogurt 12.25+0.80 —872+2235 09978 0.18 0.66
1.25-50.00 Whole cow milk 29.09+221 —38.84£62.12 09963 0.06 0.16
E; 1.25-50.00 Semi-skimmed goat milk 28.64+333 -2124+23.74 09913 0.04 0.11
1.25-50.00 Natural yogurt 24.19+1.21 -164+3375 09987 0.07 023
1.25-50.00 Whole cow milk 13.02+098 =12.75+£27.63 0.9963 0.16 052
17B-Ex 1.25-50.00 Semi-skimmed goat milk 12.65+0.95 =12.74£26.70 0.9964 0.17 0.60
1.25-50.00 Natural yogurt 11.57+0.74 —5.89+20.61 09979 0.20 0.56
1.25-50.0 Whole cow milk 241=0.19 —5.06+534 0.9960 036 1.01
EE, 1.25-50.0 Semi-skimmed goat milk 2.89=0.26 —6.56+7.28 0.9948 0.26 0.78
2.50-50.00 Natural yogurt 1.80£0.18 -1.29+3.51 09945 0.64 1.75
1.25-50.00 Whole cow milk 971095 —20.49 +26.76 09938 0.11 036
2-MeOE, 1.25-50.00 Semi-skimmed goat milk 10.13+1.10 =17.47+£30.83 0.9925 0.07 021
1.25-50.00 Natural yogurt 722+0.87 —22.05+2429 0.9924 0.14 038
1.25-50.00 Whole cow milk 362037 —9.26+10.34 09933 0.37 124
a-ZAL 1.25-50.00 Semi-skimmed goat milk 367041 -736+11.49 09920 0.29 1.00
2.50-50.00 Natural yogurt 297034 =2.69+944 09932 0.69 1.68
2.50-50.00 Whole cow milk 380036 =1051£12.01 09943 0.39 1.33
b-ZAL 1.25-50.00 Semi-skimmed goat milk 348034 -7.58+9.58 09938 031 1.12
2.50-50.00 Natural yogurt 2.65x029 -3.05+823 0.9936 0.80 2.02
10.00-50.00 Whole cow milk 0.12+0.01 0274032 0.9946 255 6.11
ZEN 5.00-50.00 Semi-skimmed goat milk 0.14+0.01 —0.40+048 09939 1.58 4.86
10.00-50.00 Natural yogurt 0.10+0.01 =0.10£0.36 0.9920 3.73 981
10.00-50.00 Whole cow milk 024+0.02 —0.48+0.63 09945 2.16 543
o-ZEL 5.00-50.00 Semi-skimmed goat milk 026+0.03 —0.69+0.81 09920 1.70 4.64
10.00-50.00 Natural yogurt 0.22+0.02 —025+048 09967 2.62 843
1.25-50.00 Whole cow milk 237x0.19 =3.65+536 0.9958 0.32 0.73
Es 1.25-50.00 Semi-skimmed goat milk 2224025 —3.40+6.89 09922 0.18 0.59
1.25-50.00 Natural yogurt 1.78+0.11 =1.91£2.99 0.9981 0.38 1.07
1.25-50.00 Whole cow milk 1.32+0.11 =2.00+3.12 0.9954 0.34 0.96
B-ZEL 1.25-50.00 Semi-skimmed goat milk 141=0.14 —3.15+3.93 09937 0.24 091
2.50-50.00 Natural yogurt 1.03=0.12 -125+333 0.9930 0.80 218

m slope, Sm standard deviation of the slope, n intercept, Sh standard deviation of the intercept, R determination coefficient.; 1= (Student’s ¢ test) = 2.78,

a=0.05

*Calculated as the concentration associated to a S/N ratio of 3
® Calculated as the concentration associated to a $/N ratio of 10
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Table 3 Results of the precision

and accuracy study of the HF- Peak  Analyte Sample Spiked level ~ Found® Accuracy (%) °
LPME GC-MS/MS method for (ug/L) (ug/L) (RSD)
the selected compounds in milk
and yogurt 1 HEX Whole cow milk 10 9.44+2.51 94 (18) 1.60
20 18.16£4.04 91 (15) 0.70
Semi-skimmed goat milk 10 10.76 £3.31 108 (18) 2.69
20 2138472 107 (15) 0.63
Whole natural yogurt 10 939+297 94 (14) 031
20 1923+4.82 96 (15) 0.75
2 DS Whole cow milk 10 10,67 +2.46 107(17) 0.82
20 23.40+3.54 117 (19) 098
Semi-skimmed goat milk 10 11.36+2.52 114 (16) 170
20 21.73+3.81 109 (14) 1.08
Whole natural yogurt 10 RR87T+2.62 89 (17) 0.67
20 17.53+3.62  88(13) 202
3 17a-E;, Whole cow milk 10 1099 +2.42 110 (13) 2.66
20 21.31+5.04 107 (14) 027
Semi-skimmed goat milk 10 11.10+3.19 111 (11) 211
20 21.49+421 107 (16) 143
Whole natural yogurt 10 11.84+1.71 118(12) 023
20 2285+4.74 114 (18) 2,09
4 E, Whole cow milk 10 1091 +1.97 109 (15) 1.12
20 1923+4.12 96 (11) 025
Semi-skimmed goat milk 10 11.62+334 116 (18) 1.59
20 22.56+4.92 113 (13) 125
Whole natural yogurt 10 11.23+£1.46 112 (11) 231
20 23.11+5.26 116 (15) 235
5 17p-E; Whole cow milk 10 11.50+1.95 117 (13) 258
20 20.78+3.85 104 (12) 0.15
Semi-skimmed goat milk 10 11.95+2.14 119 (10) 231
20 2339+3.84 117 (18) 1.87
Whole natural yogurt 10 11.70+1.67 117 (16) 242
20 2231 +6.30 112 (12) 1.16
6 EE; Whole cow milk 10 11.48+2.03 115 (14) 207
20 21.54+3.57 108 (16) 0.17
Semi-skimmed goat milk 10 991+1.75 99 (15) 0.06
20 19.10+£3.26 96 (12) 029
Whole natural yogurt 10 926+2.03 93 (16) 059
20 1823+4.62 91 (12) 040
7 2-MeOE, Whole cow milk 10 R.16+2.64 82(17) 268
20 1849474 92(18) 027
Semi-skimmed goat milk 10 11.19+2.13 112 (15) 1.40
20 2240+4.02 112 (17) 140
Whole natural yogurt 10 982+2.83 98 (12) 142
20 1734441 87(13) 2.14
8 B-ZAL Whole cow milk 10 046+2.52 95 (19) 0.58
20 22.84+542 114 (15) 0.14
Semi-skimmed goat milk 10 8.61+£295 86 (17) LIB
20 1632+£3.65  84(13) 1.57
Whole natural yogurt 10 11.02+295 110 (11) 0.88
20 2252+352 113 (16) 0.76

@ Springer



164

7456

Articulos cientificos

G. D’Orazio et al.

Table 3 (continued)

Peak  Analyte Sample Spiked level ~ Found® Accuracy (%)
(ug/L) (ug/L) (RSD)
9 o-ZAL Whole cow milk 10 9.66+2.47 97 (14) 046
20 21.11£525 106 (17) 0.05
Semi-skimmed goat milk 10 10.16+2.58 102 (16) 0.19
20 19.17+£4.63  96(17) 051
Whole natural yogurt 10 1023 +2.16 102 (12) 022
20 2327+4.12 116 (18) 0.89
10 ZEN Whole cow milk 10 9.55+243 95 (19) 0.50
20 17.34£5.05 87 (16) 0.67
Semi-skimmed goat milk 10 1049+1.73 105 (13) 040
20 20.01+2.98 100 (17) 142
Whole natural yogurt 10 8.06+2.85 81 (16) 0.70
20 17.21+5.63 86 (14) 0.60
11 o«-ZEL Whole cow milk 10 11.39+239 114 (13) 0.90
20 21.80+4.87 109 (14) 034
Semi-skimmed goat milk 10 935+1.34 93 (16) 251
20 17.53+4.52  88(18) 0.96
Whole natural yogurt 10 9.16+2.14 92 (12) 0.82
20 19.13+5.52 96 (14) 198
12 E; Whole cow milk 10 11.45+2.07 114 (12) 2.60
20 1927467 96 (17) 0.03
Semi-skimmed goat milk 10 892+ 1.66 89 (13) 0.73
20 16.76 +3.74 84 (16) 1.09
Whole natural yogurt 10 11.53+1.68 115 (16) 1.38
20 17.35+£5.19 87 (14) 125
13 B-ZEL Whole cow milk 10 11.60+2.17 116 (18) 129
20 2241+437 112 (16) 0.12
Semi-skimmed goat milk 10 10.55+2.22 106 (19) 036
20 19.89£4.97 99 (14) 0.04
Whole natural yogurt 10 11.25+322 113 (14) 1.71
20 18.94+4.82 95 (11) 038

# Average value + confidence interval (five determinations, 95 % confidence value)

® tup (Student’s ¢ test) =2.78; a = 0.05

comprised in the validation study were performed using the
matrix-matched calibration.

Once the matrix effect was evaluated, and since the HF-
LMPE extraction is a non-equilibrium method, the calibration
curve of the whole method using the IS was obtained in order to
quantify and then evaluate the precision and accuracy of the
whole method. Therefore, calibration method curves of each
estrogenic compound were established by extracting spiked
samples (including the IS) at seven levels of concentration
(n=7) following the HF-LPME method and derivatizing the
final extract. Each level was in triplicate and injected three times
in the GC system. Results, which are reported in Table 2,
showed a linear response of the MS signal in the tested range,
with determination coefficients (R°) higher than 0.991 in all
cases. Moreover, the sensitivity of the whole method was also

@ Springer

reported in Table 2. In this respect, LODs and LOQs values,
evaluated as the concentration that provided a signal-to-noise
ratio of 3 (S/N=3) and 10 (S/N =10) respectively, were be-
tween 0.06-2.55 and 0.16-6.11 pg/L for whole cow milk,
0.04-1.70 and 0.11-4.86 pg/L for semi-skimmed goat milk
and 0.07-3.73 and 0.23-9.81 pg/L for natural yogurt, respec-
tively. These results are comparable to those obtained with the
use of microextraction techniques by other authors for the anal-
ysis of estrogens in this type of matrices [28, 36-39].

Finally, the precision and accuracy of the method were
evaluated. In this respect, each matrix was spiked with the
13 analytes at two concentration levels and the extraction
was performed in five times (n =5, see Table 3). The concen-
tration calculated from the previous calibration curves
(Table 2) was compared by a Student’s ¢ test, comparing the
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experimental 7 value with the tabulated one forn =5 (t,= 2.78
forn= 5, p=0.05). As it is shown in Table 3, all experimental
t values were lower than #,, with good with accuracy percent-
ages in the range 81-119 % and RSDs lower than 20 % in all
cases.

Accordingly, precisely for being highly repeatable and giv-
ing good relative recovery values with acceptable RSDs, the
method hereby optimized can be effectively employed for the
analysis of these selected estrogenic compounds in the matri-
ces selected. Figure 2 shows the extracted ion chromatogram
of all analytes spiked in whole cow milk after the HF-LPME-
GC-MS/MS. As can be seen, each compound (such as TMS-
O-estrogenic compounds) could be perfectly identified
through two selected MS-transitions (qualification and quan-
tification) in the sample. Analogous chromatograms were ob-
tained for semi-skimmed goat milk and whole cow natural
yogurt.

In the literature, estrogenic compounds have been extracted
from milk and yogurt samples in some occasions, for instance
using HPLC-UV/DAD or fluorescence detection combined
with HF-LPME [35, 36], vortex-assisted HF-LPME (HF-
VA-LPME) [37], carbon nanotube-reinforced HF solid-phase
microextraction (CNTs-HF-SPME) [38] or molecularly
imprinted polymer-coated polypropylene HF tube (MIP-
HFT) [39], obtaining slightly worse sensitivities than in the
presented work. Recently, interesting results have been de-
scribed by Xu et al. [28], who developed a GC-MS method-
ology based on the extraction of hormones, including only 4

Fig.2 TIC, base peak and MS
quantitation transition of spiked
whole cow milk after the HF-
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natural hormones and one exoestrogen (E,, 170-E,, 17B-E,,
E;, and EE,) in milk obtaining LODs and LOQs in the range
0.02-0.06 and 0.07-0.19 ng/mL, respectively, with recovery
values in the range 93.6-104.6 %. However, such methodol-
ogy implied a HF-based stirring extraction bar liquid-liquid
microextraction with similarities with stir bar sorptive extrac-
tion, and thus, results are not comparable.

Moreover, regarding the analysis of RALs, such as the
mycotoxin ZEN and its metabolites, ZAL and ZEL, in milk
and dairy products, a number of methods have been developed
employing conventional SPE and LC-MS [15-21] or GC-MS
[22]. In the latter work, TMS derivatives were separated in
less than 25 min achieving LOQs values of just a few ng/mL
in breast milk.

Finally, and although a micro-extraction technique as
DLLME has been already combined in one occasion with
MEKC-MS for the analysis of estrogens and RALs [36, 40],
the presented article represents the first time that HF-LPME
combined with GC-MS/MS is used for this purpose.

Conclusions

In the present work, a GC-MS/MS method was applied to the
separation of 13 estrogenic compounds previously trans-
formed into volatile TMS derivative by means of N,O-
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aration of all studied compounds, including their isomeric
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forms, was accomplished in less than 20 min obtaining good
day-to-day precision.

After an appropriate deproteinization of cow and goat milk
and natural yogurt, a HF-LPME procedure was applied to
fortified samples and the methodology was validated in
MRM mode as suggested by Commission Decision
2002/657/EC, using a QqQ mass analyzer.

The method was validated obtaining good results with
LOQ values below 10 pg/L and an accuracy and precision
in the range 81-119 % with a RDSs lower than 20 %. The
proposed procedure is simple, selective, repeatable and effec-
tive, as demonstrated by the validation study carried out.

Finally, and to the best of our knowledge, this is the first
time that a HF-LPME procedure is applied to the determina-
tion and quantification of «-ZAL, B-ZAL, «-ZEL, -ZEL
and ZEN. In addition, this is the first time that GC-MS/MS
is combined with HF-LPME for the analysis of 13 estrogenic
compounds in milk/yogurt samples.
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NUEVAS APORTACIONES AL ANALISIS DE ESTROGENOS Y
DERIVADOS MEDIANTE EL USO DE TECNICAS ANALITICAS
MINIATURIZADAS

En esta Tesis Doctoral se han desarrollado metodologias analiticas de bajo impacto
medioambiental que permiten llevar a cabo la extraccion y determinacion de estro-
genos naturales, sintéticos, sus metabolitos mas representativos, asi como micoes-
trogenos en matrices de diferente naturaleza, como el agua, la leche y derivados
lacteos. Para ello, se han utilizado técnicas de extraccion y/o microextraccion tales
como la microextraccion liquido-liquido dispersiva, la microextraccion en fase
liquida con fibra hueca, o la extraccion en fase solida con polimeros de impronta
molecular. Estos procedimientos se han combinado con técnicas analiticas miniatu-
rizadas, como la cromatografia electrocinética micelar, la nano-cromatografia liqui-
day la electrocromatografia capilar, asi como con la cromatografia de gases, acopla-
das a la espectrometria de masas.

NEW CONTRIBUTIONS TO THE ANALYSIS OF
ESTROGENS AND THEIR DERIVATIVES USING
MINIATURIZED ANALYTICAL TECHNIQUES

In this PhD Thesis, different analytical methodologies with low environmental
impact have been developed, allowing the extraction and determination of natural
and synthetic estrogens, their most representative metabolites and mycoestrogens in
matrices of different nature, such as water, milk and dairy products. For this purpose,
extraction and microextraction techniques such as dispersive liquid-liquid microex-
traction, hollow-fiber liquid-phase microextraction or solid phase extraction with
molecularly imprinted polymers have been used. These procedures have been com-
bined with miniaturized analytical techniques, such as micellar electrokinetic chro-
matography, nano-liquid chromatography and capillary electrochromatography, as
well as gas chromatography coupled to mass spectrometry.
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