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Prefacio

Esta Tesis se acoge a la modalidad “compendio de publicaciones”,
contemplada en el Reglamento de la Universidad de Valencia de 29/11/2011
(ACGUYV 266/2011). De acuerdo con dicha normativa, la primera parte de la
Tesis incluye un resumen global de la tematica, resultados y conclusiones de
los trabajos compendiados, justificando su tematica y explicando la aportacion
original del doctorando. Seguidamente, se incluye una introduccion general
relacionada con la tematica de la Tesis. A continuacion, se incluyen los
articulos ya publicados, los cuales corresponden en su totalidad a revistas
indexadas. El doctorando ha contribuido sustancialmente en todas las etapas
de desarrollo de todos los articulos, desde la elaboracion de la idea, busqueda
bibliografica, realizacién experimental, analisis e interpretacion de los datos,
redaccion y preparacion del manuscrito, y seguimiento y correccion final del
mismo de acuerdo con las recomendaciones de los evaluadores. Todos los
articulos han sido escritos por Oscar Mompé Roselld, con correcciones y

revision final por parte de los supervisores de esta Tesis.
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Resumen

En esta seccion, de acuerdo con la normativa sobre depdsito, evaluacion y
defensa de la Tesis Doctoral de la Universidad de Valencia aprobada por
Consejo de Gobierno el 29 de noviembre de 2011 y con ultima modificacion
el 31 de octubre de 2017, se presenta un resumen global de la tematica, de los

principales resultados y de las conclusiones del trabajo.
Objetivos

La presente Tesis Doctoral contempla dos grandes lineas de actuacion
enmarcadas a su vez dentro de las lineas de investigacion del grupo de
investigacion ~ Cromatografia  Liquida,  Electroforesis  Capilar vy
Espectrometria de Masas (CLECEM). La primera de ellas consiste en la
sintesis, caracterizacion y modificacion de materiales porosos para su uso
como sorbentes en técnicas miniaturizadas de extraccion en fase sélida (Solid-
Phase Extraction, SPE) de analitos de interés biologico y medioambiental
(farmacos, péptidos, proteinas, y contaminantes) utilizdndose para ello
diferentes formatos o soportes de extraccion de uso comun en el laboratorio
quimico tales como jeringas, columnas de centrifuga, etc. con diversos
materiales hibridos desarrollados a este respecto (Objetivo i). La segunda
linea de actuacion consiste en la puesta a punto de metodologias sencillas y
fiables en técnicas de separacion miniaturizadas como la electrocromatografia
capilar (Capillary Electrochromatography, CEC) empleandose para ello
monolitos poliméricos como fases estacionarias capaces de ofrecer altas
eficacias en la separacion cromatografica de solutos pequenos de diferentes

polaridades y naturaleza quimica (Objetivo ii).

Asi pues, para la consecucion de los objetivos planteados en la presente
memoria se ha considerado la experiencia previa del grupo de investigacion
en el disefio, sintesis y desarrollo de materiales poliméricos y su aplicacion en

el campo del tratamiento de muestra y de separacion miniaturizadas.

De entre todas las etapas de un analisis quimico, la etapa de tratamiento de

muestras tanto de muestras bioldgicas como medioambientales constituye una
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tarea complicada, debido al amplio espectro de interferentes que se pueden
presentar en dichas matrices. Por lo que, el aislamiento, separacion y
preconcentracion de los analitos de interés (farmacos, péptidos, proteinas y
contaminantes) pueden verse comprometidas por las posibles interacciones de
¢stos con la matriz de la muestra dificultando asi su extraccion y posterior
analisis. En este sentido, los métodos de extraccion miniaturizados
desarrollados en esta memoria (Objetivo i) suponen una interesante y
prometedora alternativa al empleo de las metodologias tradicionales de
extraccion disponibles, las cuales suelen ser tediosas, poco selectivas y de
dudosa sostenibilidad medioambiental. El resultado de este primer objetivo se
traduce en el desarrollo de dispositivos miniaturizados para SPE eficaces con
prestaciones mejoradas (selectividad, coste o reutilizacion, entre otros) y en
consonancia con los principios de la Quimica Verde, que los hacen
enormemente atractivos para ser empleados en laboratorios analiticos de
rutina. Por otro lado, la metodologia desarrollada en el Objetivo i),
relacionada con el empleo de una técnica de separacion miniaturizada,
presenta un gran interés debido a los buenos resultados que se han obtenido
con el uso de monolitos poliméricos como fases estacionarias en nuestro
grupo de investigacion en la separacion de moléculas pequeiias, tratdindose de
alcanzar mejores prestaciones (eficacia y tiempo de andlisis) en el ambito
(electro)cromatografico. Asimismo, el procedimiento desarrollado es sencillo,
sostenible, y de bajo coste, lo cual podria permitir abordar el analisis de este
tipo de solutos de una forma competitiva frente a técnicas cromatograficas

mas convencionales.

Estructura

La presente memoria de Tesis Doctoral se divide en tres grandes bloques.
El primer bloque consta de una breve introduccion, donde se muestra en el
Capitulo 1, una vision general del fundamento de la SPE y los posibles
formatos miniaturizados de €sta, asi como los tipos de sorbentes disponibles,

centrandose en la descripcion de aquellos que han sido empleados en esta
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Tesis: los materiales porosos, incluyéndose por un lado, los materiales
monoliticos de naturaleza orgénica sin modificar como modificados con
nanoparticulas de oro (gold nanoparticles, AuNPs), derivados de acido
borénico y liquidos i6nicos (ionic liquids, ILs), y por el otro, las redes metalo-
organicas (metal-organic frameworks, MOFs). Ambos tipos de materiales
porosos han supuesto en los ultimos afios un avance significativo en el
desarrollo de nuevas estrategias competitivas y prometedoras en el ambito del
tratamiento de muestra. A continuacion, en el Capitulo 2 se abordan las
técnicas de electroseparacion  miniaturizadas, centrandose en la
electrocromatografia capilar (capillary electrochromatography, CEC),
describiendo brevemente su fundamento tedrico y la instrumentacion
necesaria para llevarla a cabo. Ademads, se recogen las fases monoliticas
comunmente empleadas en CEC, asi como las posibles estrategias que se
pueden llevar a cabo para mejorar sus prestaciones, entre las que se
encuentran modificaciones en la mezcla de polimerizacion y condiciones de
reaccion, el empleo del hiper-entrecruzamiento y la incorporacion de
nanomateriales. Estas estrategias han resultado esenciales de cara a poder
desarrollar de manera relativamente sencilla la manipulacion de las
propiedades cromatograficas (eficacia, retencion, selectividad) de las fases

estacionarias y su adaptacion a la separacion de los analitos de interés.

Por su parte, el segundo bloque de la presente Tesis engloba los Capitulos
3-6, en los cuales se muestra la puesta a punto de diferentes sorbentes para su
uso en SPE en diferentes formatos de extraccion competitivos y sostenibles.
Los materiales desarrollados se basan en materiales porosos de diferente
naturaleza, como los monolitos poliméricos de metacrilato de glicidilo
(glycidyl methacrylate, GMA), los cuales fueron posteriormente modificados
quimicamente con AuNPs e ILs. También, se describe el uso de otros
materiales porosos como los MOFs para su posterior aplicacion como
sorbentes de extraccion. A lo largo de estos capitulos se desarrollaran

dispositivos extractivos en diversos soportes de uso comun en el laboratorio
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incluyéndose desde los cartuchos y jeringas convencionales de 1 mL, hasta
minicolumnas de centrifuga. A su vez, los materiales desarrollados se han
aplicado a diferentes familias de compuestos (B-bloqueantes, péptidos,
glicoproteinas y benzomercaptanos) presentes en muestras de naturaleza

bioldgica (orina, saliva y suero) y medioambiental (aguas y suelos).

El tercer bloque engloba el Capitulo 7, el cual se centra en el desarrollo de
un método cromatografico miniaturizado, en concreto de CEC, para la
separacion de moléculas pequefias de diferente polaridad (alquilbencenos,
sulfonamidas y compuestos organofosforados), empleando una fase

estacionaria monolitica polimérica hiper-entrecruzada.

Resultados y conclusiones

En este apartado, se describen los principales resultados obtenidos y las
conclusiones derivadas de cada uno de los trabajos incluidos en la Tesis
Doctoral. Los trabajos han sido divididos en dos grandes grupos (A y B),
correspondientes a los bloques I1 y III de la presente memoria, donde se indica
de forma desglosada por capitulos (cada capitulo corresponde a una
publicacion), la metodologia adoptada en cada uno de ellos para alcanzar los
objetivos planteados, asi como los resultados y conclusiones mas relevantes

obtenidos de los mismos.

A. Evaluacion del potencial de nuevos materiales porosos en

técnicas de microextraccion

A.l. Disefio y aplicacion de soportes poliméricos modificados con diversos

nanomateriales o ligandos selectivos

En estos trabajos (Capitulos 3-5 de la memoria) se desarrollaron y
evaluaron diferentes materiales monoliticos porosos como sorbentes de SPE

para el aislamiento de diferentes analitos (farmacos, péptidos y
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glicoproteinas). En concreto, los materiales seleccionados incluyen un
monolito polimérico de GMA modificado con AuNPs (Capitulo 3), un
monolito de GMA funcionalizado con un derivado del 4cido borénico y
posteriormente con AuNPs (Capitulo 4), y por Gltimo un monolito de GMA

funcionalizado con un IL de tipo alquilpiridinio (Capitulo 5).

En el primer estudio que abre el bloque II (Capitulo 3) se llevo a cabo la
sintesis de materiales poliméricos de GMA modificados con AuNPs y se
evalud su aplicacion como sorbentes de SPE en formato jeringa para el
aislamiento del polipéptido glutation (GSH) en fluidos biologicos. Para ello,
en primer lugar se prepararon sorbentes a partir de monolitos genéricos de
GMA modificados con tres ligandos diferentes (amoniaco, cisteamina y
cistamina) con el fin de dotar la superficie del sorbente de grupos amino
(amoniaco) y grupos tiol (cisteamina y cistamina), para poder asi modificar
posteriormente la superficie de dicho sorbente con AuNPs. Para llevar a cabo
la sintesis de los diferentes materiales poliméricos en el interior de jeringas,
las paredes interiores de éstas fueron previamente vinilizadas para permitir el
anclaje covalente de la fase monolitica, y asi evitar su desprendimiento
durante las operaciones de carga de muestra, lavado y elucion. El tratamiento
de la superficie interior de la jeringa se llevo a cabo en dos etapas. En primer
lugar, se realiza una reaccién de vinilizacion del polipropileno de la jeringa
para facilitar el posterior anclaje del monolito, seguido de una polimerizacion
in-situ de la fase monolitica en la jeringa mediante radiacion UV. El resultado
es un monolito hibrido unido covalentemente a la superficie interior de la
jeringa, pero que presenta a su vez la suficiente estabilidad y permeabilidad
para facilitar el proceso de extraccion. Una vez realizada la modificacion de la
pared de la jeringa y generado el monolito de GMA, este polimero base
conteniendo grupos epoxido en su superficie se funcionaliza con los ligandos
anteriormente mencionados y posteriormente con AuNPs, Los materiales
resultantes fueron caracterizados mediante técnicas tales como SEM (para

evaluar la morfologia) y microandlisis (para confirmar la presencia de Au). De
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los tres materiales preparados, el material funcionalizado con cistamina fue el
que proporciond el mayor contenido de Au (entre 22 y 29%), y por ello se
selecciono este material para los estudios posteriores. Esto puede ser debido a
que la cistamina produce mayor nimero de grupos reactivos (en este caso,
tiol) sobre los cuales se puede depositar o inmovilizar mayor cantidad de
AuNPs. Para demostrar la aplicabilidad del sorbente desarrollado, se
seleccion6 como analito diana, el GSH. Este compuesto es un tripéptido de
vital importancia a nivel biologico que se produce dentro de los organismos y
desempena la funcion de antioxidante. Ademads, puede ser un marcador de
algunas enfermedades como artritis reumatoide, distrofias musculares o
Alzheimer. Por ello, su extraccion de matrices complejas tales como fluidos

biologicos y su posterior determinacion resulta de enorme interés.

Con respecto al procedimiento SPE, se optimiz6 el pH de la muestra y la
composicion de la fase eluyente. Se obtuvieron las mejores condiciones de
extraccion ajustando la muestra a un pH final de 6, y usdndose como eluyente
una disolucién de ditiotreitol (DTT) de una concentracion de 500 mM. Si bien
se ensayaron otros reactivos para producir la desorcion del GSH del material
hibrido disefiado, el DTT proporciond rendimientos elevados asi como no
produjo interferencia, tras la reaccion de derivatizacion oportuna con o-
ftalaldehido, con el pico cromatografico del analito. A continuacion, se
obtuvieron los parametros de calidad del dispositivo, obteniéndose un
satisfactorio volumen de ruptura (1,5 mL), una buena capacidad de carga
(2,93 mg de GSH por g de sorbente polimérico modificado), y una adecuada
reutilizacion del sorbente (hasta 15 ciclos de carga y desorcion sin obtener

pérdidas significativas en las recuperaciones del analito).

Tras llevar a cabo la optimizacion de las diferentes etapas del proceso de
extraccion, se analizaron muestras reales de saliva, lograndose valores de
recuperacion comprendidos entre 86 y 105%, y un LOD muy bajo (1,5 ng mL-
1. Estos resultados pusieron de manifiesto la buena efectividad del sorbente

sintetizado tanto en el proceso de “clean-up” de la muestra como en la
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preconcentracion del GSH. El mecanismo de retencion de este analito en el
sorbente disefiado radica principalmente en la elevada afinidad que existe
entre el grupo tiol presente en la molécula de GSH y las AuNPs que se
encuentran localizadas en la superficie del monolito durante la etapa de

extraccion.

En comparacion con otros métodos actuales que emplean nanomateriales
para la preconcentraciéon de GSH en diferentes muestras, la metodologia aqui
desarrollada resultdé ser mds simple y econOmica, gracias a la buena
reutilizacion del material. Asi pues, la metodologia propuesta representa una
alternativa alentadora para la extraccion de compuestos relevantes que
contengan grupos tiol en su estructura presentes en diferentes muestras

bioldgicas.

En lo referente a los materiales monoliticos funcionalizados con grupos
boronato (Capitulo 4), se sintetizaron dos materiales a partir de un monolito
genérico de GMA en jeringas para su posterior uso como sorbentes en la
extraccion de glicopéptidos derivados de una proteina estandar, la proteina del
rabano picante (Horseradish peroxidase, HRP), y las glicoproteinas presentes
en suero humano. Para ello, se selecciond el polimercaptopropilmetilsilosano
(PMPMS) como politiol para reaccionar con los grupos epoxi presentes en la
molécula de GMA, para posteriormente introducir el acido vinil fenil
borénico (vinyl phenyl boronic acid, VPBA) mediante una reaccion de
quimica click (reaccion de acoplamiento tiol-alqueno). En concreto, en el
primero de los materiales sintetizados, se partio del polimero de GMA, el cual
se funcionaliz6 con PMPMS y VPBA de forma sucesiva. El polimero
resultante de esta estrategia se designd como GMA-PMPMS-VPBA. Por su
parte, el segundo material utilizd como polimero base un monolito de GMA
modificado con cistamina (véase capitulo anterior), el cual fue funcionalizado
con AuNPs. Posteriormente, este material hibrido se modifico con PMPMS y
seguidamente con VPBA. El material hibrido obtenido siguiendo esta segunda

estrategia se design6 como GMA-SH@AuNP@PMMPS-VPBA. Se procedio
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a llevar a cabo la caracterizacion de ambos materiales mediante SEM vy
microanalisis. Los resultados de esta caracterizacion morfoldgica condujo a la
presencia de estructuras globulares en ambos materiales (caracteristicas de los
monolitos poliméricos), y ademas se obtuvo un contenido de silicio y boro de
2,48 y 2,78% en el primer material, y de 2,02% y de 3,04, en el segundo
material. También, se determino la cantidad de boro presente en el polimero
total, no Unicamente en la superficie, mediante espectrometria de masas con
plasma acoplado inductivamente (ICP-MS), obteniéndose 0,10 y 0,45% en
peso para el monolito GMA-PMPMS-VPBA y GMA-SH@AuNP@PMMPS-
VPBA, respectivamente. Estos datos demuestran que los grupos boronato se
anclaron de forma satisfactoria sobre la superficie del monolito. No obstante,
la presencia de VPBA en el material resultante se confirmé/corrobord
mediante las bandas de absorcion en el infrarrojo caracteristicas del derivado
de acido bordnico. La alta cantidad de boro inmovilizado en el segundo
material puede ser atribuido al mayor nimero de AuNPs disponible en este
material, causado por el alto grado de recubrimiento que ofrece el ligando
PMPMS, obteniéndose asi un mayor niimero de sitios activos disponibles de

NPs para una mayor inmovilizacion del VPBA.

En lo que respecta al protocolo SPE, los materiales preparados se
emplearon como sorbentes SPE para el aislamiento de glicopéptidos tras la
digestion de la proteina HRP. El material GMA-SH@AuNP@PMMPS-
VPBA fue el que mostrd una mayor eficacia extractiva de los glicopéptidos,
lo cual puede ser atribuido a la mayor cantidad de grupos boronato presente
en su estructura del polimero, tal y como se ha comentado anteriormente.
Ademads, el material mostrdé una preconcentracion selectiva de glicopéptidos
(24 glicopéptidos de un total de 27), una elevada capacidad de adsorcion (25
mg g), alta sensibilidad (0.5 fmol/uL) y selectividad, asi como una buena
reproducibilidad y reutilizacion (hasta 10 ciclos sin pérdidas apreciables en
los valores de recuperacion). También, se evaluo las prestaciones del material

GMA-SH@AuUNP@PMMPS-VPBA a la preconcentracion de glicopéptidos
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en una muestra de suero humana. El empleo de este material junto con el
protocolo de extraccion Optimo y con el andlisis mediante nano-LC-MS/MS
permitio obtener la identificacion de un total de 85 péptidos N-glicosilados
derivados de 42 proteinas N-glicosiladas sin necesidad de eliminar ninguna
proteina abundante. La capacidad de preconcentrar e identificar péptidos del
sorbente monolitico desarrollado en este trabajo fue ligeramente superior a
otros monolitos de tipo hidrofilico descritos en bibliografia. Sin embargo, el
rendimiento en la identificacion de péptidos resultante fue menor que el
obtenido utilizando monolitos hibridos con AuNPs inmovilizados y

modificados con cisteina.

Los buenos resultados obtenidos en este trabajo hacen que la metodologia
propuesta represente una alternativa sencilla para el aislamiento y

preconcentracion de glicopéptidos en matrices biologicas complejas.

En este trabajo (Capitulo 5) se prepararon sorbentes monoliticos
funcionalizados con IL de tipo imidazolio (cloruro de 1-alil-3-
metilimidazolio, [AMIM] [CI]) en columnas de microcentrifuga para su
posterior aplicacion en la extraccion de B-bloqueantes en muestras de orina
humana. Estos analitos generalmente se emplean en el tratamiento de algunas
enfermedades cardiacas, y actuan relajando los musculos cardiacos y
disminuyendo la frecuencia cardiaca. Por ello, se emplean de forma
fraudulenta en algunos deportes siendo necesario llevar a cabo un control
estricto de estas sustancias en muestras biologicas. Con el fin de desarrollar
un sorbente capaz de extraer dichos analitos de muestras complejas, en primer
lugar, se optimizd la relacion mondmeros/porogenos, proporcionando la ratio
60/40% (p/p) los mejores resultados en cuanto a estabilidad mecénica y
resistencia durante la etapa de centrifugado. En segundo lugar, se llevo a cabo
la incorporacion del IL al monolito mediante su generacion in situ sobre la
superficie del monolito base (GMA). Esta estrategia dio lugar a sorbentes
monoliticos fragiles los cuales se rompian durante la etapa de centrifugacion.

Por ello, se abordo una estrategia alternativa para llevar a cabo la introduccion
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del IL en el monolito que consistia en incorporar el IL a la mezcla de
polimerizacion. El material resultante mostrd una buena resistencia mecanica
y unas propiedades de permeabilidad y porosidad apropiadas. Asi pues, se
selecciono este segundo polimero como sorbente y se optimizo el protocolo
SPE en términos de contenido de [AMIM] [Cl], el pH de carga de la muestra
y la composicion del eluyente con el fin de obtener el mayor rendimiento de

extraccion posible.

Asi pues, la presencia de [AMIM] [Cl] en el sorbente polimérico resultante
causé una mayor retencion de los B-bloqueantes (en comparacion con el
polimero base de GMA) debido a interacciones electrostaticas, enlaces por
puente de hidrogeno, interacciones m-m, y fuerzas hidrofobicas. Bajo las
condiciones Optimas del procedimiento SPE, el sorbente desarrollado mostro
altas recuperaciones (> 90 %), LODs entre 1,4 y 40 pg L', una capacidad de
carga de 2.5 ug por mg sorbente y una reutilizacion de hasta 20 ciclos sin

apreciar pérdidas de analitos significativas.

El método desarrollado se aplico a la extraccion del B-bloqueante
propranolol en muestras de orina humana, observandose una limpieza efectiva

(clean up) de la muestra, pudiéndose determinar de forma satisfactoria.

Por ultimo, cabe destacar que, el método de tratamiento de muestra
propuesto no solo implica una reduccion en la cantidad de reactivos necesaria,
sino que, debido a la simplicidad asociada al manejo del material requerido,
permite el procesamiento de un mayor numero de muestras respecto a

métodos de SPE tradicionales.
Los resultados de estos trabajos se encuentran publicados en:

O. Momp6-Roselld, M. Vergara-Barberan, E.F. Simo-Alfonso, J.M.

Herrero-Martinez, In syringe hybrid monoliths modified with gold
nanoparticles for selective extraction of glutathione in biological fluids prior

to its determination by HPLC, Talanta 209 (2020) 120566.
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0. Momp6-Roselld, M. Vergara-Barberan, M.J. Lerma-Garcia, E.F. Simo-

Alfonso, J.M. Herrero-Martinez, Boronate affinity sorbents based on thiol-
functionalized polysiloxane-polymethacrylate composite materials in syringe
format for selective extraction of glycopeptides, Microchem. J. 164 (2021)
106018.

0. Momp6-Roselld, A. Ribera-Castelld, E.F. Simé-Alfonso, M.J. Ruiz-
Angel, M.C. Garcia-Alvarez-Coque, J.M. Herrero-Martinez, Extraction of f-

blockers from urine with a polymeric monolith modified with 1-allyl-3-
methylimidazolium chloride in spin column format, Talanta 214 (2020)

120860.

A.2. Disefio y aplicacion de sorbentes basados en redes metalo-organicas
(MOF)

En este trabajo (Capitulo 6) se sintetizaron y caracterizaron nanocristales
de MOF con topologia zeolitica, empledndose grupos imidazolato como
ligandos organicos (Zeolite imidazolate frameworks, ZIFs). En concreto, el
MOF sintetizado fue el ZIF-8, el cual se modifico con grupos amino
empledndose como moduladores aminas orgédnicas (concretamente, la n-
butilamina, BA). El MOF resultante se evalué como sorbente en SPE para la

extraccion de benzomercaptanos en muestras de agua y suelo.

En primer lugar, se estudio la influencia de la cantidad del modulador BA
(en la mezcla de sintesis) sobre el tamafio de los cristales resultantes ademas
de la capacidad de retencion del MOF. La caracterizacion morfologica del
material sintetizado por SEM mostré la estructura poliédrica caracteristica de
los nanocristales ZIF-8. Ademads, se determind el tamafio de particula
mediante microscopia de transmision electronica (Transmission electron
microscopy, TEM), situandose entre 47 y 89 nm. Asimismo, se aprecid que un
incremento del contenido de BA se tradujo en un aumento del tamafio de
particula. También, la presencia de grupos amino (proporcionados por la

molécula BA) en los materiales obtenidos se confirmé mediante
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microanadlisis. Ademds, se determind el area superficial de todos los
materiales sintetizados mediante las isotermas de adsorcion-desorcién de
nitrogeno, obteniéndose en todos los casos valores superiores a 1000 m? g
Todos los materiales sintetizados se testaron como sorbentes en SPE, y se
obtuvieron los mejores resultados con ZIF-8 que contenia 10 mmol de BA

como modulador.

Ademads, se investigaron varios pardmetros experimentales del protocolo
SPE que influyen en el rendimiento de extraccion (pH de la muestra,
composicién y volumen del disolvente de elucion o reutilizacion). Para llevar
a cabo este estudio, se utilizaron 20 mg del material seleccionado y se
colocaron en un cartucho convencional de 1 mL. Para poner de manifiesto la
aplicabilidad del material fabricado como sorbente, se seleccion6 una mezcla
de benzomercaptanos como disolucidn test. Como resultado de este estudio,
se establecid que el pH de la muestra no era un factor que implicara cambios
significativos en la retencion, mientras que la composicion del eluyente si
afectaba a la retencion de los solutos. En concreto, los mejores rendimientos
de extraccion (97-108%) se obtuvieron con un eluyente compuesto por 0,5 M
NaOH en 50/50 % (v/v) MeOH/H,0, y un volumen de 250 pL. Ademas, cabe
destacar que el método propuesto permitid alcanzar factores de
preconcentracion de 100, obteniéndose LODs comprendidos entre 1,6 y 2 pg
L. Por ultimo, se aplicd la metodologia desarrollada a la extraccion de los
benzomercaptanos en muestras de agua y suelos, alcanzandose unos

rendimientos comprendidos entre 74 y 117%.

Este trabajo representa el primer estudio sobre la influencia del contenido
de modulador en la morfologia del sorbente, asi como en el rendimiento de
extraccion de contaminantes organicos. La satisfactoria aplicacion del
material a la extraccion de benzomercaptanos abre la puerta, sin duda, a su
extension a otro tipo de contaminantes como otras posibles aplicaciones de

interés industrial.

Los resultados de estos trabajos se encuentran publicados en:
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H. Martinez-Pérez-Cejuela, 0. Mompo-Roselld, N. Crespi-Sanchez, C.P.
Cabello, M. Catala-Icardo, E.F. Simo-Alfonso, J.M. Herrero-Martinez,

Determination of benzomercaptans in environmental complex samples by
combining zeolitic imidazolate framework-8-based solid-phase extraction and
high-performance liquid chromatography with UV detection, J. Chromatogr.
A 1631 (2020) 461580.

B. Aplicacion de materiales monoliticos en técnicas

cromatograficas miniaturizadas

En el trabajo descrito en el Capitulo 7 se sintetizaron y caracterizaron una
serie de columnas monoliticas basadas en polietilenglicol diacrilato (PEGDA)
para la separacion de moléculas pequenas de diferentes polaridades mediante
la técnica CEC. En este caso, el empleo de mondémeros de PEGDA de
diferentes longitudes de cadena del grupo alquilo permitié modificar la
hidrofobicidad de la fase estacionaria resultante, asi como también una
manipulacion en las eficacias de separacion obtenidas. En primer lugar, se
optimiz6 la composicion de las mezclas de polimerizacion (concentracion y
longitud de cadena del PEGDA, concentracion de pordgenos y temperatura de
polimerizacién). Se caracterizaron morfologicamente las fases monoliticas
mediante SEM, y se evaluo la eficacia de separacion cromatografica de las
columnas sintetizadas empleando una mezcla de alquilbencenos como soluto
test, obteniéndose valores cercanos a 76.000 platos m' con una mezcla

compuesta por el monomero de PEGDA 700.

Posteriormente, se demostro la viabilidad de esa misma fase estacionaria
en la separacion mediante CEC de pequefios solutos polares de naturaleza
diferente como son los compuestos organofosforados, derivados del acido
benzoico y sulfonamidas, que se emplearon como soluto test en este trabajo.
Cabe destacar la elevada eficacia cromatografica que se obtuvo en la
separacion de sulfonamidas, en concreto 144.000 platos m™'. Ademas, las
columnas sintetizadas exhibieron excelentes reproducibilidades con valores de

coeficiente de variacion por debajo del 2,5 %, lo que confirma los beneficios
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de utilizar el monémero de PEGDA en las mezclas de polimerizacién debido

al alto grado de entrecruzamiento que genera.

Asimismo, cabe destacar que el empleo de PEGDA como tnico mondémero
en la mezcla de polimerizacion, sin la necesidad de recurrir a ningiin otro
agente entrelazante, facilita la preparacion y la optimizacion de las diferentes
variables que afectan a las propiedades morfologicas y cromatograficas del

monolito resultante.

Los resultados de este trabajo se encuentran publicados en la siguiente

referencia:

M. Vergara-Barberan, 0. Momp6-Roselld, J.M. Herrero-Martinez, E.F.

Simo-Alfonso, Poly (ethylene glycol) diacrylate based monolithic capillary
columns for the analysis of polar small solutes by capillary

electrochromatography, J. Sep. Sci. 41(12) (2018) 2632-2639.



INDICE

Bloque L. INtroducCion .......cuceeeeeeeicneicsueissnncssencssencssencssessssessssnsssssessssssssssans 1

Capitulo 1. Sorbentes empleados en técnicas miniaturizadas de

extraccion en fase SOlda .......coeeveineinensensensensensnensnenseensnensnecseesseessecsseenn 3
1.1. La extraccion en fase sOlida.........cooeeviiiiiiiiiiiiiiiiieeiceceeecee 5
1.2. Materiales particuladosS.........ccocueeeriiiieeiiiieeeiee et 11
1.3, Materiales POTOSOS ....ccuvvieeerieeriieeeiieeeeieeeeieeeereeesreeeereeesereeeeseeeenes 12
1.4, RETETENCIAS ..ottt 29

separacion MIiNIAtUriZAdAS.......coveiecvverisirnrinssnnicssnnicssnrosssssesssssessssssssssssesens 43
2.1. Técnicas de (electro)separacion miniaturizadas. Generalidades ......... 45
2.2. Electrocromatografia capilar (CEC) ........ccccceeviiiiiiniieieeieeieeeeeeee, 47

2.3. Fases estacionarias monoliticas en técnicas de separacion

ININIATUTIZAAAS .o e e e e e e e e e e e e e 52
24 RETETEICIAS oot eeee e e e e e e e eeenaas 63

Bloque II. Evaluacion del potencial de nuevos materiales porosos en

técnicas de (IMICro)eXtraCCiOn . ...ueeiccersrreeiccssssnriessssssnseesssssnssessssssssssssssanssssss 73

Capitulo 3. In syringe hybrid monoliths modified with gold nanoparticles

for selective extraction of glutathione in biological fluids prior to its

determination by HPLC .........ciiiiiicniniisisnnicssnnicssnnncsssssssssssscsssssssssssssaes 75
3.1 INtrOdUCHION ...ttt 78
3.2, EXPerimental.........ccccuiieiiiiiiiiieciie et 81
3.3. Results and diSCUSSIONS ......eevueieriiieriiiiiieeiieeiee st 86
3.4, CONCIUSIONS ..oevvvieeiiieeeiieeeieeeeeieeeeteeeeetteeesreeesaaeesnreeessseeeesseeensseaenns 96

3. 5. RETEIEIICES oottt e e e e e e e e e aeae e 97



3.6. Supporting Material..........ccocuiieviiieiiiieiieeeeeee e 102

Capitulo 4. Boronate affinity sorbents based on thiol-functionalized

polysiloxane-polymethacrylate composite materials in syringe format for

selective extraction of glycopeptides.......coeeeevcuricvcunicsisnricssnnicssnnncssnnecnns 105
4.1, INErOAUCTION ..ttt e 108
4.2, EXperimental..........ccccuviiiiiiiiiiie e 112
4.3. Results and diSCUSSION ........eeevieiiieriieiieeiie et 118
4.4, CONCIUSIONS ..onviiiiiiiiiiiieeie ettt 126
4.5, RETEIENCES ..ot 127
4.6. Supporting Material...........ccocveeeiiiieeiiee e 134

Capitulo 5. Extraction of B-blockers from urine with a polymeric

monolith modified with 1-allyl-3-methylimidazolium chloride in spin

COlUMN fOrMAL ...cccvcuneiiiiiiiiiniicitrecnenncnteecsnnecsnneessnstecssnesssssssssssesssssneces 145
5.1 INtrOdUCHION ...t 148
5.2, BXperimental.........cccvviviiiiiiiiieiieecee e 150
5.3. Results and diSCUSSION .......cccuieiiiiiiiiiiieiiieneerie et 154
5.4, CONCIUSIONS ...einiiiiiiiiiieeieeete ettt 166
5.5, RELETENCES ... 167
5.6. Supporting Material..........c.eeovieiiieiieeiieeieeee e 173

Capitulo 6. Determination of benzomercaptans in environmental complex
samples by combining zeolitic imidazolate framework-8-based solid-
phase extraction and high-performance liquid chromatography with UV

(1 1 T o1 0 (1) 1 175
6.1, INEEOAUCTION ... 178

6.2. Experimental SECtION .........cccuvieiiuiiiiiiiieciee e 181



6.3. Results and diISCUSSION ....ueeeeeee e 185

6.4, CONCIUSIONS .ottt e e e e 199
6.5, RETETEINCES ..ot 200
6.6. Supporting Material...........ccceeeeiiieiiiieeciecee e 208

Bloque III. Aplicacion de materiales monoliticos en técnicas

cromatograficas miniaturizadas .......c.eeevvveeicicnnicsinencsssnnicssnnecssnsncssssecsnns 215

Capitulo 7. Poly(ethylene glycol) diacrylate based monolithic capillary

columns for the analysis of polar small solutes by capillary

electrochromatography........cceeccccceicccserccssnicsssnnecssnnicsssnsssssesssssscssssesses 217
7.1 INErOAUCHION ..t 220
7.2. Materials and methods.........coceoiiiiiiiiiiiii e 222
7.3. Results and diSCUSSION .......coeuvieriiiiiiiiiiieiiieniee e 226
7.4, CONCIUSIONS ..ottt ettt ettt e 235
7.5. RELETENCES ...t 236

Bloque IV. Resumen de resultados y conclusiones............cceevceneeecccscnnnne 241

A. Evaluacion del potencial de nuevos materiales porosos en técnicas de

(MNICTO)EXLTACCION ..eenevieeenitieeeiieeeeieeeeeteeeeeteeesbeeesbeeeeteeeeaneeennseeeesaeeenns 243

B. Aplicacion de materiales monoliticos en técnicas cromatograficas

ININTATUTIZAAAS - oottt e e e e e e e e e eaeaaeaes 247






Bloque I. Introduccion






Capitulo 1. Sorbentes empleados en técnicas

miniaturizadas de extraccion en fase solida






Capitulo 1. Sorbentes empleados en técnicas miniaturizadas de SPE

1.1. La extraccion en fase solida

1.1.1. Fundamento

La extraccion en fase solida (Solid-Phase Extraction, SPE) es una técnica
empleada en Quimica Analitica, cominmente utilizada en la preparacion de
muestras. Esta se basa en el uso de un lecho cromatografico para el
aislamiento o extraccion de diferentes analitos o grupos de interés en una
matriz mas o menos compleja (aguas de consumo, muestras bioldgicas, etc.).
La terminologia viene dada por el uso de un soporte sélido con afinidad por
diversos analitos, a través del cual se hace pasar un liquido o gas que contiene
a ¢éstos. Los solutos son, por tanto, aislados de la muestra y eluidos
posteriormente utilizando un disolvente o mezcla de ellos con una afinidad
adecuada por el analito. El proceso de SPE se puede resumir en cinco etapas
(véase Figura 1.1). Inicialmente tiene lugar el acondicionamiento del
sorbente (Figura 1.1A), donde éste se activa mediante el uso de disolventes
apropiados para cada tipo de lecho, por ejemplo, para sorbentes hidrofébicos
suele utilizarse metanol (MeOH) o acetonitrilo (ACN), mientras que para
fases estacionarias hidrofilicos, se emplea hexano o cloruro de metileno.
Posteriormente, tiene lugar la etapa de carga (Figura 1.1B), donde se
introduce la muestra y ésta se hace pasar a través del sorbente, durante este
proceso quedan retenidos los analitos de interés, siendo eliminados la mayoria
de los interferentes. Con el fin de conseguir un proceso de eliminacion de
interferentes completo, se procede a una posterior etapa de lavado de la
muestra (Figura 1.1C), en la cual se hace pasar un disolvente poco afin por
los analitos a través del dispositivo de extraccion, permitiendo asi la
eliminacion de posibles interferentes que hubieran podido quedar retenidos
junto al analito de interés. A continuacion, en la etapa de elucion (Figura
1.1D), se extrae el analito de interés pasando por el sorbente un disolvente
afin a éste. Por regla general, se lleva a cabo una tltima etapa que consiste en
la regeneracion del lecho cromatografico (Figura 1.1E), donde el sorbente se

regenera completamente para poder ser reutilizado en posteriores analisis.
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Cabe sefialar que una correcta seleccion del disolvente de extraccion puede
permitir la posterior inyeccion directa del extracto en sistemas
cromatograficos [1, 2]. Ademas, esta técnica puede permitir la
preconcentracion de los analitos, lo que facilita su posterior deteccion,
disminuyendo considerablemente los limites de deteccion También, se
eliminan posibles efectos asociados a la naturaleza de la muestra (como el
efecto matriz), que puedan afectar a la sensibilidad lo que conduce a una
mejora en la deteccion cromatografica o reducir fendmenos perjudiciales
como la supresion idnica en la deteccion por espectrometria de masas (Mass

Spectrometry, MS).

A. Acondicionamiento B. Carga C. Lavado D. Elucién E. Regeneracion
6 ‘I

o 4

Sorbente —]

A Interferentes 1
® Interferentes 2

= Analito 1
« Residuos de la muestra

Figura 1.1. Representacion esquematica de las etapas tipicas en la SPE.

Por lo tanto, la SPE representa una alternativa real a la clasica extraccion
liquido-liquido (Liquid-Liquid Extraction, LLE) en el tratamiento de
muestras, pues exhibe una serie de claras ventajas sobre ésta. Generalmente,
el poder realizar un disefio de la selectividad del sorbente respecto a los
analitos a estudiar, permite obtener mayores rendimientos de extraccion, asi
como un incremento en la reproducibilidad y precision. Ademas, permite
procesar un nimero elevado de muestras simultdneamente. Finalmente, el
empleo global de menores cantidades de disolventes. cuando se utilizan
formatos de dimensiones reducidas, permite que las metodologias

desarrolladas estén de acorde con los principios de la Quimica verde [3].
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El uso de este tipo de metodologia comenz6 a ser intensamente estudiado
al comienzo de la década de 1970, siendo la primera aplicacion descrita por
Sudben y col. [4], quienes usaron sorbentes basados en silice para el
aislamiento de histidinas presentes en vinos. Desde esa primera publicacion,
las metodologias han ido evolucionado con el estudio de sorbentes mas
selectivos y utilizando una amplia gama de soportes que se adaptan a las

necesidades de cada analisis.

Atendiendo a los modos de aplicacion de esta técnica de tratamiento de
muestras, se puede llevar a cabo en linea (on-line), o fuera de linea (off-line).
En el primer caso, dicha técnica se acopla directa y automdticamente a
instrumento analitico (generalmente un sistema cromatografico), mientras que
en el segundo se requiere de la presencia de un analista para llevar a cabo
todas las etapas de SPE, y posterior andlisis. No obstante, éste ultimo es el
modo mas utilizado debido a su sencillez y menor coste comparado con los
métodos en linea. Existen ciertas limitaciones para realizar las extracciones
on-line como pueden ser la compatibilidad de disolventes utilizados o las
diferencias en cuanto a la tolerancia de caudal soportado por el sistema de

analisis y el de extraccion [5].

En los tltimos afios, el disefio y desarrollo de nuevos materiales dotados de
una serie de prestaciones mejoradas para su uso como sorbentes en SPE ha
despertado un gran interés en el campo del tratamiento de muestra, ya que se
pueden obtener lechos con caracteristicas modificables para maximizar asi la
afinidad por los analitos a estudiar [6]. Como consecuencia, se han mejorado
considerablemente parametros analiticos de la extraccidon, como la capacidad
de carga, el volumen de ruptura, la selectividad/especificidad, o eficacia de
preconcentracion, lo que ha permitido detectar analitos a nivel de trazas en
muestras complejas. Por otro lado, se han desarrollado materiales mas estables
tanto quimica como mecénicamente, de un menor coste en su sintesis y menor

cantidad de residuos generada en su produccion.
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Las fases clésicas utilizadas como sorbente para SPE se componen en su
mayoria por material de silice particulado modificado superficialmente con
cadenas alquilicas parecidas a las usadas para columnas de cromatografia
liquida de alta resolucion. Sin embargo, estas fases estacionarias
convencionales presentan distintos inconvenientes, como su limitada
estabilidad en un intervalo de pH reducido (pH 2-9) y la presencia de grupos
reactivos accesibles en su estructura que pueden dar lugar a una menor

retencion y falta de selectividad.

Con la intencidon de superar estas desventajas, en los Ultimos afos se han
desarrollado materiales porosos con una serie de propiedades mejoradas, tales
como mayor estabilidad, capacidad y dindmica de adsorcion. Entre estos
sorbentes, se encuentran los materiales mesoporosos basados en oOxidos
inorganicos como 6xidos de zirconio, hierro o titanio, los cuales presentan un
area superficial muy elevada, estructuras muy ordenadas y tamafios de poro
controlables durante el proceso de sintesis (2-50 nm) siendo candidatos
perfectos para ser usados como sorbentes en SPE [7]. Més recientemente, se
ha despertado el interés en el uso de materiales poliméricos como sorbentes
dada su elevada porosidad, permeabilidad y la facilidad de poder llevar a cabo
la modificacion quimica de su superficie con el fin de aumentar la selectividad
de los sorbentes por los analitos diana [8] También, en los tltimos afos se ha
descrito el uso de polimeros junto con materiales nanoestructurados como las
NPs metalicas y de 6xidos metalicos, nanoestructuras de carbono (nanotubos /
nanocuernos / nanofibras), entre otros, aportando caracteristicas como una
gran area superficial, morfologias variables para modificar la interaccion
analito-sorbente y modificar su selectividad [9]. Por otro lado, las redes
metalo-orgdnicas también estan siendo una revolucion en el campo del SPE,
pues se trata de materiales altamente porosos con cavidades nanométricas que
proporcionan areas superficiales extremadamente elevadas [10]. Aunque estos
materiales presentan muchas propiedades ventajosas para su uso como

sorbentes en SPE, el principal inconveniente es que poseen una limitada
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selectividad cuando se aplican en muestras complejas. Para solventar esta
limitacion, se han desarrollado materiales altamente selectivos, o incluso
especificos, basados en mecanismos de reconocimiento molecular como los
polimeros de impronta molecular (Molecularly Imprinted Polymers, MIPs),
inmunosorbentes y aptameros. En la Figura 1.2 se muestra los principales

sorbentes utilizados en SPE, algunos de los cuales seran descritos

[ Silice ] [ Resinas ]
poliméricas

N\ /
[ Particulados ]

Sorbentes
MOFs en SPE NPs metslicas
y de oxidos
/ \ metalicos

MIPs Porosos ][ Nanomateriales

|
. Silice Nanofibras Nanoestructuras
Monolitos mesoporosa y nanohilos de carbono

Figura 1.2. Clasificacion de los sorbentes mas utilizados en SPE en funcion

posteriormente.

de su naturaleza estructural.

1.1.2. Formatos de extraccion en fase solida

Actualmente los dispositivos de extraccion en fase solida presentan un
amplio abanico de formatos disponibles: cartuchos, jeringas, discos de
agitacion, imanes, capilares, puntas de pipeta, placas multi-pocillo, etc.,
pudiéndose implementar metodologias semi-automaticas para el procesado de
un gran numero de muestras en poco tiempo. En este sentido, la aplicacion de

los 12 principios de la Quimica verde [3] en los laboratorios ha favorecido la
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blusqueda de nuevos formatos que favorezcan el cumplimiento de estos

requisitos. La miniaturizacion ha sido un elemento clave en la produccion y el

progreso de los nuevos formatos de SPE desde la preparacion del primer

dispositivo SPE en 1951, un cilindro de hierro con 1,5 kg de carbon activado

granular [11]. En la Tabla 1.1 se muestran los formatos mas estudiados en los

ultimos afios junto con las ventajas y desventajas de cada uno de ellos.

Tabla 1.1. Comparacion de formatos usados en SPE.

Formato Ventajas Desventajas
Facil preparacion- Baja secci6n transversal
combinacién de sorbentes Bajo caudal
CartUChOS/J eringas BajO coste Alto volumen muerto
Bajo volumen de Efecto de canalizacion
disolventes Riesgo de obstruccion
Bajo volumen de
disolventes
Caudales elevados
Menor  volumen  de
Discos No presenta efectos de
S ruptura
canalizacion
N Elevado coste
Pequeiio volumen muerto
Elevada area superficial
Bajo tiempo de extraccion
Facilidad de preparacion Necesidad de anclaje
Columnas de Fécil automatizacion entre el sorbente y el
microcentrifuga Bajo tiempo de extraccion soporte
Tratamiento simultaneo de Menor  volumen  de
multiples muestras ruptura

Puntas de pipeta

Preparacion sencilla
Pequefios volumenes de
muestra y disolventes
Fécil automatizacion
Bajo tiempo de extraccion

Riesgo de obstruccion
Alta  generacion de
residuos plésticos
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Tabla 1.1. (Continuacion).

Formato Ventajas Desventajas

Preparacion sencilla

Bajo volumen de disolventes Baja homogeneidad en

Placas multi-pocillo Cagda} clevado : el procesamiento de
Bajo tiempo de extraccion

Flujos réapidos sin efectos de
“canalizacion”

muestras

SPE dispersiva Bajos volumenes de muestra

y disolventes Pérdida de sorbente

Una vez comentados los formatos habitualmente utilizados en SPE para
llevar a cabo el tratamiento de muestra, se comentara en las secciones
siguientes algunos de los materiales usados en SPE en funcién de su

naturaleza estructural anteriormente indicados en la Tabla 1.1.
1.2. Materiales particulados

Se estima que la gran mayoria (>90%) de los sorbentes para SPE que se
fabrican en el mundo utilizan con soporte un gel de silice como material de
partida [12], siendo el resultado un material con un area superficial
comprendida entre 50 y 500 m’g” y un tamafio de particula entre 30 y 60 um
[6,12,13]. Este material contiene grupos silanoles libres en su superficie, los
cuales actuan como centros reactivos responsables de sus propiedades. Asi
pues, estos materiales se pueden enlazar a distintos ligandos modificando su
quimica superficial y su selectividad. De esta manera, se pueden obtener
sorbentes que ofrezcan interacciones hidrofobicas (C8, CI18, fenilo...),
hidrofilicas (diol, aminopropilo...) o de intercambio i6nico (4cidos sulfonicos,
aminas cuaternarias). Estos sorbentes presentan diversas ventajas como su
facil y econdémica preparacion y elevada relacion area superficial/volumen;
sin embargo, presentan algunos inconvenientes como su restringido intervalo

de estabilidad frente al pH (pH 2 - 9) y la presencia de grupos silanoles libres
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en su estructura, los cuales pueden ejercer un efecto negativo en la retencion

de ciertos analitos [14].

Como alternativa a estos materiales, se encuentran materiales particulados
de oxidos metalicos (alimina o =zirconia), y resinas sintéticas de tipo
poliestireno-divinilbenceno (polystyrene-divinylbenzene, PS-DVB), entre
otros [12]. El tipo de interacciones que puede ofrecer este ultimo tipo de
material es principalmente hidrofobico (fuerzas de Van der Waals e
interacciones m-m), si bien pueden ser sujetos a modificacion con grupos
polares con el fin de mejorar la retencion de compuestos organicos
hidrofilicos [15]. Sin embargo, la retenciéon de compuestos altamente polares

en matrices complejas sigue siendo una limitacion de estos sorbentes.

En cualquier caso, la utilizacién de estos materiales particulados, bien sean
de tipo silice o resinas poliméricas, en los diferentes dispositivos de SPE es
necesario el empleo de fritas para evitar la pérdida de sorbente. Estas fritas no
son completamente inertes y pueden interaccionar con los analitos, asi como
obturarse con particulas més pequenias de sorbente, debido a la falta de

homogeneidad de éste, impidiendo el uso continuado del dispositivo.
1.3. Materiales porosos

Los materiales porosos se pueden clasificar, atendiendo a criterios de la
Union Internacional de Quimica Pura y Aplicada (IUPAC), en funcion del
tamafio de las cavidades que en ellos se encuentran. Los materiales con poros
de tamafio inferior a 2 nm son los conocidos como estructuras microporosas,
mientras que si el tamafio del poro se encuentra entre 2 - 50 nm se catalogan
como mesoporosas, y los que contienen poros mayores a 50 nm se denominan
materiales con estructuras macroporosas [16]. Estos materiales pueden
presentar una elevada area superficial, con un mayor nimero de sitios activos
donde se pueden adsorber/retener los analitos. Ademas, debido a su estructura
altamente porosa se favorece la transferencia de masa, y velocidades de flujo

o caudales de trabajo mayores. También, pueden ser modificados para mejorar
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la selectividad/especificidad por las moléculas diana. Dentro de este grupo de
materiales porosos se encuentran los materiales monoliticos y los MOFs, los
cuales han sido utilizados en la presente Tesis. A continuacion, se comentaran

las caracteristicas de estos materiales.

1.3.1. Materiales monoliticos

1.3.1.A. Generalidades. Tipos de monolitos

Los materiales monoliticos son materiales formados por un tUnico lecho o
soporte. Etimolégicamente, la palabra monolito procede del griego
“mondlithos” que se traduce como ‘“una sola piedra”. La presencia de
cavidades de distinto tamafio en estos materiales le confiere propiedades
ventajosas para su utilizacion como fase estacionaria en el ambito
cromatografico y en técnicas de preparacion de muestra. Los materiales
monoliticos se caracterizan por presentar una buena permeabilidad al paso del
disolvente debido a la presencia de macroporos (> 50 nm). Por otro lado, la
existencia de mesoporos (2-50 nm) proporciona una alta area superficial,
facilitindose un aumento de la eficacia en la separacion cromatografica o en
el proceso extractivo de los analitos de interés. En la Figura 1.3 se muestra de
manera esquematizada las diferencias entre una columna particulada (Figura

1.3A) y un lecho monolitico (Figura 1.3B).

En comparacion con los materiales particulados o empaquetados, los
materiales monoliticos ofrecen una serie de ventajas. Ademés de la alta
porosidad y permeabilidad anteriormente mencionadas, se pueden preparar in-
situ en el molde que se quiera emplear (cartuchos de extraccidon, jeringas,
puntas de pipeta, etc.), no requieren el uso de fritas, y resulta relativamente
sencillo modificar su quimica superficial de manera sencilla. Todo ello, ha
derivado en un aumento del empleo de estos materiales en preparacion de

muestra en los ultimos afios [18-21].
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Figura 1.3. Caracteristicas estructurales, incluyéndose microfotogratias SEM,
de un lecho particulado (A) y un lecho monolitico (B). Figura obtenida de

[17].

Dependiendo de su naturaleza, los materiales monoliticos se agrupan en
tres grandes clases: inorganicos (de base silice), polimeros organicos (basados

en estireno, acrilamida, metacrilato, entre otros) e hibridos de silice-organicos.

La preparacion de los monolitos de base silice se suele llevar a cabo
mediante el uso de procesos sol-gel [22]. Dichos monolitos presentan una
mayor resistencia al uso de disolventes organicos y estabilidad mecéanica que
sus homologos poliméricos; sin embargo, su sintesis no resulta tan sencilla y
presentan problemas de estabilidad fuera del rango de pHs 2-7. Pese a estas
limitaciones, se han descrito varios estudios utilizando este tipo de sorbentes
para el aislamiento/preconcentracion de compuestos en muestras ambientales
y biologicas [23-25]. A modo de ejemplo, Nema y col. [23] construyeron un
dispositivo usando este tipo de sorbente para la extraccion de farmacos en
muestras de orina usando como soporte una jeringa de 2 mL. En otros
estudios se han utilizado dispositivos de extraccion comerciales (p.ej.

minicolumnas de centrifuga (spin-columns) MonoSpin™ y puntas de pipeta
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MonoTip™) para la extraccion de drogas y farmacos en matrices biologicas

[18].

Atendiendo a los monolitos de polimero organicos, su preparacion se
realiza mediante polimerizacion radicalaria. Para ello, se prepara una mezcla
de polimerizacién constituida por uno o varios mondmeros, un agente
entrelazante (crosslinker), una mezcla porogénica de disolventes y un
iniciador radicalario, que se escogera en funcion del tipo o modo de
polimerizacion a realizar. La polimerizacion puede iniciarse térmicamente,
mediante radiacion UV o reaccidon quimica. En la Figura 1.4, se muestra de

forma esquematica el mecanismo de polimerizacion de este tipo de materiales.

T/ hv T

N e

\W\J 2 + N,
NC

\ )

. Y. ;
Iniciador radicalario

R | I
“ %f?{?if L

R.
¢ h
C \—V—' O 0O O
M ondémero
-‘\ I

T
Agente entrelazante

Figura 1.4. Mecanismo de polimerizacion. (A) Descomposicion radicalaria
del iniciador; (B) crecimiento de la cadena polimérica; (C) combinacion del

monomero y el agente entrelazante.
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Primero, el iniciador radicalario se descompone para generar radicales
libres y estos centros activos reaccionan con los mondmeros que los rodean.
Durante la etapa de propagacion, la longitud de la cadena polimérica se
incrementa hasta que no quedan mas monomeros libres o hasta que el radical
se desactiva al entrar en contacto con el disolvente porogénico. Al mismo
tiempo, los mondmeros activados reaccionan con el agente entrelazante dando
lugar a una red formada por cadenas de monomero unidas entre ellas por
agentes entrelazantes. Como resultado del proceso, se obtiene un sistema de
dos fases, un lecho monolitico sélido y un liquido porogénico inerte que llena
las cavidades que se han formado en la estructura monolitica durante la

polimerizacion.

Los monomeros y agentes entrelazantes mas utilizados son aquellos que
contienen grupos reactivos facilmente activables por polimerizacion
radicalaria como pueden ser las acrilamidas, metacrilatos o estirenos [26].
Gracias al control que se puede realizar sobre la composicion de la mezcla
(eleccion de distintos disolventes porogénicos, monomeros y sus ratios) y las
condiciones de polimerizacion (tipo de iniciador, temperatura, etc.), se pueden
obtener monolitos con propiedades morfoldgicas “a la carta”, que presenten
las propiedades mas convenientes para el estudio posterior a realizar. Ademas,
dada la variedad de mondmeros disponibles, asi como la posterior
funcionalizacion de las superficies de los lechos obtenidos, ello permite
adaptar las interacciones especificas necesarias para manipular o alcanzar una
retencion selectiva de los analitos de interés. La morfologia resultante de este
tipo de monolitos consiste en un sistema de microglobulos parcialmente
agregados, en forma de “racimos”, observandose también los huecos
correspondientes a los macroporos del sorbente, tal y como se muestra en la

Figura 1.5.
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Macroporos

Microglobulos

Figura 1.5. Micrografia SEM (10.000 x) de la estructura tipica de un

monolito de polimero orgédnico. Adaptado de [27].

Respecto a los monolitos hibridos de silice-organicos, €éstos presentan
ventajas de ambos grupos [28]. En concreto, dichos materiales ofrecen una
mayor area superficial, una menor contraccion en la presencia de disolventes
organicos, y la resistencia mecanica propia de los monolitos de silice, junto
con la sencilla preparacion de los monolitos orgénicos. Sin embargo, una
parte importante de estos materiales sintetizados se basa en la quimica sol-gel
seguida de procesos de post-funcionalizacion, siendo deseable alternativas
mas directas (one-pot) en los que se pueda disponer de una amplia gama de
monomeros funcionales [29] Este tipo de fases se han usado en la extraccion

de pequetios solutos orgédnicos [30-32] y trazas metalicas [33].

Una vez descrito los distintos tipos de monolitos, a continuacion, se hara
hincapié en los materiales usados en esta Tesis, en concreto, en los monolitos
de ésteres de metacrilato y acrilato y sus posibles modificaciones para su
aplicacion al d&mbito de tratamiento de muestra y separativo (véase Capitulo

2).
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Estos monolitos se han utilizado como fases estacionarias en técnicas de
separacion miniaturizadas (véase Capitulo 2) asi como en el tratamiento de
muestra tanto en linea (on-line) [20] como fuera de linea (off-line) [18,19]. En
esta ultima modalidad, los sorbentes monoliticos se han preparado en diversos
formatos tales como en cartucho/jeringa de polipropileno [34], punta de
micropipeta [35], o en un formato mas miniaturizado como capilares de silice
fundida [36]. Este ultimo procedimiento se conoce como microextraccion
usando lechos monoliticos (Polymer Monolith Microextraction, PMME)
donde se utiliza un capilar relleno con el lecho polimérico, el cual se puede
conectar a una jeringa, si bien se puede acoplar para su uso on-line con
técnicas mas sofisticadas [20,37]. A modo de ejemplo, Suo y col. [36]
prepararon un capilar conteniendo un monolito de GMA y divinilbenceno
(Divinylbenzene, DVB), el cual fue modificado con etilendiamina. Dicho
sorbente se utilizd on-line con espectrometria de masas con plasma acoplado
inductivamente (Inductively coupled plasma mass spectrometry, ICP-MS)
para la determinacion de trazas de metales en orina y cabello humano,

alcanzandose LODs del orden de 20 ng L™

A pesar de las buenas prestaciones de estos materiales y la versatilidad que
presentan, sus areas superficiales son mucho menores que las de sus
equivalentes de silice debido a la menor cantidad de micro- y mesoporos
presentes en su estructura, esto da lugar a menores capacidades de carga e
interacciones mas débiles con las moléculas de interés. Con el fin de
contrarrestar esta limitacion, en los ultimos anos se han descrito varias
alternativas que han sido recogidas en diferentes revisiones [21,38,39].
Muchas de estas estrategias tales como la manipulacion de las condiciones de
polimerizacion, el hiper-entrecruzamiento (hypercrosslinking) 'y la
incorporacion de nanomateriales han sido aplicadas ampliamente en el ambito
de las técnicas de separacion miniaturizadas, tal y como se comentard con mas
detalle en el Capitulo 2. No obstante, la alternativa de combinar con

materiales nanoestructuradas ha sido utilizada con éxito en el area de
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preparacion de muestra [21]. Esta via ademds de poder aliviar el problema de
la baja area superficial de los sorbentes monoliticos abre la puerta a la
modificacion de su selectividad. En concreto, esta Tesis se centra en la
incorporacion de nanoestructuras de carbono y nanoparticulas metélicas
(fundamentalmente de oro) a lechos monoliticos. También, en ésta se aborda
el uso de ciertos ligandos como los derivados del 4cido bordnico o el empleo
de ILs como modificadores de la selectividad de los monolitos. A
continuacion, se comenta brevemente tanto el empleo de estas nanoestructuras
y estos ligandos sobre los monolitos poliméricos y las prestaciones

resultantes.

1.3.1.B. Estrategias de modificacion de fases monoliticas poliméricas y su

aplicacion en preparacion de muestra

i) Modificacion de monolitos con nanomateriales

Para llevar a cabo la incorporacién de las distintas nanomateriales o
NPs, se pueden utilizar dos estrategias o aproximaciones. La primera se basa
en la introduccion de las NPs en la mezcla de polimerizacion, seguido de
polimerizacion, obteniéndose un material con las NPs mayoritariamente
embebidas. Por su parte, la segunda via se basa en la post-funcionalizacion del
polimero mediante diferentes reacciones, donde las NPs son ancladas a la
superficie del monolito a través de interacciones electrostaticas o enlaces
covalentes. Ambas estrategias poseen ventajas e inconvenientes. Asi pues, la
primera via es mucho mas rapida y sencilla que la segunda; sin embargo, la
mayor parte de las NPs quedan en el interior del monolito, lo cual dificulta la
interaccién con los analitos [21,38,40]. Ademas, si la cantidad de NPs
utilizada es alta, éstas se pueden agregar e incluso sedimentar, alterando la
morfologia porosa del monolito, lo cual puede ir en detrimento del proceso de

extraccion/separacion [41].

Por su parte, la segunda via requiere la post-modificacion de la

superficie del monolito con ligandos adecuados (por ejemplo, compuestos
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conteniendo grupos tiol, amino, entre otros) para la posterior inmovilizacion
de las NPs en base a la afinidad de éstas [21,39]. Sin embargo, la preparacion
de un recubrimiento uniforme de NPs sobre la superficie del monolito no es
sencillo, ya que durante el proceso de interaccion entre la dispersion de NPs y
el monolito se puede producir fendémenos de agregaciéon de éstas o la

obstruccidn de los poros del polimero.

Para llevar a cabo las reacciones de post-funcionalizacion de fases
estacionarias monoliticas con diversos ligandos, se suele utilizar como
monolitos de partida o base, aquellos que contiene GMA como mondmero
funcional. el cual posee un grupo epoxido reactivo, susceptible de ser
modificado quimicamente. En la Figura 1.6 se observan de forma
esquematizada distintas reacciones de modificacion de monolitos de GMA
con diversos ligandos. Los materiales modificados presentaran grupos o sitios
afines por los nanomateriales, como por ejemplo, la presencia de grupos

amino o tiol para la posterior inmovilizacion de NPs de Au o de Ag.

A continuacion, se comentaran algunos de los materiales hibridos
monolito-NM preparados a partir de nanoestructuras metélicas, y su

aplicacion en el area de tratamiento de muestra.
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Figura 1.6. Representacion esquematica de algunas reacciones de post-
funcionalizacion de monolitos usando GMA como monomero funcional. Las
condiciones de reaccion de los diferentes ligandos se indican en las siguientes

referencias: '[43], 2[44], ’[45], ‘[46], *[41].

En lo que respecta a la incorporacion de NPs metalicas a monolitos se han
descrito diversos articulos en el area de tratamiento de muestra [43,47,48]. A
modo de ejemplo, Alwael y col. [47] desarrollaron en puntas de micropipeta,
cuyas paredes fueron previamente modificadas con etilenglicol dimetacrilato
(EDMA), la preparacion de un monolito de vinil azolactona sobre el cual
posteriormente se inmovilizaron AuNPs y lectinas (proteinas) para llevar a
cabo una extraccion selectiva de glicoproteinas. Recientemente, nuestro grupo
de investigacion ha desarrollado materiales poliméricos basados en GMA
modificados con diversos ligandos (amoniaco, cisteamina, entre otros), y post-
funcionalizados con NPs de Au o de Ag. Dichos materiales se han empleado
como sorbentes en cartuchos de SPE para llevar a cabo la extraccién de

lectinas [48] y preconcentracion de viscotoxinas procedentes del muérdago
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[43]. Los materiales resultantes presentaron una adecuada selectividad y
capacidades de carga de hasta 29,3 mg proteina g de sorbente [43].

En el Capitulo 3 de esta Tesis, se describe la aplicacion de monolitos
poliméricos modificados con AuNPs en jeringas para la extraccion de

glutation en muestras biologicas.
ii) Modificacion de monolitos con derivados del dacido boronico

La incorporacion de derivados del 4cido borénico a materiales monoliticos
ha sido estudiada en los ultimos anos, dada la clevada afinidad de estos
ligandos para formar puentes diésteres con grupos cis-diol presentes en una
variedad de azlcares y otros compuestos (p.ej. glicopéptidos y
glicoproteinas), aprovechadndose dicha interaccion para llevar a cabo la
retencion de este tipo de biomoléculas [49-52]. Los materiales resultantes
presentan la casi-especificidad de los boronatos por los grupos cis-diol junto
con las ventajas de los materiales monoliticos descritas anteriormente,
convirtiéndolos en candidatos ideales para el tratamiento de muestra. Ademas,
dicha interaccion boronato-cis-diol puede ser facilmente manipulada mediante
la variacion del pH [49,53], controlandose de manera sencilla los procesos de
adsorcion/desorcion. Sin embargo, la mayoria de los monolitos poliméricos
descritos contintian presentando la limitacion del area superficial, lo cual se
traduce en una baja capacidad de carga. Para solventar esta limitacion,
algunos autores han llevado a cabo distintas estrategias para dotar el material
de una mayor area superficial empledndose nanomateriales tales como el
oxido de grafeno [49,54] o NPs metalicas [55] como paso intermedio previo a
la incorporacion de los derivados del &cido boronico (sitios activos). En
particular, en este ultimo estudio, se ha descrito el uso de AuNPs en
combinacion  con  derivados de acido  borénico  (acido @ 4-
mercaptofenilboronico) para la extraccion de la peroxidasa del rabano picante
y peroxidasas de plasma humano en formato PMME. Sin embargo, la
cantidad de boronato enlazado al soporte no se indica en dicho estudio, siendo

un parametro esencial a la hora de desarrollar sistemas de extraccion eficaces
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de glicopéptidos/glicoproteinas. Asimismo, es de senalar que hasta la fecha, la
utilizacion de dispositivos miniaturizados de tratamiento de muestra se ha
circunscrito al formato capilar, siendo deseable su extension a formatos de

mayor capacidad (puntas de micropipeta, cartuchos, etc).

En el Capitulo 4 de esta Tesis, se describe el desarrollo de monolitos
poliméricos modificados con AuNPs en jeringas, seguido de su
funcionalizaciéon con politiol y un derivado vinil fenil boronico para la
extraccion de glicopéptidos en digestos de proteina estandar y la

preconcentracion de estas especies en muestras de suero.
iii) Modificacion de monolitos con ILs

En las tltimas décadas, la introduccioén de los ILs en el area de Quimica
Analitica ha jugado un papel relevante tanto en el ambito de técnicas
extractivas (extraccion liquido-liquido, microextraccion en fase liquida y
microextraccion en fase solida (Solid-Phase Microextraction, SPME), entre
otras) [56-66] como las de separacion [63-66]. Los ILs son sales compuestas
por un catiébn orgénico voluminoso y un anién de menor tamafio, que
generalmente suelen estar fundidas por debajo de los 100°C. Entre los
cationes mas utilizados destacan los alquil-imidazolio, piridinio, amonio o
fosfonio. Por otra parte, existe una gran variedad de aniones orgéanicos, como
acetato, trifluoroacetato y trifluorometilsulfato, e inorganicos, como bromuro,
cloruro, nitrato, perclorato, entre otros, asociados a estos cationes [57,58]. Asi
pues, los ILs muestran caracteristicas interesantes como su baja volatilidad e
inflamabilidad, su baja toxicidad, una alta estabilidad térmica y una
miscibilidad con agua y disolventes organicos susceptible de manipulacion
[67]. Estas propiedades han permitido su uso como una “alternativa verde” a
los disolventes orgédnicos convencionales [68]. Ademas, las estructuras
versatiles de los ILs con diferentes grupos funcionales han propiciado la
posibilidad de generar diversas interacciones con los analitos de interés tales

como hidrofébicas/hidrofilicas, enlaces =n-m, puentes de hidrégeno,
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intercambio id6nico, etc [57,63]. Ello ha permitido la preparacion de fases
estacionarias en diferentes materiales (silice y soportes poliméricos)
destinados a técnicas de tratamiento de muestra y cromatograficas con objeto
de mejorar la capacidad de extraccion/eficacia de la separacion, asi como la
manipulacion de la selectividad. Sin embargo, la incorporacion de ILs a
monolitos poliméricos ha sido poco estudiada, tal y como recoge Chen y col.
[69], y en particular, su aplicacion al ambito preparativo ha sido limitada [70-
72]. Ademas, el formato preferentemente utilizado ha sido capilar o fibras

para SPME, siendo deseable su extension a otros formatos miniaturizados.

Al igual como se ha descrito anteriormente con la incorporacion de
nanomateriales a monolitos poliméricos, la introduccion de ILs a éstos se
puede llevar a cabo mediante dos enfoques: 1) adicion del IL a la mezcla de
polimerizacion, o 1ii) post-funcionalizacion del monolito con el IL. La
aproximacion mas comun por su sencillez ha sido la primera, empleandose
habitualmente un IL que contiene grupos vinilo o alilo en su estructura [73-
75]. A modo de ejemplo, Feng y col. [72] desarrollaron un monolito
polimérico copolimerizado con 1-(3-aminopropil)-3-(4-vinilbencil)imidazolio
4-estirenosulfonato para su uso como sorbente en SPME para la extraccion de
disruptores endocrinos en muestras de leche, obteniéndose recuperaciones
satisfactorias (85,5-112%) y LODs comprendidos entre 1-2 ug L. Por su
parte, el segundo enfoque basado en la post-funcionalizaciéon de la matriz
monolitica con ILs [76-78] resulta mas tedioso, si bien el material resultante
presenta una mayor accesibilidad de los grupos funcionales del IL para su

interaccion con los analitos.

En el Capitulo 5 de esta Tesis, se describe la preparacion de materiales
monoliticos modificados con ILs, donde se han explorado dos vias de
incorporacion de ILs: su generacion in situ y la copolimerizacion. Los
sorbentes resultantes se prepararon en columnas de minicentrifuga (spin
columns) y se han aplicado a la extraccion de B-bloqueantes en muestras de

orina.
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1.3.2. Redes metalo-orgadnicas (MOFs)

Las redes metal-organicas, son una familia de estructuras porosas
cristalinas, formadas por la union de centros metalicos (habitualmente de
transicion) mediante enlaces de coordinaciéon a una serie de ligandos
organicos con alta densidad electronica alta que pueden actuar como bases de
Lewis [79]. El resultado son materiales con alta porosidad y elevada area
superficial (pueden alcanzar hasta los 10.000 m?/g) con una satisfactoria

estabilidad térmica y mecanica [80].

La estructura de los MOFs esta enormemente influenciada por las
propiedades de sus unidades basicas de construccion, esto es, por los centros
metalicos que los forman y los ligandos organicos, cuya naturaleza puede ser
muy variada. Debido a estas posibles variaciones en su composicion,
actualmente se han descrito mas de 20.000 estructuras diferentes de MOFs
[81,82]. Ademas de esta variabilidad, se puede controlar el tamafio de sus
poros y cavidades, mediante la modificacion de algunos factores tales como la
relacion metal/ligando, los disolventes, el pH o la introduccion de algin
aditivo durante su sintesis [83,84]. Asimismo, se pueden funcionalizar
mediante un procedimiento post-sintesis [80], lo cual se traduce en una gran

diversidad estructural y funcional.

Debido a la gran variedad de centros metadlicos combinados con los
innumerables ligandos orgénicos posibles, no hay un método universal para la
sintesis de todos ellos, si bien el método de sintesis mas utilizado para MOFs
es la reaccion solvotermal o hidrotermal (si el disolvente utilizado es agua).
En este método de sintesis, se mezclan dos disoluciones, una del ligando
organico y otra de la sal del metal en un disolvente, o en una mezcla de ellos,
y se coloca en un sistema cerrado, normalmente en un autoclave de teflon, y
se situa en una estufa a temperaturas entre 80-260°C [85]. En esta modalidad
de sintesis cabe tener en cuenta una serie de aspectos tales como: la naturaleza
y concentracion de la sal metélica y del ligando organico, la naturaleza del

disolvente, el pH del medio, el uso de moduladores, la temperatura, la presion
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y el tiempo de reaccion, factores que pueden condicionar la morfologia y
cristalinidad del producto final. Sin embargo, la sintesis solvotermal presenta
ciertos inconvenientes que cabe considerar, como son el alto tiempo de
reaccion (desde horas hasta semanas), el uso de altas cantidades de disolvente
y la dificultad de llevar a cabo sintesis a gran escala. Estos inconvenientes han
propiciado el desarrollo de sintesis alternativas, entre las cuales se encuentran
la sintesis mediante aplicacion de microondas [86,87], por ultrasonidos [88],

la sintesis electroquimica [87] o mecanoquimica [87].

Gracias a las caracteristicas anteriormente mencionadas, los MOFs son
materiales muy versatiles con destacadas aplicaciones en areas cientificas
muy diversas, tales como catalisis [89], adsorcion de gases [90],

almacenamiento y liberacion de farmacos [91], entre otras.

También, gracias a sus propiedades, este tipo de materiales se han
empleado en los ultimos afios en el ambito de la Quimica Analitica como
sorbentes para llevar a cabo la extraccion y/o purificacion de compuestos

organicos e inorganicos [81,92,93].

Existen varias clases de MOFs habitualmente empleados en las técnicas de
tratamiento de muestra. Entre éstos se encuentran: los MOFs tipo MIL
(desarrollados originalmente por Matériaux de [’Institut Lavoisier), los de la
familia UiO (sintetizados por University of Oslo), las estructuras o redes
zeoliticas de imidazol y MOFs isoreticulares (IRMOF). En la Figura 1.7 se
representan algunos ejemplos de los tipos de MOFs anteriormente

mencionados, incluyéndose sus componentes y estructura.
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MOF Metal Ligando Estructura

Acido
HKUST-1  Cu (II) benceno-1,3,5-

tricarboxilico

Acido
MIL-101 Cr (IIT) benceno-1,4-

dicarboxilico

Acido
Ui0-66 Zr (IV) benceno-1,4-

dicarboxilico

ZIF-8 Zn (1I) 2-metilimidazol

Figura 1.7. Representacion esquematica de algunos MOFs (incluyendo centro
metalico y ligando) habitualmente utilizados como sorbentes en técnicas de

extraccion.

Si bien los MOFs de las diferentes familias pueden presentar diferencias en
sus propiedades, la porosidad y el tamafio de poro presente en €stos puede
facilitar o dificultar, sin duda, que los analitos difundan o no hacia el sorbente,
contribuyendo a una mayor selectividad del mismo por los solutos. Asi pues,

el tamano y forma de las moléculas de interés (guest molecules) junto con el
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tamafio de poro del MOF representan aspectos esenciales a la hora de
controlar o manipular la eficacia de extraccion del material [94]. Ademas de
estas variables, la selectividad de este tipo de materiales esta fuertemente
influenciada por la naturaleza de las interacciones entre analito-sorbente, entre
las que se encuentran interacciones hidrofobicas, m-m, por puente de
hidrogeno, electrostaticas, entre otras, las cuales se suelen producir
mayoritariamente con los ligandos seleccionados en la preparacion del MOF
[95]. No obstante, el disefio y modificacion del MOF a nivel molecular
mediante funcionalizacion de su superficie a través de una seleccion
cuidadosa de ligandos incluyendo grupos amino, tiol, hidroxi, entre otros,
puede permitir un control preciso para obtener materiales adsorbentes que
proporcionen sitios de adsorcion adicionales y asi mejorar la selectividad del
MOF [96]. Ademas, esta funcionalizacién puede mejorar la estabilidad
quimica en agua, su dispersibilidad y la reutilizacion de este tipo de sorbentes

[93,97].

Asi pues, la introduccion de funcionalidades tipo amino o tiol puede
realizarse mediante un proceso de post-modificacion del MOF, si bien es mas
directo la introducciéon de funcionalidades (en forma de ligandos) durante el
proceso de sintesis del MOF [93]. Una via alternativa a estas estrategias es la
incorporacion de moduladores (mediante adicion de 4cidos o bases) en el
proceso de sintesis del MOF [98,99] que generen materiales con la
funcionalidad deseada. Sin embargo, esta estrategia usando bases como
moduladores (p.ej. aminas) para preparar MOFs con finalidades extractivas ha

sido muy poco explorada en la literatura [100].

En el Capitulo 6 de esta Tesis, se describe la preparacion de un MOF
(ZIF-8) modulado con butilamina durante su proceso de sintesis para llevar a
cabo la extraccion de contaminantes organicos (benzomercaptanos) en

diversas muestras ambientales.
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2.1. Técnicas de (electro)separacion miniaturizadas.

Generalidades

En las ultimas décadas, las técnicas de separacion a micro/nano escala como,
por ejemplo, la cromatografia capilar (HPLC-capilar), la nanocromatografia de
liquidos (HPLC-nano), la electroforesis capilar (capillary electrophoresis, CE)
y la electrocromatografia capilar (capillary electrochromatography, CEC) se
han convertido en herramientas esenciales en el area de la separacion y analisis
de un gran nimero de compuestos [1]. En este conjunto de técnicas se emplean
columnas de separacion de didmetros micrométricos que permiten miniaturizar
el sistema de separacion, disminuyendo el volumen de muestras, disolventes y
otros reactivos usados durante el proceso analitico. Todo ello ha propiciado un

acercamiento significativo a los principios de la Quimica Verde [2].

Asi pues, la disminucion del didmetro de la columna en HPLC ha facilitado
el desarrollo y aplicacion de micro-columnas de diferentes tipos
(capilares/abiertas, parcialmente empaquetadas y empaquetadas) y con

distintos tamafos (10-250 um de didmetro interno).

El uso de estas microcolumnas en estos sistemas miniaturizados ha
conducido a una serie de ventajas sustanciales respecto a las columnas
convencionales: i) incremento de la eficacia cromatografica (de 10? a 10° veces)
pudiéndose discriminar cientos de picos en un Unico cromatograma; ii)
disminucién drastica del consumo de la fase moévil y cantidad de muestra
necesaria; 1ii1) reduccion de los residuos generados; iv) aumento de la
sensibilidad con ciertos detectores; y v) mayor compatibilidad con detectores
de altas prestaciones (p.ej. espectrometria de masas) en las hibridaciones
instrumentales [3,4]. Sin embargo, el uso de estos sistemas miniaturizados
también comporta una serie de limitaciones. Entre las mas destacables se
encuentran la adaptacion del resto de componentes del cromatografo a la escala
micro/nano, traduciéndose en una reduccion del tamafio (p.ej. microinyectores,

conectores con volumenes muertos muy pequeinos, microceldas de flujo, etc.).
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Asimismo, la miniaturizacion de las celdas de flujo en HPLC ha conducido a la
disminucién de su volumen interno, con objeto de reducir la dispersion de los
analitos, favoreciéndose asi una mayor eficacia de los picos cromatograficos.
Asi pues, se ha pasado de las celdas convencionales de 20-50 puL a microceldas
de 2-5 puL de volumen interno, y nanoceldas [5] del orden del nanolitro como

las que usan los equipos mas modernos de HPLC-nano.

Aprovechando las ventajas anteriormente citadas, estas técnicas
cromatograficas miniaturizadas (particularmente, la HPLC-nano) se han
utilizado ampliamente en distintos campos de muy diferente indole tales como
alimentacion [3], separacion quiral [6] o analisis medioambiental [7], entre

otras aplicaciones.

Una via alternativa y complementaria a estas técnicas cromatograficas se
halla en las técnicas de electroseparacion capilar, basadas en la utilizacion de
un campo eléctrico como fuerza motriz o impulsora para el avance de la fase
movil a través de un capilar hueco o relleno de sorbente. Estas técnicas
habitualmente implican el movimiento diferencial de especies cargadas al
aplicar un voltaje entre los extremos de la columna o capilar. Otro constituyente
fundamental del funcionamiento de las técnicas enmarcadas dentro de la CE es
el denominado flujo electroosmético (Electroosmotic flow, EOF). Este se trata
del flujo neto de liquido en el capilar, y se debe a la carga superficial en el
interior de la pared del capilar. En el caso de los capilares de silice fundida la
superficie de carga es generada por la ionizacion de los grupos silanol. En
definitiva, el EOF es resultado del efecto del campo eléctrico aplicado en la
doble capa de la disolucion en la pared. Asi pues, la separacion de especies
cargadas se producird en funcion de su movilidad electroforética en un
electrolito de fondo (Background electrolyte, BGE) a un pH determinado, y del
EOF presente. En condiciones habituales, de polaridad directa (catodo situado
junto a la ventana de deteccion), los cationes son los que migraran mas
rapidamente, seguidos de las especies neutras (transportadas todas a la

velocidad del EOF), y por tltimo, los aniones que migran mas lentamente.

46



Capitulo 2: Aplicacion de monolitos en técnicas de separacion miniaturizadas

No obstante, existen modalidades o técnicas de la electroseparacion capilar
que permiten la separacion de solutos neutros y cargados mediante un cambio
en la composicion del BGE (p.ej. mediante la introduccion de un surfactante
como la cromatografia capilar micelar electrocinética) o mediante la
introduccion de una fase estacionaria en capilares de silice fundida (como la
CEC). A continuacion, se describird brevemente esta técnica debido a su

aplicacion en la presente Tesis Doctoral.

Antes de pasar a describir brevemente esta técnica, es importante indicar
que todas estas técnicas de electroseparacion o electromigracion capilar se
caracterizan por su sostenibilidad medioambiental, al igual que los sistemas
HPLC-capilar/nano, su bajo consumo de muestras (pocos nL), su alta eficacia,
su sencillez y versatilidad en el desarrollo de metodologias y la posibilidad de

realizar en éstas, la deteccion en el propio capilar.
2.2. Electrocromatografia capilar (CEC)

2.2.1. Fundamento teorico

La CEC es una técnica analitica de separacion en fase liquida que combina
la elevada eficacia de la CE con la alta selectividad y reproducibilidad
proporcionadas por la HPLC. En CEC, la separacion se lleva a cabo en
columnas capilares rellenas total o parcialmente con una fase estacionaria,
produciéndose una interaccion entre los analitos y el sorbente semejante a la
que sucede en los sistemas cromatograficos. Por otro lado, de forma analoga a
como sucede en CE, se genera un flujo (EOF) a través de la columna al aplicar
un voltaje a lo largo de la misma. No obstante, para que se genere EOF debe
asegurarse la presencia de cargas sobre la superficie del relleno de la columna
(ya sea particulada o monolitica). En la Figura 2.1 se muestra de manera
esquematica la separacion de una serie de analitos en funcidn de su afinidad por
la fase estacionaria monolitica (cargada negativamente en su superficie) asi

como la generacion de EOF resultante en la misma.
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Figura 2.1. Esquema de la separacion de analitos mediante CEC donde puede

apreciarse la generacion de EOF en la fase estacionaria.

Este EOF actia como fuerza impulsora de la fase movil y da lugar a un perfil

plano en el movimiento del frente liquido presente en el interior del capilar, a

diferencia del perfil parabolico que se obtiene en HPLC donde el avance de la

fase movil es producido por presion externa mediante bombas. Este perfil
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practicamente plano del flujo se traduce en mayores eficacias, esto es, en una
disminucién de la altura equivalente de plato tedrico de la columna

cromatografica.

Como la CEC implica el uso de una fase estacionaria, los principios del
ensanchamiento de banda son similares a los que tienen lugar en la HPLC
convencional. En un proceso cromatografico, el ensanchamiento o dispersion
de los picos cromatograficos es habitualmente expresado mediante la ecuacion

de van Deemter [8]:

H=A+ %+C u (D

donde H es la altura equivalente de plato tedrico y hace referencia a la eficacia
cromatografica (N) por unidad de longitud, u es la velocidad lineal de flujo de la fase
movil, y los términos A, B, y C reflejan diversas contribuciones debidas a fenémenos
que producen el ensanchamiento de banda. Dichas contribuciones, asi como las

expresiones matematicas de los diferentes términos se indican en la Tabla 2.1.

Tabla 2.1. Contribucidn y expresion matematica de los términos de la ecuacion

de van Deemter.

Término  Contribucion Expresion

A Multiplicidad de caminos A=22d,

B Difusion longitudinal B =2yD,,

C Resistencia a la transferencia de - fik)d; N fo(k)d;
masa Dy, Dy

donde: A es una constante de irregularidades, dp es el didmetro de las particulas del
relleno, y es un factor de correccion provocado por la oposicion del relleno a la difusion,
Dmy Dsson los coeficientes de difusion de los analitos en las fases mévil y estacionaria,
respectivamente, y fi(k) y f2(k) son funciones que dependen del factor de capacidad o

retencion de los analitos.
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Como puede observarse, el empleo de particulas pequefias conducira a una
mayor eficacia cromatografica, dado que disminuird H, la cual se relaciona con

el ancho de pico cromatografico de acuerdo con la siguiente ecuacion:

H=(E ) e

En CEC, el término A es sustancialmente debido al perfil plano causado por
el EOF a diferencia de los sistemas convencionales y miniaturizados de HPLC.
Ademas, este perfil de flujo también reduce la resistencia a la transferencia de
masa (término C), lo cual tiene implicaciones en el factor de retencion. Estos
perfiles planos en la curva de van Deemter han conducido a separaciones con
altas eficacias en CEC, siendo superiores a las obtenidas en micro/nano-HPLC
(alcanzandose mejores valores de H del orden de 2-2,5 veces) en diametros de

capilares de 50-100 um [9,10].

Asi pues, el mecanismo de separacion en CEC es doble [11]. Por un
lado, existe un mecanismo cromatografico, debido a que se produce un reparto
de los solutos entre la fase movil y la estacionaria. Los solutos que interactiian
en mayor medida con la fase estacionaria presentan una mayor retencion en la
columna que aquéllos con mayor tendencia a permanecer en la fase movil. Por
otro lado, los solutos i6nicos también se separan mediante un mecanismo
electroforético, esto es, en base a las diferencias de movilidad electroforética,
por lo que la naturaleza del relleno de la columna determina el EOF e influye

sobre la selectividad de la separacion [11].

2.2.2. Instrumentacion en CEC

Un instrumento para CEC (véase esquema de la Figura 2.2) esta constituido
basicamente por una fuente de alto voltaje, un sistema de suministro de
disolvente y/o muestras en los viales de entrada y de salida de la columna, una
columna capilar con una fase estacionaria en la cual se genera el EOF y también

tiene lugar la separacion electrocromatografica, un compartimento isotérmico
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para la columna capilar, y un sistema de deteccion capaz de registrar los perfiles

de concentracion de los analitos en el eluyente.

1y 3 - Viales con electrolito /tampdn I:I
2 - Capilar relleno de sorbente =
4 - Electrodos 2
5 - Celda de deteccion 6
6 — Presion externa 2-12 bar s PR
. 10N
Fuente d¢ aliment? ‘l
=4
3
ST
Muestra 1
<>

Figura 2.2. Esquema de un instrumento de CEC.

La misma instrumentacion utilizada en CE sirve para CEC [12], si bien, en
este caso se debe de disponer de un sistema de presurizacion de los viales de
entrada y salida. Esta presurizacion es necesaria para evitar la formacion de
burbujas, que podrian interrumpir la corriente. Las burbujas pueden originarse
por diversas causas, ya sea por diferencias locales en la velocidad del EOF en
el campo eléctrico, por pérdida del gas atrapado en los poros de la fase
estacionaria, o por gas formado electroquimicamente, por calentamiento, o en
el caso de columnas empaquetadas, por la presencia de las fritas que mantienen
la integridad estructural del relleno [13,14]. La presurizacion se puede aplicar
sobre el vial de entrada o en el de salida, aunque generalmente se aplica sobre
ambos viales, ya que asi se asegura un flujo reproducible. Para presurizar los
viales se usa un gas inerte, normalmente N», a presiones proximas a 10 bares.
Para obtener resultados reproducibles en CEC, es necesario el control de
pardmetros como la temperatura de la columna, el voltaje aplicado y la presion.

En los equipos comerciales de CE, estos pardmetros se controlan
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automaticamente, lo que da lugar a mejoras significativas de la reproducibilidad

y seguridad de las separaciones.

Por otro lado, la espectrofotométrica UV-Vis es la técnica de deteccion mas
utilizada en CEC [15], aprovechando que la deteccion se realiza en la misma
columna (on-column), utilizando como celda de deteccidon una pequena seccion
de la misma, adyacente al relleno, y de la cual se ha retirado la capa protectora
de polimero. Dado que la deteccion se realiza on-column, la sensibilidad esta
limitada por el paso dptico. En este sentido, se han desarrollado algunos disefios
como capilares con celda burbuja (bubble cell) o cedas en forma de Z para
aumenta el paso Optico, pero la resolucion puede verse afectada [15].
Alternativamente, se han utilizado otras técnicas de deteccidon mas sensibles

como son la fluorescencia inducida por laser [16], y la MS [17].

2.3. Fases estacionarias monoliticas en técnicas de separacion

miniaturizadas

2.3.1. Tipos de columnas. Uso de monolitos orgdnicos como fases estacionarias

Habitualmente, las columnas para CEC se preparan normalmente a partir de
capilares de silice fundida con didmetros internos comprendidos entre 25 y 200
um. En base a las diferentes estructuras de los soportes cromatograficos
utilizados, se pueden distinguir tres tipos de columnas: particuladas, abiertas y

monoliticas.

Normalmente, las columnas empleadas en HPLC convencional han sido
utilizadas para HPLC-capilar/nano y CEC. Estas fases estacionarias
consistentes en lechos empaquetados de particulas de silice porosa presentan
excelentes propiedades para ser utilizadas como fase estacionaria, entre las que
se encuentran su resistencia mecanica y su elevada éarea superficial [18].
Ademéds, la derivatizacion de los grupos silanol permite llevar a cabo
separaciones en CEC basadas en diferentes mecanismos (interaccion hidrofilica

o hidrofdbica, intercambio i6nico, afinidad, etc) [19].
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Sin embargo, la preparacion de columnas empaquetadas robustas y estables
no es un proceso sencillo, siendo frecuente la aparicion de problemas derivados
del propio proceso de fabricacion de la columna, pudiendo crearse huecos en el
relleno inducidos por repulsion electrostatica entre las particulas [20]. También
las mencionadas fritas son a menudo responsables de la formacion de burbujas
que pueden producir caidas en la corriente. Por otro lado, estas fritas son
dificiles de fabricar de manera reproducible, y al estar elaboradas con material
sinterizado pueden crear zonas de heterogeneidad en el interior de los capilares

empaquetados.

Ademas de los problemas inherentes a la elaboracion de las columnas,
pueden surgir otros debido a la interaccién de los analitos con el lecho
empaquetado y en particular con las fritas. Este es el caso de moléculas con
cargas multiples como las proteinas, que pueden, en ocasiones, adsorberse

permanentemente sobre la frita y quedar atrapadas en el interior de la columna.

Una alternativa al empleo de fritas y sencillez de preparacion se encuentra
en las columnas abiertas (open-tubular columns), donde la fase estacionaria se
fija a modo de recubrimiento sobre la pared interna del capilar; modificando la
naturaleza del recubrimiento se puede incidir sobre la selectividad de la
separacion [21]. Sin embargo, presentan ciertas limitaciones tales como una
menor relacion de fases y una capacidad de carga bastante limitada [22], No
obstante, pueden obtenerse eficacias de separacion bastante elevadas respecto
a las columnas particuladas convencionales al haberse eliminado la
contribucion de la difusion de remolino o torbellino (término A de la ecuacion

de van Deemter) [21, 23].

Una posibilidad a las columnas particuladas y a las limitaciones de las
columnas abiertas es el empleo de fases estacionarias monoliticas debido a sus
interesantes ventajas implicitas comentadas en el anterior capitulo. Asi pues,
dada su estructura continua, no es necesario el empleo de fritas de retencion, ya
que el lecho monolitico se ancla directamente a la pared del soporte (en este

caso, capilar). Ademas, pueden prepararse in situ, por lo que la fabricacion de
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lechos cromatograficos tanto en columnas capilares como en microchips es
relativamente sencilla en comparacion con las técnicas de empaquetado de
particulas. En condiciones dptimas, las columnas monoliticas constituyen fases
estacionarias altamente permeables y uniformes, con una relacion de fases y
una capacidad de carga relativamente elevadas, lo que les confiere buenas

propiedades de retencion y selectividad.

Entre los diferentes tipos de fases monoliticas, el interés de la presente Tesis
se centra en el desarrollo de fases estacionarias monoliticas poliméricas de
ésteres de metacrilato y acrilato. Si bien la extension de estas fases al ambito de
preparacion de muestra en la Gltima década, su aplicaciéon como columnas
cromatograficas fue introducida por Svec y Fréchet en los primeros afios de la

década de los 90 [24,25].

Tal y como se ha comentado la preparacion de los polimeros monoliticos
sigue un proceso simple y directo (véase Capitulo 1). La mezcla de
polimerizacion es una combinacion de mondmeros entre los que se encuentra
un agente entrelazante o crosslinker, una mezcla porogénica de disolventes y
un iniciador radicalario. Si es necesario se puede exaltar la hidrofobicidad
afladiendo grupos funcionales alquilicos [26]. El EOF, necesario para CEC, se
asegura mediante la incorporacion de grupos funcionales ionizables, tales como
monomeros derivados del acido sulfonico, o si se desea invertir el EOF pueden
afiadirse mondmeros que contengan sales de amonio cuaternario [26]. El capilar
se rellena con la mezcla de polimerizacion y se sellan los extremos. La mezcla
se polimeriza en la mayoria de los casos por calentamiento en un bafio u horno,
por la accion de iniciadores quimicos o mediante radiacion UV. Esta ultima
posibilidad también permite formar monolitos en una zona especifica mediante
el empleo de capilares transparentes, haciendo pasar la radiacion a través de
una mascara en un proceso pseudo-litografico. Una vez que la polimerizacion
se completa, se retiran los sellos y se conecta el capilar a una bomba, para pasar
un disolvente a través de la columna y eliminar porégenos y otros compuestos

solubles que pudieran quedar en el monolito.
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Para evitar que la fase movil desplace el lecho monolitico a lo largo de la
columna, es necesario un adecuado anclaje del polimero a la pared interna del
capilar, recurriéndose a menudo a la silanizacion de dicha pared, lo que suele
llevarse a cabo con metacrilato de 3-(trimetoxisilil)propilo (silano binding)

para anclar covalentemente el monolito.

Ademas de su aplicacion en el ambito de la preparacion de muestra, tal y
como se ha indicado en el anterior capitulo, las fases monoliticas poliméricas
se han utilizado de forma satisfactoria en la separacion rapida en técnicas
cromatograficas de macromoléculas tales como proteinas/péptidos, acidos
nucleicos y polimeros sintéticos [27-30]. Sin embargo, la baja area superficial
de los monolitos organicos (del orden de unos pocos m*/g) y su estructura
fundamentalmente macroporosa de éstos (con escasa o inexistente presencia de
mesoporos) ha dificultado separaciones competitivas de solutos pequefios a
diferencia de lo que ocurre con los monolitos de silice. En este sentido, en la
ultima década, se han descrito diversas estrategias para mejorar las prestaciones
cromatograficas de estas columnas monoliticas poliméricas [31,32]. En el
siguiente apartado, se describirdn algunas de las estrategias realizadas para
manipular sus propiedades con objeto de mejorar sus prestaciones como fases

estacionarias en técnicas de (electro)separacion miniaturizadas.

2.3.2. Manipulacion de las prestaciones de columnas monoliticas poliméricas

Las estrategias utilizadas para manipular o controlar las prestaciones
cromatograficas de las fases monoliticas se pueden agrupar en torno a diferentes
items: a) modificaciones en la mezcla de polimerizacion y condiciones de
reaccion, b) hiper-entrecruzamiento (hypercrosslinking) y ¢) incorporacion de
nanomateriales. A continuacion, se describirdn estas aproximaciones, y en
particular, la tltima de ellas ya mencionada en el capitulo anterior (véase
apartado 1.3.1B) se mencionard brevemente haciendo hincapié en su
aplicacion a columnas de formato capilar para técnicas HPLC-capilar/nano y

CEC.
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A) Modificaciones en la mezcla de polimerizacion y condiciones de reaccion

Tal y como se ha comentado en el anterior capitulo, las propiedades de los
lechos monoliticos de metacrilato y acrilato pueden optimizarse ajustando la
composicion de la mezcla de polimerizacion (mondmeros, crosslinker,
disolvente porogénico y/o iniciador), asi como el tipo de iniciacion empleada
[33]. La modificacion de cada uno de estos factores altera el proceso de
polimerizacion y produce un efecto diferente sobre las caracteristicas del
monolito final, traduciéndose en un cambio en sus propiedades morfologicas y
cromatograficas. A continuacion, se comentard brevemente algunas de las
variables principales sobre las que se puede ejercer un control, asi como los

recientes estudios realizados sobre éstas.
e Influencia del monomero funcional

Actualmente, existe una amplia variedad de mondémeros que permite ajustar
la naturaleza de la superficie del monolito a las caracteristicas de la separacion
que se desea realizar. Asi, en el caso de los monolitos basados en ésteres de
metacrilato pueden destacarse el metacrilato de butilo (BMA) [34,35], el
metacrilato de hexilo (HMA) [34], el metacrilato de laurilo (LMA) y octadecilo
(ODA) [34,36,37], permitiendo asi manipularr la hidrofobicidad de la fase
estacionaria. También es de sefalar el GMA, que como ya se ha dicho permite
derivatizar facilmente el lecho monolitico, y proporcionar columnas con
funcionalidades diversas [34, 38]. En ¢l caso de los monolitos de ésteres de
acrilato pueden citarse entre otros, el acrilato de butilo [39,40], el acrilato de

acrilato de laurilo y octadecilo [39,41], entre otros.

Por su parte, en CEC, aparte de este monémero funcional que determina la
hidrofobicidad y las caracteristicas quimicas de la superficie del lecho resulta
necesario la inclusion de un pequefio porcentaje de un mondmero con carga,
positiva o negativa, para generar el EOF que garantice el transporte de los

diferentes analitos a través de la columna.
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En los ultimos afios, se han descrito la incorporacion de ILs como co-
monomeros a la mezcla de polimerizacion tanto en HPLC-capilar/nano [42]
como CEC [43]. Asi, por ejemplo, se ha observado un aumento en la
selectividad de las separaciones de solutos con anillos aromaticos en base a la
interaccion m-m que ofrecen estos reactivos; sin embargo, las eficacias de las
separaciones obtenidas con monolitos modificados con ILs se situan por debajo

de los 25.000 platos tedricos/m [42].

Una alternativa reciente ¢ interesante al empleo de los mondmeros
funcionales tradicionales es el uso de silsesquioxanos oligoméricos poliédricos
(Polyhedral oligomeric silsesquioxane, POSS). Estas nanoestructuras hibridas
de naturaleza inorgénica/organica de elevada simetria contienen un nucleo
inorganico (-Si-O-Si-) térmicamente estable que suele estar cubierto
externamente por sustituyentes organicos [44]. Estos pueden presentar una
estructura desordenada, en forma de jaula o en forma de jaula parcial y son
faciles de modificar quimicamente [45]. La morfologia globular de los
monolitos hibridos metacrilato-POSS es semejante a los monolitos de silice y
han proporcionado eficacias de hasta 190.000 platos tedricos/m en separaciones

de moléculas pequenas [46].
o Influencia del crosslinker

En el caso de columnas monoliticas de metacrilato se suelen utilizar
dimetacrilatos de alcoholes saturados divalentes, siendo el etilenglicol
dimetacrilato (Ethylene glycol dimethacrylate, EDMA) el més popular. Por su
parte, para las columnas basadas en ésteres de acrilato, el crosslinker mas

utilizado es el diacrilato de 1,3-butanodiol (/,3-butanediol diacrylate, BDDA).

Un cambio en el porcentaje de agente entrelazante utilizado en la mezcla de
monomeros afecta tanto a la composicion quimica del lecho monolitico como
a sus propiedades porosas y cromatograficas, de modo que en general un
incremento del contenido de crosslinker produce una disminucion del tamafio

medio de poro debido a la temprana formacion de microglobulos con un alto
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grado de entrecruzamiento [33]. Ademas, el porcentaje de agente entrelazante
afecta a la rigidez y homogeneidad del monolito. Asi pues, la polimerizacion
de mezclas con un alto contenido de crosslinker puede resultar 1til para obtener
lechos monoliticos de elevada area superficial, de hasta mas de 100 m?/g; no
obstante, estos monolitos pueden presentan una permeabilidad limitada,

restringiéndose su uso en HPLC-capilar/nano y CEC.

Ademas del contenido del crosslinker en la mezcla de polimerizacion, se ha
demostrado que su tamaifio, su polaridad y los grupos funcionales presentes en
¢ste pueden afectar al tamano de poros, la permeabilidad y la eficacia
cromatografica [33,47]. En este sentido, se han utilizado crosslinkers
conteniendo diversos grupos de acrilato que ha proporcionado eficacias de
hasta 165.000 platos teoricos/m en la separacion de alquilbencenos por HPLC
capilar [48]. Otra alternativa sencilla a preparar columnas con alta eficacia en
la separacion de moléculas pequefias es la propuesta por el grupo de Lee y
colaboradores [49,50], donde se hace uso de crosslinkers (dimetacrilato de 1,3-
butanodiol, dimetacrilato de ciclohexanodiol, diacrilato de 1,4-fenileno,
polietilenglicol diacrilato (PEGDA), entre otros) como monomero para
preparar fases estacionarias altamente entrelazadas en HPLC capilar,
alcanzandose eficacias que van desde los 100.000 a los 186.000 platos/m [51].
Esta estrategia propuesta simplifica el proceso de optimizacion de la mezcla de
polimerizacion, mejora la estabilidad mecanica de los lechos y Ia

reproducibilidad entre columnas.
e Influencia de la composicion del disolvente porogénico

La eleccion del disolvente porogénico y su proporcion en la mezcla de
polimerizacion también representa un factor esencial en la optimizacion de las

propiedades porosas de los monolitos de metacrilato y acrilato.

El mecanismo de la formacion de poros mediante la utilizacion de agentes
porogénicos puede explicarse teniendo en cuenta la solubilidad del polimero en

los distintos porogenos. La polimerizacion tiene lugar en un medio de reaccion
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inicialmente homogéneo hasta que se separan las cadenas de polimero que
aumentan de tamafio y se entrecruzan. Los cambios en la naturaleza o en la
composicion del disolvente porogénico influyen sobre la solvatacion de las
cadenas de polimero en las primeras etapas de la polimerizacion, de manera que
en general se obtienen poros de mayor tamafo si se utilizan disolventes con
pobre capacidad solvatante hacia el polimero. Por el contrario, si el porégeno
es un buen disolvente del polimero, la separacion de fases se enlentece y los

poros son menores [52,53].

Por otro lado, la disminuciéon de la relacion mondmeros/porogenos
proporciona un método directo de incrementar el tamafio de poro y por tanto
reducir la resistencia al flujo de las columnas, si bien con ello disminuye la

homogeneidad y rigidez del polimero formado [52].

Habitualmente, disolventes como alcoholes (metanol, 1-propanol, 1,4-
butanediol, ciclohexanol, decanol, dodecanol) y ciertos hidrocarburos (hexano
y tolueno) han sido ampliamente utilizados en la preparacion de monolitos, en
los ultimos afios disolventes como ILs, surfactantes u otros han sido utilizados
en la manipulacién de las propiedades morfologicas y cromatograficas. A modo
de ejemplo, la introduccion de ILs como disolventes porogénicos ha conducido
a la formacion de estructuras mas uniformes, con mayor area superficial (150-
250 m?%/g) [54,55] si bien las eficacias obtenidas han sido discretas (25.000
platos/m).

o Influencia de las condiciones de reaccion

La polimerizacion de lechos monoliticos de metacrilato y acrilato es una
reaccion radicalaria iniciada generalmente por una temperatura elevada, un

proceso de irradiacion o la presencia de agentes quimicos.

En la iniciacion térmica, la temperatura del proceso de polimerizacion debe
controlarse cuidadosamente debido a su fuerte influencia sobre la velocidad de
crecimiento de los nucleos. A temperaturas elevadas, a las que tanto la

descomposicion del iniciador como la velocidad de propagacion son muy
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rapidas, aumenta el numero de nucleos con la consiguiente reduccion del
tamano final de poro. Polimerizaciones rapidas dan lugar a estructuras porosas
menos uniformes, por lo que desde esta perspectiva seria preferible utilizar
temperaturas de polimerizacion mas bajas. Sin embargo, el uso de bajas
temperaturas puede inhibir el efecto del iniciador o afectar a la cinética del

proceso en su conjunto, enlenteciéndolo demasiado [56].

Otro de los aspectos a controlar es el tiempo de reaccion. Habitualmente, la
polimerizacion por iniciacion térmica suele requerir 20-24 h, si bien se puede
reducir este tiempo (“early termination of polymerization reaction’) con el fin
de lograr monolitos con mejores prestaciones cromatograficas. A tiempos
cortos de polimerizacion (90-180 min), se obtiene un polimero con suficiente
estructura mesoporosa que ofrece mayor area superficial (418 m?/g frente a 120
m?/g a 24 h) y adecuadas eficacias (hasta 116.000 platos/m) de solutos neutros
en HPLC-capilar [57,58]. Sin embargo, la conversion de los mondmeros no es
del todo completa, lo cual puede comprometer la reproducibilidad en la

preparacion de los lechos.

Por su parte, la polimerizacion iniciada por radiacion UV se efectiia
normalmente a temperatura ambiente, y tal como se ha indicado en el capitulo
anterior, el proceso de polimerizacion puede completarse en tiempos muy
cortos, del orden de pocos minutos. En términos generales, a igualdad de
composicion de mezcla de polimerizacion, las columnas obtenidas mediante

este modo son mas permeables que las obtenidas por via térmica [59].

B) Hiper-entrecruzamiento

Esta estrategia se ha descrito para columnas monoliticas basadas en estireno-
divinilbenzeno, las cuales se someten a una funcionalizacion con un reactivo
bifuncional apropiado que actiia como puente para obtener un polimero con una
estructura rica en meso o microporos, traduciéndose en un aumento del area
superficial. Este incremento en area superficial ha mejorado las prestaciones de

estos monolitos para separar moléculas pequefias, alcanzandose eficacias
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comprendidas entre 70.000 y 85.000 platos/m [60,61]. Sin embargo, esta
aproximacion no ha sido extendida al uso de otros lechos monoliticos como los

basados en metacrilato y acrilato.

C) Incorporacion de nanomateriales variados

Una de las estrategias que ha recibido enorme atencion en la tltima década
ha sido la incorporacién de nanomateriales en los lechos monoliticos para
mejorar sus prestaciones cromatograficas como fases estacionarias en HPLC
capilar/nano y CEC. En este sentido, se han utilizado nanoparticulas de muy
diversa naturaleza tales como nanoestructuras de carbono (nanotubos de C,
fullerenos, etc) [62-64], nanoparticulas metélicas (de oro y plata) [65-67], de
silice [68,69[, magnéticas [70], de latex [68] y MOFs [71,72]. Tal y como se ha
comentado en el capitulo anterior, estos nanomateriales se han incorporado
mediante simple adicion de éstos a la mezcla de polimerizaciéon o mediante una
reaccion de modificacion de la superficie del lecho polimérico, empleandose
habitualmente como polimeros de partida, monolitos de GMA. Aunque la
primera via es sencilla y directa, ésta posee la limitacion de que altas
concentraciones de nanoparticulas presentes en la mezcla de polimerizacion
conducen a fenomenos de agregacion y sedimentacion. Por su parte, la via de
post-funcionalizacion con el nanomaterial seleccionado puede requerir de
varias etapas, lo cual puede hacer lento y tedioso la obtencion del monolito

hibrido o modificado con NPs.

En general, la incorporacion de nanomateriales en los lechos monoliticos en
técnicas de separacion miniaturizadas [53,73] ha producido cambios en la
retencion y eficacia en comparacion con los monolitos base o control. En
algunos de los nanomateriales incorporados, se han obtenido eficacias que
pueden ir desde 110.000 a 180.000 platos/m (como en el caso de NPs de silice
y magnéticas) en la separacion de solutos pequefios, y en otros, solamente unas
decenas de miles de platos/m. Por otro lado, esta estrategia ha proporcionado

una manipulacion ventajosa de la retencion y de la selectividad de la separacion
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en base a las interacciones hidrofobicas, por puente de hidrogeno o de otra
indole entre el lecho monolitico modificado con el nanomaterial y los solutos
de interés, lo cual la convierte en una herramienta interesante para abordar la

selectividad en un problema cromatografico determinado.

Dado que esta ultima via ha sido explorada en detalle en los ultimos afios
por nuestro grupo de investigacion, en el Bloque III de la presente Tesis
(Capitulo 8), se ha considerado abordar el desarrollo de fases monoliticas
altamente entrelazadas a partir de un solo monomero/crosslinker con las
ventajas anteriormente indicadas, y su aplicacion a la separacion mediante CEC

de solutos pequenos de diferente polaridad.
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In syringe hybrid monoliths modified with gold
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determination by HPLC
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In this work, a simple device for extraction glutathione (GSH) in
biological fluids using a hybrid monolithic material within a polypropylene
syringe is developed. For this purpose, glycidyl methacrylate-based monolith
was firstly prepared within this housing material, and the polymer was
modified with different ligands (ammonia, cysteamine and cystamine). The
resulting materials (containing amine or thiol groups, respectively) were then
functionalized with gold nanoparticles (AuNPs). The hybrid material that
gave the largest AuNPs coverage was selected as solid-phase (SPE) sorbent
and several variables affecting the extraction recovery of this compound were
investigated. Under optimal conditions, GSH was quantitatively retained at
pH 6.0, and then it was desorbed with aqueous dithiothreitol solution and
determined, after derivatization with o-phthaldialdehyde, via reversed-phase
LC with fluorometric detection. The limit of detection was ca. 1.5 ng mL™,
and the reproducibility between extraction units was below 8% (expressed as
relative standard deviation), which demonstrates the robustness of the method.
The developed material was also applied for the extraction of GSH in saliva

and urine samples yielding recoveries ranging from 86 to 105%.

Keywords: hybrid monolith; gold nanoparticles; solid-phase extraction;

glutathione; biological fluids
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3.1. Introduction

Glutathione (y-L-glutamyl-L-cysteinyl-glycine, GSH) is the most relevant

low-molecular weight antioxidant synthesized in the prokaryotic and

eukaryotic cells [1]. This tripeptide has involved in several roles in biological

systems. Thus, one well-characterized role of GSH concerns its involvement

as a reaction partner in the detoxification of xenobiotics. Besides, GSH is

essential for the regulation of cell proliferation [2], and keeps the thiol redox

potential in the cells by preserving thiol groups of proteins in the reduced

form [1]. The GSH system is also very significant for the cellular defense

against oxidative stress and diseases derived from this undesirable

phenomenon [1]. Indeed, its depletion in certain biological fluids could be

implicated in aging and the pathogenesis of many diseases, such as

rheumatoid arthritis, muscular dystrophy and Alzheimer’s disease, among

others [3]. Thus, the accurate analysis of this compound in biological fluids is

a relevant issue for the diagnosis of these serious diseases.

However, the determination of GSH in these matrices represents a

challenge due to the ease GSH oxidation jointly with the enzymatic

proteolysis of GSH by y-glutamyl transpeptidase [4, 5]. Thus, precautions that

minimize its oxidation and proteolysis during sample collection and treatment

including refrigeration and protein precipitation by acidification have been

adopted. In addition, the absence of a strong chromophore or fluorophore

group in GSH requires a suitable derivatization protocol followed by HPLC

analysis [6]. In this sense, several pre-column derivatization methodologies

using several reagents such as 5,5'-dithiobis(2-nitrobenzoic acid) [7], o-

phthaldialdehyde (OPA) [8] monobromobimane [9] and 4-chloro-3,5-

dinitrobenzotrifluoride [10], among others, have been adopted in many fields

to improve selectivity and detection properties.

On the other hand, due to the low-concentration of this analyte in

biosamples (such as tissue, blood, serum, and urine), a pre-concentration step

using solid-phase extraction (SPE) or other extraction techniques is
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indispensable to achieve a sensitive determination. In any case, the strong
polarity and instability of GSH represent a challenge, since it is difficult to
extract polar GSH from aqueous samples by use of conventional methods.
However, the eluent solution (mixed directly with the derivatizing reagent)
used to achieve a proper extraction yield and high enrichment factor can
strongly influence on the efficiency of derivatization reaction, and even

produce a non-uniform tagging [11].

In the last decade, nanostructured materials have led to a wide variety of
challenging possibilities in sample preparation. Their particular features such
as large available surface area and multiform morphologies, which can used to
increase analyte-sorbent interactions, speed up mass transfer and modify
selectivity, turning them into excellent sorbents for SPE. In particular, gold
nanoparticles (AuNPs) have received attention as sorbents due to their strong
affinity towards compounds containing thiol moieties. Thus, citrate-stabilized
AuNPs have been applied as trapping support of GSH in white wines [12],
whereas these NPs capped with non-ionic surfactants have been used to
determine aminothiols in human urine and protein-bound aminothiols in
human plasma [13-16]. Recently, Wei ef al. [17] have reported the use of
polystyrene nanofibers coated with CuNPs as SPE-based material applied to
the extraction of GSH in urine samples. Most of these works [13-15] are
based on dispersive SPE; however, this extraction mode can produce analyte
loss or desorption from the surface of NPs during washing or centrifugation
steps. In this sense, the extraction and enrichment of GSH in complex
mixtures could be improved by incorporating AuNPs onto a carrier or support

to act as new kind of SPE sorbent.

In recent years, the incorporation of NPs to monoliths have emerged as
smart strategy to enhance selectivity and to improve the extraction efficiencies
of polymer-based monoliths as well as NP-based materials. Thus, studies of
polymeric monoliths modified with AuNPs for peptide and protein

enrichment purposes have been reported [18-19]. For example, Vergara-
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Barberan et al. [20] have demonstrated the potential of a gold modified
polymeric material within a 1 mL SPE cartridge for the selective extraction of
lectins and viscotoxins (sulphur-rich proteins) in mistletoe extracts. The
sorbents showed large recovery efficiencies (> 82%), loading capacities (up to
29.3 mg g sorbent) and satisfactory reusabilities (at least 20 times). In spite
of these good features, the scale-up or extension of hybrid monolithic
materials to efficient and miniaturized-based systems devoted to sample

treatment remains scarce.

In this study, a hybrid material based on a polymer monolith modified with
AuNPs was used as SPE sorbent within a polypropylene syringe for the
selective and efficient extraction of GSH in biological fluid samples. For this
purpose, glycidyl methacrylate (GMA)-based monolith was firstly prepared
within polypropylene syringes, which were previously modified by
photografting with ethylene glycol dimethacrylate to assure a covalent
attachment of monolith. Then, the polymer was treated with different ligands
(ammonia, cysteamine and cystamine). The resulting materials (containing
amine or thiol groups, respectively) were subsequently functionalized with
AuNPs. The hybrid material that provided the largest AuNPs coverage was
then selected as SPE sorbent and it was investigated in terms of extraction
efficiency through parameters such as the sample pH, elution solvent, etc.
Under the optimized conditions, the hybrid monolithic microdevices were
successfully applied to the extraction of glutathione in saliva and urine
samples followed its analysis by HPLC coupled with fluorescence detection,
thus demonstrating the fruitful combination of these materials with

(micro)analytical systems for sample treatment purposes.
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3.2. Experimental

3.2.1. Reagents and standards

Glycidyl methacrylate (GMA), ethylene glycol dimethacrylate (EDMA),
benzophenone  (BP), cyclohexanol, 1-dodecanol, 2,2-dimethoxy-2-
phenylacetophenone (DMPA), cystamine dihydrochloride, cysteamine, tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), L-glutathione reduced (GSH),
o-phthaldialdehyde (OPA), DL-dithiothreitol (DTT) were obtained from
Sigma-Aldrich (Milwaukee, WI, USA). Acetonitrile (ACN), methanol
(MeOH), trifluoroacetic acid (TFA), trichloroacetic acid (TCA), boric acid,
sodium chloride, ethylenediaminetetraacetic acid (EDTA), hydrochloric acid,
nitric acid, calcium chloride, sodium hydroxide ammonia solution (25%) were
purchased from Scharlab (Barcelona, Spain). Gold nanoparticles (AuNPs)
suspension stabilized with sodium citrate (particle size, 20 nm, 6.54-10"
particles mL"') were from Alfa Aesar (Lancashire, United Kingdom).
Monosodium and disodium phosphate, magnesium sulphate heptahydrate and
orthophosphoric acid were from Merck (Darmstadt, Germany). Deionized
water was prepared in Crystal B30 EDI Adrona deionizer (Riga, Latvia) was
used in all procedures. Stock solution of GSH was daily prepared by
dissolving appropriate amounts of this aminothiol in deionized water in brown
flask, and working standard solutions were obtained by dilution of the stock
solution. Phosphate buffer solutions (PBS) of 25 mmol L at several pH
values were prepared by mixing appropriate amounts of Na,HPO4, NaH>POy4
and H3;POs according to the required pH. Polypropylene syringes of 1 mL
(used as support for the SPE sorbent) were purchased from Henke Sass Wolf
(Keltenstralle4, Tuttlingen, Germany).

3.2.2. Instrumentation

Photografting of polypropylene wall surface and photopolymerization of
monoliths were carried out using a UV radiation chamber CL-1000 (UVP,
Upland, Canada). A syringe pump (model 101, KD Scientific, Holliston, MA,
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USA) was used to perform functionalization of monolithic beds. The
morphology of the materials was characterized using a scattering electron
microscope (S-4800, Hitachi, Ibaraki, Japan) equipped with a backscattered
electron detector and a X-ray microanalysis system (EDAX Genesis 400). The
determination of gold content in the hybrid monoliths was also done by using
an inductive coupling plasma equipment connected to mass spectrometer
(ICP-MS) (model 7900, Agilent Technologies, Waldbronn, Germany). A
micro star 17R from VWR chemicals (Radnor, USA) centrifuge was used for

the sample treatment protocol.

Chromatographic experiments were conducted on Jasco Analytica
(Madrid, Spain), composed of a PU-2089 quaternary gradient pump, an AS-
2055 autosampler with a 20 pL injection loop and FP-2020 Plus fluorescence
detector (Jasco Analytica). The system was controlled using the LC-
NETII/AFC interface also supplied by Jasco. Acquisition and data treatment

was performed using the ChromNAYV software (version 1.17.01, Jasco).

3.2.3. Surface modification of polypropylene syringes

Prior to preparation of monolithic phase into the syringe, the inner surface
of this support was modified by photografting with BP and EDMA [18] in
order to achieve a covalent attachment of monolithic beds. Briefly, the inner
surface of 1 mL polypropylene syringe was sequentially washed with MeOH
and acetone, and dried under a nitrogen stream. Then, the syringe was filled
with 100 pL of a deoxygenated 5% (w/v) methanolic BP solution and
sequentially irradiated with UV light (1 J-cm™) for 10 min followed by a
MeOH rinse and drying step with nitrogen. Next, the syringe was filled with
100 pL of a 15% (v/v) methanolic EDMA solution and irradiated again with
UV light for 10 min. Finally, the modified syringe was washed thoroughly

with acetone and dried under a nitrogen stream before use.
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3.2.4. Preparation of generic monolith within the syringe

A poly (GMA-co-EDMA) monolith was prepared in the vinylized syringe
(50 uL of the polymerization mixture, 20 mg of monolith after
polymerization) by UV-initiated radical polymerization. The composition of
the polymerization mixture was as follows: 40 wt% monomers (32 wt% GMA
and 8 wt% EDMA) and 60 wt% porogens (56 wt% cyclohexanol and 4 wt%
1-dodecanol), in the presence of 0.1 wt% DMPA (out of the total weight of
the monomers). Next, the mixture was homogenized by sonication for 10 min,
and then purged with nitrogen for 10 more min. Once the mixture was filled
into the syringe, it was placed under UV light for 2 h. After that, the monolith
was rinsed with MeOH during 30 min at 5 pL min™' to remove the porogenic
solvents and possible unreacted monomers. Then, the monoliths were dried in

the oven at 60°C overnight.

3.2.5. Modification of GMA-based monolith with amino- or thiol-groups and
posterior functionalization with AuNPs

After the polymerization, the porous material was treated with 3 different
nucleophilic reagents (ammonia, cysteamine and cystamine) according to the
following procedures. In the first protocol [19], the GMA-based monolith was
modified by passing through aqueous 4.5 mol L' ammonia at 60 °C (water
bath) at 5 pL min™ using a syringe pump for 2 h. Upon completion of the
reaction, the material was washed with deionized water to remove the excess
of ammonia until the eluent was neutral pH. This reaction generates amino

groups on the surface of the monolith.

In the second procedure, the monolith was modified using cysteamine in
order to provide thiol moieties [21]. For this purpose, 2.5 mol L' cysteamine
aqueous solution was pumped through the parent monolith at a flow rate of 5
uL min” for 2 hours at room temperature. The syringe was then rinsed with

water to remove excess reagents until neutral pH.
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The last used protocol [22], a 1.0 mol L' cystamine dihydrochloride

solution (prepared in 2.0 mol L' aqueous sodium hydroxide), which it was

first pumped through the monolith at 60 °C at a flow rate of 5 uL min™' for 2 h

and then washed until neutral pH. Then, a TCEP solution (0.25 mol L™ in an

equal concentration NaOH solution) was also pumped through the monolith at

room temperature at a flow rate of 5 uL min™' for 2 h to achieve cleavage of

disulphide bonds. The column was then washed with water until neutral pH.

The resulting materials were treated by passing through the syringe a

commercial AuNPs dispersion at 0.3 mL min"' until saturation of the

monolithic materials with NPs, by monitoring the UV-vis spectra of the

supernatants as we previously described [20]. The presence of the AuNPs was

also easily recognizable by the colour-change of the material, which it passed

from clear white to intense pink.

The prepared hybrid materials were characterized by SEM. Moreover,

their Au content was evaluated by using energy dispersive analysis of X-rays

(EDAX) and ICP-MS. For these latter measurements, all materials were

previously calcined at 550°C for 1 h, and the resulting pellets were dissolved

in aqua regia, properly diluted with water and analyzed by ICP-MS.

3.2.6. Sample extraction and pretreatment

Human biological fluids (saliva and urine) were obtained from a healthy

adult volunteer. For the saliva, a prior gargling with distilled water for 5

minutes was done to remove all the possible pollutes. After that, the donor

kept tongue in touch with palate and made the saliva naturally flow down into

2 mL tubes. Then, the saliva and urine samples were stored at —20 °C until

analysis. The pretreatment method of both samples was adapted from Zhang

et al. [10] with certain modifications. After thawing, 1000 pL of sample

(saliva or urine) was mixed with 100 uL of a solution of TCEP (50 mmol L™

in borate buffer at pH 7.4) in a vial and incubated at 25 °C for 10 min. Then,
900 pL of a solution containing 1 % (m/v) TCA and 1 mmol L™" EDTA was
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added and the resulting solution was centrifuged for 10 min at 10000 g. The
obtained supernatant was properly neutralized and collected for the

subsequent pretreatment or analysis.

3.2.7. microSPE protocol

A (micro)SPE procedure was applied to the selected hybrid material for
the extraction of GSH in aqueous solutions and biological fluid samples.
Thus, a preactivating step of sorbent was done with ACN (500 pL) and
equilibrated with 25 mM PBS at pH 6.0 (500 pL). Next, 200 uL of standard
solutions (prepared in in the same buffer) or biological samples (treated as
above) were loaded onto the syringe. Then, the material was washed with PBS
solution (200 pL), and the retained analyte was eluted with DTT 0.5 mol L™
(200 pL). The regeneration of sorbent was done with water at 80°C during 2 h
[19]. The same procedure was applied to prepare a blank sorbent (GMA-based

monolith).

3.2.8. GSH derivatization and LC analysis

The OPA functionalization protocol was adapted from Wei et al. [17].
Thus, 100 pL of the collected fraction (in the different SPE steps) and the
same volume of the derivatization reagent (100 mM OPA in 0.7 M borate
buffer at pH 9, 20 % MeOH solution) were mixed and let to react for 1.0
minute at room temperature. The resulting solution was filtered through a 0.45
pum filter membrane (Millipore Corporation, Belfast, MA, USA) and injected
into the chromatographic system.

The separation of fluorescent isoindole derivative (GSH-OPA) was done
on a Kinetex C18 column (150 x 4.6 mm, 2.6 um, 100 A, Phenomenex,
Torrance, USA). The HPLC system was operated under isocratic mode using
a mobile phase consisted of 23/77 (v/v) MeOH/H,O mixture containing 20
mM PBS at pH 6.0. The flow rate was 0.75 ml min"' and the column
temperature was 25°C. The GSH was measured at excitation and emission

wavelengths set at 340 nm and 462 nm, respectively.
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3.3. Results and discussions

3.3.1. Choice of hybrid monoliths functionalized with AuNPs

As we mentioned in the Introduction, polymeric materials modified with
AuNPs has been previously used in our research group as sorbents in SPE
cartridges for isolation of proteins. In particular, GMA-based monoliths were
synthesized to be subsequently chemically modified by using two different
ligands (ammonia and cysteamine). AuNPs were then assembled to the amino
or thiol groups present in the resulting polymers. In spite of the good features
of these sorbents, a reduction in the preparation protocol (by avoiding
grinding and sieving processes) is highly desirable. In this sense, a simple
approach based on in situ UV-initiated polymerization of GMA-monolith
within activated polypropylene syringes (according ref. [23, 24]) was adopted.
Then, this monolith was modified with the two prior ligands as well as
another ligand (cystamine) was included. This ligand has been previously
used by Svec and coworkers [22] to provide monoliths with enhanced surface
coverage with AuNPs. Figure 3.1 shows the scheme of modification reactions
of GMA-based material with mentioned ligands and posterior immobilization
of AuNPs. Thus, the AuNPs functionalized materials (with different ligands)
were analyzed by ICP-MS (as described in Section 2.5) to determine the total
Au content, giving 0.029, 0.27 and 0.79 wt% for the ammonia-, cysteamine-,
and cystamine-modified monoliths, respectively. Also, EDAX was used to
evaluate the amount of Au in the surface of hybrid monoliths. For this
purpose, different areas (1 and 10 pm?2) in several regions of hybrid materials
were measured (see Supplementary Information, Figures 3.S1-S2,
respectively). For example, the content in Au ranged from 22.3 to 29.2 wt%
for the cystamine-modified monolith. Thus, these values were similar to that
observed by Connolly et al. [25], but lower than those reported by Svec’s
group [22].
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Figure 3.1. Scheme of functionalization of GMA-based material in syringe with: (a) ammonia, (b)

cysteamine and (c) cystamine, and subsequently immobilization with AuNPs.
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These dissimilarities in terms of Au content could be explained taking into

account several factors. On the one side, the format used here (syringe) in the

synthesis of bulk monoliths is rather different from that (fused-silica

capillaries) described in ref. [22], which might affect the accessible number of

reactive sites in the parent monolith [26]. On the other hand, other important

issue to be considered is the technique used for the Au evaluation in the

resulting hybrid monoliths. Thus, EDX analysis (used in this study and refs.

[22, 25]) provides only a semi-quantitative estimation (“local analysis™) of Au

content in the surface of the material, while ICP allows the determination of

bulk Au content in the materials.

On the basis of the results obtained above, polymer monoliths modified

with cysteamine and functionalized with AuNPs was chosen as sorbent for

extraction of GSH. Moreover, SEM micrographs of this hybrid material were

obtained (Figure 3.2), showing the presence of a large number of AuNPs

covering the monolith surface.

Figure 3.2. Photograph of AuNP-modified monolithic syringe using

cystamine-modified monolith and its corresponding SEM micrograph (at

80 000% magnification).

3.3.2. Optimization of microSPE conditions

Using the selected hybrid monolith, the parameters that may influence on

the extraction efficiency of GSH such as the sample pH and elution conditions
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were studied. Sample pH is an important factor that affects ionization state of
target analyte and also the effective surface charge of the sorbent, which can
influence on the extraction performance of GSH. For this reason, the effect of
sample pH (in the range of 4 - 7) on the loading SPE step was studied. Thus,
solutions (200 pL) containing 30 umol L' of GSH (pKas of 2.50 and 3.40 for
glutamate and glycine carboxylic acids, respectively, and 9.49 for the
glutamate amino group) were selected to perform the retention studies. As
shown in Figure 3.3, large retentions (> 95 %) in the loading step were
obtained along 4.0—6.0. This result is in agreement with the findings reported
in literature, where the maximum adsorption of amino thiols onto the metal
surface 1s usually observed at zwitterion form of these molecules [27, 28].
Under these conditions, the electrostatic interactions between the amino thiol
molecule and the sorbent are favoured. When the pH was modified out of
zwitterionic form range, a less favorable retention was obtained. At basic pH,
the GSH molecules become less zwitterionic leading to repulsion interactions
between these molecules and the citrate-coated Au surfaces and/or between
adjacent adsorbed GSH molecules onto Au surface. On the other hand, at
lower pH, the carboxylic groups of GSH become protonated and favorable
hydrogen bonding between GSH molecules are promoted in detrimental of its
adsorption onto AuNPs surface [27, 28]. At sight of these results, a pH of 6.0
was selected as compromise to achieve the highest extraction recovery. Then,
the washing step was done at this pH, where no significant losses (< 0.2 %)

were obtained.

Once the retention of GSH was studied, its elution from the AuNP surface
was investigated. Due to strong affinity of these NPs for thiol-containing
ligands, the desorption of this molecule from the nanostructured sorbent is not
an easy task. For this purpose, several thiol-compound solutions have been
described in literature to achieve an efficient desorption [13, 14, 15, 17] via

ligand-exchange reaction.
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Figure 3.3. Influence of pH on retention of GSH using AuNP-modified

monolithic syringe. Error bar = SD (n = 3).

In order to ensure a successful completion of the ligand exchange in short

time, an excess of the incoming thiol is commonly used (approximately 90-

200 molar equivalents with respect to the NP for most thiols) [29]. Smaller

amounts of thiol result in incomplete exchange, giving worse recovery

efficiencies. Thus, thioglycolic acid was firstly considered as ligand to remove

the adsorbed GSH onto the gold surface. However, this reagent gave low

extraction yields (up to 100 mM was tested) and interfered with derivatization

reaction with OPA. Then, 1,4-dithiothreitol (DTT) was examined as thiol

reagent for the desorption of the extracted compound. Figure 3.4 shows the

effect of the DTT concentration (1-1000 mM) on the extraction recovery of

GSH at a concentration of 30 uM (ca. 9 ug mL™). As can be observed, the

extraction recovery increased with increasing DTT concentration up to 500

mM. Concentrations above this value led to a decrease in the recovery

efficiency of GSH, which can be explained by interferences of the excess of

this reagent with OPA derivatization of GSH. Hence, the concentration of

DTT might be kept at an appropriate level to obtain satisfactory extraction

efficiencies. Thus, a solution containing 500 mM DTT was chosen as
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desorption solvent for all subsequent experiments. Once the working SPE
conditions were optimized, several analytical parameters such as
breakthrough volume, loading capacity and reusability of sorbent were
evaluated. Thus, the breakthrough volume of the (micro)SPE device was
tested by percolating variable volumes (0.2—1.5 mL) of GSH standard solution
(Figure 3.S3). Experimental results showed recoveries above 90% up to 1.25
mL, whereas a considerable decrease in the recoveries of this analyte was
observed at larger volumes. The loading capacity was also measured by
passing through the syringe SPE device by keeping constant the working
conditions of SPE procedure, giving a maximum value of 2.93 mg of GSH per
g of hybrid monolithic material. Below this value, excellent performance of
sorbent with recoveries higher than 75% was observed. The reusability of this
sorbent (200 pL of 30 uM GSH) was also evaluated (Figure 3.S4). For this
purpose, the proposed SPE sorbent was repeatedly used by employing the
regeneration protocol described in Section 5.2.7. An excellent performance

with recoveries higher than 90% for GSH was observed after 15 re-cycles.
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Figure 3.4. Effect of DTT concentration on recovery of GSH using AuNP-
modified monolithic syringe. Error bar = SD (n = 3).
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Besides, the proposed (micro)extraction procedure needed a small total
volume of liquid solution (< 1 mL, including all SPE steps), which was lower
than that required for conventional SPE cartridges (around 5-20 mL), being a
significant advance in terms of green aspects of sample preparation.
Furthermore, the required volume of sample was 200 pL, being a great benefit

to monitor GSH in biological fluids as we demonstrated below.

3.3.3. Validation of the method and application to real samples

The proposed SPE protocol combined with LC coupled to fluorescence
detection was validated in terms of linearity, sensitivity and precision. A good
linearity (R > 0.9998) was obtained in the range of 4.6:10%-1500 pg mL™
(1.5:102-5700 uM) for GSH. The limit of detection (LOD) and limit of
quantitation (LOQ) were also estimated based on signal-to-noise ratios of 3
and 10, respectively. Thus, the LOD and LOQ values were 5 and 15 nM (1.53
and 4.59 ng mL™"), respectively. The reproducibility of preparation of in
syringe hybrid monoliths as sorbent was tested. Thus, the precision for the
intra- and inter-(micro)extraction devices was evaluated. By using the same
device, the extraction recoveries of GSH for intra- and inter-day (n = 3) were
below than 2.8% and 5.3%, respectively. The device-to-device precision was
less than 7.8% RSDs with 83.7-90.4% recoveries (n = 3). Therefore, the
above results suggest the good repeatability and reproducibility of hybrid
polymer monoliths. Another analytical parameter evaluated was the
enrichment factor, which was calculated by comparison of the slopes of the
calibration graphs before and after extraction process, giving a value of 5.8 for

the proposed methodology.

Then, the SPE sorbent described here was compared with reports related to
the use of other nanomaterials for GSH extraction in biological fluids (Table

3.1).
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Table 3.1. Comparison with other reported nanomaterial-based methods for GSH extraction.

Extraction Recoveries LOD
Material Detection method Ref
technique (%)
Tween 20-capped ]
dSPE UV detection 97.1-99.4 3.1 [14]
AuNPs
CuNPs-assembled
PFSPE Fluorescence 94.6-98.6 1.1 [16]
nanofibers
MnO: nanosheet-gated ) )
. No extraction Electrochemical glucose meter 97.5-102.5 10.4 [28]
mesoporous silica NPs
AuNPs dSPE Graphene-based MALDI-TOF - 625 [29]
Carbon dots-Cu?* dSPE Fluorescence 93.8-103.6 26.4 [30]
AuNPs modified-
microSPE Fluorescence 86-105 1.5
monolith

dSPE: dispersive SPE, PFSPE: packed-fiber SPE
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Regarding extraction recovery values obtained in this study, these were
similar to those found in reported studies. Concerning the LODs, our LOD
value was similar [15, 17] or lower [30-32] than studies described in Table
3.1. Besides, our SPE support method offers an increased surface area-to-
volume ratio, without losses of material and analyte compared to dispersive
SPE [15, 31, 32], where analyte loss or desorption from the surface of NPs
occurred during washing or centrifugation steps. Moreover, other strength of
our sorbent is its satisfactory reusability (see data above). In this regard, in the
related studies of NP-based materials (see Table 3.1), this important

parameter was not evaluated or this information was missing.

a GSH

GSH

Fluorescence intensity (mau)

Time (min)

Figure 3.5. Chromatograms of urine without (a) and with pretreatment (b)
using AuNP-modified monolithic syringe. Chromatographic conditions as in

section 5.2.8.
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This fact confirms the suitability of the hybrid material to be used as
sorbent in SPE for clean-up purposes. Table 3.2 shows the recovery values
obtained in all matrices investigated. The mean recoveries for GSH at two
spiked levels were in the range of 86-105 %. Moreover, standard addition
calibration curves were obtained by adding to the samples at least four
solutions with increasing concentrations, taking into account the linearity
range given above. For saliva samples, the slope of calibration curve did not
differ significantly from that obtained with the external calibration method, in
contrast with that found for real urine samples. From these results, it can be
derived that standard addition method was required for the determination of
this analyte in real urine samples. On the basis of these considerations, the
concentrations of GSH in saliva and urine samples were estimated, being 7.88

+0.04 and 17.0 = 0.6 pmol L™, respectively.

Table 3.2. Recovery study of GSH in spiked samples analyzed following

AuNPs-modified monolithic syringe device.

Spiked level (uM)
Sample
3 30
Saliva 89.2+5.2 86.1+6.4
Artificial urine 105.2+3.1 96.8+4.2
Urine 94.3+10.1 929+8.4
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3.4. Conclusions

This study presents the preparation of AuNPs-modified monoliths in a
syringe by UV-initiated polymerization to be used as SPE sorbents for the
selective and sensitive determination of GSH in biological fluids. For this
purpose, generic monoliths modified with several ligands (ammonia,
cysteamine and cystamine) and then functionalized with AuNPs were
prepared, giving the materials containing cystamine functionalities the largest
coverage of AuNPs onto the monolith surface. The presence of the AuNPs in
the monolith results in a better sensitivity since GSH can be easily retained on
the basis of the strong interaction between thiol group and AuNP surface
during the retention step. After optimization of extraction protocol, high
recovery values and very low LOD value (1.5 ng mL™") were achieved. The
performance of the AuNPs-modified monolithic syringe wunit was
demonstrated by its application to biological samples, where an effective
clean-up of sample and preconcentration of GSH was done. Compared with
other current nanomaterial-based methods for sample preparation of GSH, our
SPE protocol is simpler and more cost-effective and it shows a good
reusability of material. Thus, the proposed methodology represents an
encouraging alternative for the extraction of relevant thiol-containing

compounds from biological samples.
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3.6. Supporting Material
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Figure 3.S1. Electron dispersive X-ray spectrometry data collected in a 1 um?
area of AuNP-modified monolith using cystamine-modified polymer as parent

support.
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Boronate affinity sorbents based on thiol-
functionalized polysiloxane-polymethacrylate
composite materials in syringe format for
selective extraction of glycopeptides
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In this work, two novel boronate affinity monolithic materials able to extract
glycopeptides within a polypropylene syringe are described and compared. The
first material was synthesized from glycidyl methacrylate (GMA)-based
monoliths modified with poly-3-mercaptopropyl-methylsiloxane (PMPMS)
followed by attachment of 4-vinylphenylboronic acid (VPBA) via thiol-ene click
reaction. The second material was prepared by using gold nanoparticle (AuNP)-
modified monoliths as substrate followed by subsequent attachment of PMPMS
and VPBA. The resulting materials were used as sorbents for solid-phase
extraction (SPE) to selectively preconcentrate glycopeptides from horseradish
peroxidase (HRP) digests. The material that gave the superior performance was
that prepared with AuNPs due to the presence of abundant boronic acid groups,
being its practical applicability also examined. The hybrid material exhibited a
satisfactory efficiency of glycopeptide enrichment (identifying 24 glycopeptides
from a total of 27) in mixture of tryptic digests of HRP and bovine serum albumin
(BSA) (1:100, w/w) were tested (or as testing sample). The sorbent shows low
sensitivity (0.5 fmol/uL), good adsorption capacity (25 mg g') and suitable
reusability (over 10 times). Moreover, the hybrid monolith was successfully
applied to the selective enrichment of glycopeptides from human serum digests,
without any pretreatment, in which 85 glycopeptides were identified by nano-LC-
MS/MS, suggesting a great potential for application in glycoproteome field.

Keywords: Monoliths; gold  nanoparticles; poly-3-mercaptopropyl
methylsiloxane; thiol-ene click reaction; composite material; glycopeptides

enrichment
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4.1. Introduction

Glycoproteins play an essential role in diverse biological and clinical

events, such as inter and intracellular transport, signal transduction, immune

response, and molecular recognition [1-4]. In addition, they have been

associated with many diseases, being used as biomarkers and therapeutic

targets in clinical diagnostics [5]. However, the low abundance of

glycoproteins in biological samples, jointly with the complexity of these

matrices, make that the direct identification of these compounds remains

challenging [3.,4,6]. Consequently, a sample treatment is required before

proceeding with their determination. Several methods have been described for

glycoproteins enrichment such as lectin affinity chromatography [7,8],

hydrophilic interaction chromatography [9], hydrazide chemistry [10], or

boronate affinity chromatography [3-6]. In particular, boronate-based supports

present particular affinity properties towards solutes (e.g. glycoproteins)

containing cis-diol groups, where the interaction based on a specific covalent

binding can be easily tailored by adjusting the pH of medium [3,5].

Additionally, these boronic-based supports can avoid irreversible glycan

variations during extraction process [11]. Indeed, various boronate affinity

materials have been synthesized, such as boronic acid-functionalized

magnetic nanoparticles (NPs) [12], mesoporous silica particles [13],

molecularly imprinted polymers (MIPs) [14,15] and monolithic supports [2-
4,6].

The well-known features of monolithic materials, particularly polymer

monoliths (viz. simple and cost-effective fabrication, high stability over a

wide pH range, low back-pressure and fast separation of macromolecules)

[16] combined with boronic ligands represent an attractive support for sample

pretreatment methodologies as evidenced by several reviews [11,17]. Thus,

these materials have been prepared using hydrophilic boronic acid ligands as

functional monomers such as 3-acrylamidophenylboronic acid [18], 4-

vinylphenylboronic acid (VPBA) [19], 2,4-difluoro-3-formyl-phenylboronic
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acid [20] and 3-(acrylamido)phenylboronic acid [5], among others.
Nevertheless, due to the small surface area of the resulting polymer
monoliths, glycoprotein binding capacity needs to be enhanced. Also,
organic/inorganic hybrid boronate affinity monoliths [4,21,22] have been
adopted to extract these target analytes. Although a slight improvement in
surface area is produced in these hybrid monoliths, the nonspecific adsorption
of non-glycoproteins on such monoliths was delicate, which decreased the
selectivity. Therefore, the development of boronate affinity monolithic
sorbents with large surface areas and high selectivity is strongly required to

efficiently accomplish the selective capture of glycopeptides.

In the last years, the incorporation of nanomaterials into the monoliths has
been considered a valuable strategy to increase the effective surface area of
polymer monoliths as well as to tailor their selectivity [23,24]. Several
nanomaterials such as gold nanoparticles (AuNPs) [1,3,25] and graphene
oxide (GO) [3,26] have been used to prepare boronate affinity-based materials
for (micro)extraction purposes. Most of these works have been applied in-
capillary format; however, their scale-up to other usual (micro)extraction
formats (with enhanced loading capacity) have been scarcely investigated
[25]. In this respect, AuNPs have attracted much interest among scientists of
monolith field [25,27-29], since AuNP-modified monoliths could be
considered perfect candidates as host matrices for selective glycopeptides
enrichment [1,30]. For example, Wu et al. [1] reported the modification of a
GMA-based monolith with AuNPs (using cysteamine) to attach 4-
mercaptophenylboronic acid (MPBA) and 2-mercaptoethylamine. The
resulting hybrid monolithic capillaries were applied to enrich horseradish
peroxidase (HRP) and glycoproteins from human plasma. The same authors
[30] used the same AuNP-modified monolithic platform to attach cysteine and
PNGase F for glycopeptide enrichment and on-line deglycosilation,
respectively. Despite these contributions, it is still necessary to improve the

immobilized amount of boronic acid groups of supports, which would
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consequently enhance its binding capacity. Additionally, this information is
commonly missing in most works reported on this topic. Therefore, it is
essential to develop novel materials with high coverage density of boronate

ligands.

In this work, with the aim of obtaining hybrid boronate affinity materials
with a large surface area and enhanced surface coverage of boronate
functionalities,  poly-3-mercaptopropyl-methylsiloxane ~(PMPMS) was
attached to the surface of the epoxide groups of a poly(GMA-co-EDMA)
monoliths. Although this polymer has been used to generate large thiol-
covered monolith surfaces, which has been posterior functionalized (by thiol-
ene click reaction) with chiral selectors in miniaturized separation techniques
[31,32], its use to develop boronate affinity sorbents has not been yet
explored. Besides, the development of these novel hybrid monolithic sorbents
in miniaturized devices (such as syringe) has been proposed for the first time.
In order to prepare the boronate affinity sorbents, two distinct approaches
were adopted: 1) functionalization of the poly(GMA-co-EDMA) monolith
with the PMPMS polymer followed by thiol-ene click attachment of VPBA,
and 1i) synthesis of an AuNP-modified poly(GMA-co-EDMA) monolith to be
used as host material for binding PMPMS polymer followed by attachment of
VPBA ligand by click thiol-ene chemistry (Figure 4.1). The resulting
materials obtained by these approaches were morphologically characterized.
Also, their potential as solid-phase extraction (SPE) sorbents to selectively
preconcentrate glycopeptides from horseradish peroxidase (HRP) digests as
model protein was evaluated. Then, the best material was investigated in
terms of adsorption capacity, sensitivity, selectivity, reusability and
reproducibility. Furthermore, the practical applicability of selected material
was evaluated by enriching glycopeptides from a biological sample such as

human serum.
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Figure 4.1. Scheme of synthesis of (A) GMA-PMPMS-VPBA and (B) GMA-SH@AuNP@PMPMS-

VPBA monolithic materials
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4.2. Experimental

4.2.1. Chemicals and reagents

Glycidyl methacrylate (GMA), ethylene glycol dimethacrylate (EDMA),

cyclohexanol, 1-dodecanol, 2,2-dimethoxy-2-phenylacetophenone (DMPA),

cystamine  dihydrochloride,  poly-3-mercaptopropyl =~ methylsiloxane
(PMPMS), 4-vinylphenylboronic acid (VPBA), tris(2-carboxyethyl)phosphine

hydrochloride (TCEP), benzophenone (BP), a-cyano-4-hydroxycinnamic acid
(HCCA), trifluoroacetic acid (TFA), dithiothreitol (DTT), ammonium

bicarbonate, trypsin, iodoacetamide, sodium hydroxide (NaOH), formic acid

(FA), horseradish peroxidase (HRP) and bovine serum albumin (BSA) were
obtained from Sigma-Aldrich (Milwaukee, WI, USA). PNGase F Glycan

cleavage kit was acquired from Thermo Fisher Scientific (Bremen, Germany).

Azobisisobutyronitrile (AIBN) was purchased from Fluka (Buchs,

Switzerland). Gold nanoparticles (AuNPs) suspension stabilized with sodium

citrate (particle size, 20 nm, 6.54-1011 particles mL—1) and Coomassie Blue
were from Alfa Aesar (Lancashire, UK). Acetonitrile (ACN), ethanol (EtOH),

acetone and methanol (MeOH) were purchased from Scharlab (Barcelona,

Spain). Deionized water was prepared in Crystal B30 EDI Adrona deionizer

(Riga, Latvia) was used in all procedures.

Polypropylene syringes of 1 mL (used as support for monolithic phases)

were purchased from Henke Sass Wolf (Keltenstrape4, Tuttlingen, Germany).

4.2.2. Instrumentation

Photografting of polypropylene wall surface and photopolymerization of

monoliths were carried out using a UV radiation chamber CL-1000 (UVP,

Upland, Canada). A syringe pump (model 101, KD Scientific, Holliston, MA,

USA) was used to perform functionalization (or modification) of monolithic

beds. The morphology of resulting materials was characterized by a scattering

electron microscope (S-4800, Hitachi, Ibaraki, Japan) equipped with a

112



Capitulo 4: Polimeros monoliticos funcionalizados con boronato como sorbente en SPE

backscattered electron detector and a X-ray microanalysis system (EDAX
Genesis 400). High-resolution transmission electron microscopy (TEM)
analysis of sorbents was performed in a JEOL microscope (JEM 2100F,
Freising, Germany) operated at 200 kV. The determination of gold and boron
content in the materials was also done by using an inductive coupling plasma
equipment connected to mass spectrometer (ICP-MS) (model 7900, Agilent
Technologies, Waldbronn, Germany). For these latter measurements, all
materials were previously calcined at 550°C for 1 h, and the resulting pellets
were dissolved in aqua regia, properly diluted with water and analyzed by

ICP-MS.

An EA 1110 CHNS elemental analyzer (CE Instruments, Milan, Italy) was
used for elemental analysis of synthesized materials. Fourier-transform
infrared (FTIR) spectroscopy was also conducted in characterization studies.
For this purpose, a FTIR spectrometer model Tensor 27 from Bruker
(Bremen, Germany) was used. Measurements were recorded using a DLaTGS
detector and a Dura Sample IR II attenuated total reflection (ATR) accessory
from Smiths Detection Inc. (Warrington, UK) equipped with a nine-reflection
diamond/ZnSe DuraDisk plate was used. Spectra were collected in the region
compressed between 4000 and 550 cm™ at a resolution of 4 cm™ with 15
scans. Background spectrum was acquired under the same measurement

conditions.

An 8453 diode-array UV-vis spectrophotometer (Agilent Technologies,
Waldbronn, Germany) was used to obtain HRP content by Bradford assay.

A 5800 MALDI-TOF/TOF-MS (AB SCIEX, Foster City, CA, USA) was

used to establish peptide masses.

Peptides were also analyzed by using an Eksigent 425 nano-LC system
(Dublin, CA) which was connected to a TripleTOF 6600plus mass

spectrometer (AB Sciex).
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4.2.3. Synthesis of GMA-based monolith within the syringe

The inner surface of the syringe was firstly modified by photografting with

BP and EDMA [33] in order to enable a covalent attachment of monolithic
bed to the wall. The parent monolith consisted of a poly (GMA-co-EDMA)

material, which was prepared in the vinylized syringe (50 pL of the

polymerization mixture, 20 mg of monolith after polymerization) by UV-

initiated radical polymerization. The composition of polymerization mixture

was taken from a previous work [33]: 40 wt% monomers (32 wt% GMA and
8 wt% EDMA) and 60 wt% porogens (56 wt% cyclohexanol and 4 wt% 1-
dodecanol), in the presence of 0.1 wt% DMPA (out of the total weight of the

monomers). This mixture was next sonicated for 10 min and purged with

nitrogen for 10 more min and then filled into the pretreated syringe.

Polymerization was carried out with UV light for 2 h at 1 J cm-2. To remove

possible unreacted monomers and rests of porogenic solvents, the monolith

was then washed with MeOH and the obtained material was dried in the oven

at 60°C overnight.

4.2.4. Synthesis of the different boronate affinity monolithic materials

Using the parent monolith previously synthesized, two different materials

to be tested as SPE sorbents were prepared as illustrated in Figure 4.1. The

first monolithic material (route A) was obtained by passing through the parent

monolith a 10% (v/v) PMPMS solution in ACN at 5 pL min™' using a syringe
pump at 60°C for 2 h. Then, a VPBA solution (40 mg mL™"' of VPBA in ACN

and also containing 1% AIBN) was used to fill the syringe and its end was

sealed with rubber stoppers and kept in an oven at 60°C for 24 h. The
resulting material (GMA-PMPMS-VPBA) was washed with ACN and dried

in an oven at 60°C overnight.

To prepare the second material (route B), the GMA-based monolith was

chemically modified with cystamine (to provide thiol moieties) and further

attached with AuNPs following a procedure previously described [33,34].
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Briefly, a 1.0 mol L' cystamine dihydrochloride solution (prepared in 2.0 mol
L' aqueous NaOH) was flushed through the bare monolith at 60°C at a flow
rate of 5 uL min' for 2 h and then washed until neutral pH. Subsequently, to
achieve the reduction of disufide bonds, a TCEP solution (0.25 mol L™ in an
equal concentration NaOH solution) was pumped through the monolith at
room temperature at the same flow rate for 2 h. After washing with water until
neutral pH, the resulting thiol-modified monolith was treated with a
commercial AuNPs dispersion at 0.3 mL min' as previously described [35].
The resulting hybrid monoliths were identified as GMA-SH@AuNP. After
that, a solution of 10% PMPMS (v/v) in acetone passed through the hybrid
monolith at room temperature for 2 h, and then washed with acetone.
Afterwards, a solution of VPBA (with the same composition as indicated
above) was used to fill the PMPMS-modified material and subjected to the
same click thiol-ene reaction conditions as above. Finally, the resulting
material (namely GMA-SH@AuNP@PMPMS-VPBA) was washed with
ACN and dried in an oven at 60°C overnight.

4.2.5. HRP and human serum digestion

The standard glycoprotein was dissolved in 1 mL of 50 mM NH4HCO3
(pH 7.8) and denatured at 100°C for 15 min and then allowed to cool at room
temperature. Next, the resulting solution was reduced with 1.5 mg mL"' DTT
(in 50 mM NH4HCO3 7.8) at 56 °C for 1 h and alkylated with 10 mg mL"
iodoacetamide (in the same buffer solution) at room temperature for 45 min.
To obtain the glycopeptides, the solution was digested with 0.02 pg pL’
trypsin (in 25 mM NH4HCO3 pH 7.8) at 37 °C overnight. The digestion was
stopped with FA up to a final concentration of 10%.

10 pL of human serum were diluted with 400 pL. of 50 mM NH4HCO3
(pH 7.8) and centrifuged at 12000 rpm (ca. 15000 g) for 5 min. Supernatant
was collected and heated at 100 °C for 10 min. Next, the sample was

incubated with 100 pL de 30 mg mL" DTT (in 50 mM NH4HCO3 7.8) at
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60°C for 20 min. The cooled solution was alkylated by 10 mg mL

1odoacetamide (in the same buffer solution) for 30 min at room temperature in

the dark. Finally, trypsin (40 pg) was added and digestion was left at 37°C

overnight.

4.2.6. MicroSPE protocol

The syringe with the different boronate affinity monolithic sorbents were

firstly activated with 500 pL. ACN and equilibrated with 500 pL of loading
buffer (50 mM NH4HCO3 pH 7.8). Then, 500 uL HRP digest (prepared in

the loading buffer) was passed through the syringe at 0.1 mL min™' flow rate.

The washing step was carried out with the same loading solution and the

retained glycopeptides were eluted with 100 pL of ACN/H20 (50:50, v/v)

containing 0.5% TFA prior to the subsequent MS analysis.

4.2.7. MALDI-TOF analysis

The resulting eluates (1 pL) were spotted onto a MALDI plate, and after

the droplets were air-dried at room temperature. 1 pL of matrix (10 mg mL™
HCCA in ACN/H20 (1:1, v/v) containing 0.1% TFA) was added and allowed
to air-dry at room temperature for MALDI-TOF/TOF MS analysis. Peptide

mass maps were acquired in in the positive ion mode (1500 shots every
position) in a m/z range of 800-6000. The MS and MS/MS information was
sent to be identified by the MASCOT software (v 2.3.02; Matrix Science) via
the Protein Pilot (ABSciex).

4.2.8. Glycopeptides enrichment from human serum

To enrich glycopeptides from the tryptic digest of human serum, the

adopted microSPE protocol was the same that described in Section 2.6. Once

the retained glycopeptides were eluted, this solution was evaporated to

dryness, and the residue was dissolved in 50 puL of ammonium bicarbonate.

Then, the resulting solution was deglycosilated using the PNGase F Glycan
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Cleavage Kit following the supplier instructions. Finally, the deglycosilated
peptides were subjected to nano-LC-MS/MS.

4.2.9. Nano-LC-MS/MS analysis

Briefly, 2 pL of deglycosilated peptides was loaded onto a trap column
(NanoLC Column, 3 pm, C18-CL, 350 um x 0.5 mm, Eksigent) and desalted
using TFA 0.1% as mobile phase at a flow of 5 pL min™' during 5 min. The
peptides were then loaded onto an analytical column (3C18-CL-120, 3 um,
120 A, 75 um x 15 cm, Eksigent) equilibrated in 5% ACN and 0.1% FA. The
elution was done using a linear gradient of 7-40% B in A for 20 min at a flow
rate of 300 nL min!, where A is deionized water with 0.1% FA and B is ACN
with 0.1% FA. Analysis of peptides by MS was carried out in a data-
dependent mode. Survey MS1 scans were acquired from 350 to 1400 m/z for
250 ms. The quadrupole resolution was set to ‘LOW’ for MS2 experiments,
which were acquired from 100 to 1500 m/z for 25 ms in ‘high sensitivity’
mode. Main conditions in the MS analysis were ions from 2" to 4" with a
minimum intensity of 250 cps. Up to 100 ions were selected for fragmentation

after each survey scan. Dynamic exclusion was set to 15 s.

The analysis of the obtained spectra was done using ProteinPilot v5.0
search engine. Protein-Pilot default parameters were used to generate a peak
list directly from the nano-LC-MS/MS instrument. The Paragon algorithm
[36] of ProteinPilot was used to search the SwissProt database (200601,
562246 proteins) and Uniprot Trematoda database (200604, 362615). Search
criteria included fixed and variable modifications as carbamidomethylation
(C) and oxidation (M), respectively. Only peptides with N-!P-S/T were
identified as N-linked glycopeptides.

4.2.10. Quality control and quality assurance (QC/QA)

The application of QA/QC procedures has been carried out in order to

provide accurate and reproducible results.
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Adsorption capacity of boronate affinity monoliths for glycopeptides was

adapted according to the protocols described in literature [37,38]. Briefly, 500

uL of HRP digest at 1 mg mL™" were passed through microSPE devices

containing different sorbent amounts (from 10 to 40 mg). After enrichment,

the eluted fraction was analyzed by MALDI-TOF-MS. The adsorption

capacity was calculated by the amount of HRP tryptic digest (500 ug) to the

amount of sorbent.

An estimation of the limit of detection (LOD) was obtained by analyzing

digested HRP at low-concentrations (close to the LOD level, as determined

from the approach based on S/N = 3).

To evaluate the selectivity of boronate affinity sorbents for glycopeptides,

a mixture of HRP and BSA tryptic digests (at a mass ratio of 1:100, w/w) was
enriched by the affinity-based monolith and analyzed by MALDI-TOF-MS.

The reusability of the sorbent in syringe devices was evaluated by

repeatedly analyzing digested HRP at a concentration of 0.1 mg mL"".

4.3. Results and discussion

4.3.1. Preparation and characterization of boronate affinity monolithic

materials

Figure 4.1 shows the preparation routes of the different boronate affinity

monoliths synthesized in this work. Firstly, poly (GMA-co-EDMA) monolith

described in previous works of our research group [33,35,39] was selected as

starting host material for the preparation of polymeric phases due to the

presence of reactive epoxy groups in its structure, which facilitates the

modification with different functional groups [1]. Then, two distinct strategies

were pursued to increase the density of reactive boronate groups on the

surface of the modified monoliths. For this purpose, in the route A, PMPMS

was selected as polythiol reagent to modify epoxy groups by nucleophilic

substitution following the reaction conditions described elsewhere [31]. The
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attached PMPMS significantly enhanced the hydrophilicity of parent polymer
due to its abundant thiol groups. Then, the available unreacted thiol groups
present on the PMMPS-modified monolith surface reacted with VPBA
ligands via thiol-ene click chemistry to produce the material named as GMA-
PMPMS-VPBA. Alternatively, in the second strategy (route B), AuNPs were
immobilized onto the GMA-based monolith surface (previously treated with
cystamine [27,28,33]), which provides a smart way not only to increase the
surface area for enhancing the active sites, but also to perform a facile surface
modification [27,28,33,35,39]. Then, the hybrid monolith was used as support
for immobilizing PMPMS and further bonding of VPBA to prepare GMA-
SH@AuUNP@PMMPS-VPBA composites.

The resulting materials were firstly characterized by SEM to get
information of their morphology. The morphology of the GMA-PMPMS-
VPBA (see Figure 4.2A) resembled the typical microglobular structure of
polymethacrylate monoliths, with large-through pores, which is beneficial for
flow-through purposes. EDAX analysis of this material gave silicon and
boron contents of 2.48 and 2.78 wt%, respectively (see Table 4.S1), thus
demonstrating the incorporation of the PMPMPS and VMNPs to the
polymeric matrix. Next, SEM/BSE image of the cystamine-modified monolith
obtained after AuNP immobilization (Figure 4.2B) showed a remarkable
AuNPs coverage. This surface coverage was also estimated by EDAX, giving
the presence of ca. 22 wt% Au (see Table 4.S1), which provided enough sites
for further functionalization. Due to the high affinity between gold and the
thiol groups of PMPMS, this reagent was used to functionalize AuNP-
modified monolith and subsequently to attach VPBA. SEM micrographs of
this material (GMA-SH@AuNP@PMMPS-VPBA) were also taken (Figure
4.2C). As observed, AuNPs were also evidenced on monolith surface,
although most of them were covered by the layer of bonded polythiol, and
posterior attachment of VPBA ligand. Although there were no clear
morphological differences between both materials (Figure 4.2B and 4.2C),
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EDAX analysis of this latter material (see Table 4.S1) showed the presence of

silicon (2.02 wt%) and boron (3.04 wt%) demonstrating the successful
attachment of PMPMS and VPBA onto AuNPs. Additionally, TEM

measurements of these latter materials was carried out (Figure 4.S1). From

these measurements, AuNPs showed diameters of ca. 17 and 19 nm,
respectively. The increase in AuNP diameter in GMA-SH@AuNP@PMMPS-
VPBA corroborated the presence of the bonded ligands (PMMPS and VPBA)
onto the AuNP surface.

1.00um

Figure 4.2. SEM micrographs of (A) GMA-PMPMS-VPBA, (B) AuNP-
modified monolith and (C) GMA-SH@AuNP@PMPMS-VPBA monolithic

materials. Images taken at 80 000 x magnification.

As mentioned in the Introduction, the immobilized amount of boronate

groups played an important role in the extraction performance of

glycopeptides. Thus, the determination of bulk boron content in both

materials was also done by ICP-MS (as described in Section 2.2), giving 0.10
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and 0.45 wt% for the GMA-PMPMS-VPBA monolith and the GMA-
SH@AuUNP@PMMPS-VPBA, respectively. The high immobilization amount
observed for the composite might be attributed to the large number of AuNPs
available, which provided enhanced reactive thiol coverage (via PMPMS)
sites for the attachment of VPBA.

The successful preparation of both monoliths was also confirmed by FT-IR
(see Figure 4.S2). The GMA-based monolith (parent monolith) presented an
adsorption band due to the C-H stretching of epoxy groups at around 3000
cm’ (Figure 4.S2A). This band decreased in both boronic affinity-based
materials (Figure 4.S2B and C), which proved the epoxide ring-opening
reactions with the different ligands (see Figure 4.1). Moreover, the band at
1361 cm™, which correspond to the B-O stretching vibration bond in the
phenylboronic acid moieties was observed in the two synthesized materials
[5,6], which demonstrated the successful immobilization of VPBA onto the
resulting hybrid monoliths. A broad absorption band at 3450 (or 3500) cm™,
which was attributed to O—H stretching arising from the diol moieties present
in VPBA, was also observed in these materials, which confirmed VPBA

binding to the polymer surface.

4.3.2. Glycopeptide enrichment performance of synthesized monolithic

materials

In order to evaluate the enrichment performance of boronate affinity
sorbents, a standard glycoprotein (HRP) tryptic digest was used as a model
sample. According to previous or studies [40,41], NH4HCO3 (50 mM, pH
7.8) and ACN/H20O/TFA (50/50, v/v) containing 0.5% TFA were used as
loading and elution buffers, respectively.

The MALDI-TOF mass spectra of the HRP tryptic digest without enrichment
and with enrichment using the synthesized materials are presented in Figure
4.3. Without enrichment, 10 peaks attributed to glycopeptides or their

fragments were identified (see Figure 4.3A).
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Figure 4.3. MALDI-1OF mass spectra ot HRP tryptic digests: (A) without enrichment and atter enrichment using (B) GMA
PMPMS-VPBA and (C) GMA-SH@AuNP@PMPMS-VPBA materials. Glycopeptide peak identification as in Table 6.S2
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However, after enrichment, as shown in Figure 4.3B and C, 17 and 27
glycopeptides were identified with enhanced MS intensities using the GMA-
PMPMS-VPBA and GMA-SH@AuNP@PMPMS-VPBA  materials,
respectively. The detailed information of identified glycopeptides is shown in
Table 4.S2. The superior performance found in this last material was
attributed to high immobilized amount of boronic acid groups in this
composite, and consequently, large capability for capturing target molecules
with cis-diol moieties (in this case, glycopeptides) according to the
recognition mechanism depicted in Figure 4.S3. On the basis of these results,
this composite was preferentially chosen as sorbent for extraction of
glycopeptides, and several analytical parameters of this material were

evaluated as follows.

5.3.3. Adsorption capacity, detection sensitivity, enrichment selectivity,

reproducibility and reusability of hybrid material

The adsorption capacity of the GMA-SH@AuNP@PMPMS-VPBA
composite was evaluated by enriching the glycopeptides from a fixed amount
of HRP digest using different amounts of sorbent. As shown in Figure 4.54,
the signal intensities of 6 high-abundant glycopeptides firstly increased
reaching a maximum value when 20 mg of sorbent were used. With higher
sorbent amounts, signal intensities have not been significantly improved.
Therefore, the adsorption capacity of the proposed sorbent is calculated to be
25 mg g'. This adsorption capacity value is comparable or even higher than

those obtained by other hydrophilic materials [38,42].

The detection sensitivity of the aforementioned hybrid monolith was
investigated by using different concentrations of HRP tryptic digest. When the
concentration was reduced to 0.5 fmol pL”, 3 glycopeptide peaks with S/N
ratios over 6 can still be detected (see Figure 4.S5). Therefore, the limit of
detection (LOD) of the composite was 0.5 fmol pL™'. This result suggests that

the prepared material has a good sensitivity towards glycopeptides. This value
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was comparable to others previously reported using HILIC-based monoliths

(without boronic functionalities) [42-45] and magnetic materials [46,47], thus

indicating that the prepared hybrid monolith had great sensitivity toward

glycopeptides.

To evaluate the enrichment selectivity of the hybrid monolith for

glycopeptides, a mixture of tryptic digests of HRP and BSA at a mass ratio of

1:100 (w/w) was used as the testing sample. As shown in Figure 4.S6A for

the direct analysis of this mixture, only two glycopeptide peaks could be

observed. However, after enrichment with the proposed material, 24

glycopeptide peaks (from the 27 peaks detected when only HRP digest was

enriched) were identified (see Figure 4.S6B). These results proved that the
GMA-SH@AuUNP@PMPMS-VPBA had high selectivity for glycopeptide

enrichment.

To investigate the material reusability performance, the sorbent (within

device) was repeatedly used to enrich HRP. Similar mass spectra were

obtained after using the same material for 10 consecutive uses, which

demonstrated its good stability. Furthermore, the device-to-device

reproducibility for glycopeptide enrichment was also evaluated. The number

of identified glycopeptides from HRP digests enriched by three in syringe

devices was the same with similar signal intensities, thus indicating the good
preparation and enrichment reproducibility of GMA-SH@AuNP@PMPMS-
VPBA monolithic material.

4.3.4. N-Glycopeptides enrichment from tryptic digest of human serum

To demonstrate the enrichment performance of the proposed material, a

real complex biological sample such as human serum (without any

pretreatment) was used. For this purpose, as previously stated, the human

serum sample (10 pL) was digested with trypsin and passed through the

microSPE device. After washing and elution steps, the resulting eluate was

deglycosilated with PNGase F and further analyzed by nano-LC-MS/MS. As
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a result, a total of 85 N-glycosylated peptides derived from 42 N-glycosylated
proteins were identified without removing any high-abundant protein (see
Table 4.S3 for detailed information). The enrichment and identification
performance of this boronate affinity hybrid monolith was higher than the
identification results reported in some papers using hydrophilic monoliths
[42,44,45]. However, the resulting identification performance was lower than
that obtained using hybrid monoliths with immobilized AuNPs and modified
with cysteine [2], although in this work, a previous removal of high-abundant

proteins was carried out in combination with a long pretreatment (70 min).
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4.4, Conclusions

This study presents the preparation of novel boronate affinity monolithic
materials in a syringe format for the capture and preconcentration of
glycopeptides. For this purpose, two materials were synthesized using
polythiol-functionalized monoliths as host substrates to produce sorbents with
high boronic functionalities for glycopeptides enrichment. Thus, the first
material was prepared from a generic monolith (GMA) modified with
PMPMS and VPBA, whereas the second one used an AuNP-modified
monolith as parent support. This last material showed higher efficiency to trap
glycopeptides, which can be attributable to the increased binding sites of the
resulting material. The hybrid material showed good performances in
selective enrichment of glycopeptides, such as satisfactory adsorption
capacity, high sensitivity, selectivity and good reusability. Also, the proposed
methodology is of facile operation and it was feasibly applied to enrich
glycopeptides from complex biological samples such as human serum,
without any pretreatment. Thus, the work described here not only offered the
description and application of novel boronate affinity materials, but also

opened its application to large-scale glycoproteome analysis.
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4.6. Supporting Material

Monolithic material C (Wt%) N Wt%) O Wt%) Si(wt%) S Wt%) B Wt%) Au (Wt%)
GMA-PMPMS-VPBA 72.78 - 18.01 2.48 3.95 2.78 -
AuNP-modified monolith 58.27 2.32 9.60 - 7.73 - 22.08
GMA-SH@AuNP@PMMPS-
VPBA 70.56 3.13 8.87 2.02 6.09 3.04 6.30

Table 4.S1. Elemental compositions and relative contents of synthesized materials obtained from EDAX analysis.
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Table 4.S2. Detailed information of the observed glycopeptides obtained

from HRP tryptic digests.
N° Ob;e:/rzved Amino acid sequence Glycan composition
1 1842.9 NVGLN#R XylMan3FucGlcNAc2
2 1895.7 LHFHDCFVNGCDASILLDN#TTSFR XylMan3FucGlcNAc2
3 2068.9 PN#VSNIVR XylMan3FucGlcNAc2
4 2073.0 DSFRNVGLN#R Man3GIcNAc2
5 2276.2 SILLDN#TTSFR XylMan2FucGIcNAc2
6 2438.0 SILLDNTTSFR XylMan3FucGIcNAc2
7 2533.3 SFANSTQTFFNAFVEAMDR FucGlcNAc
8 2543.2 SFANSTQTFFNAFVEAMDR FucGlcNAc
9 2575.2 QLTPTFYDNSCPN#VSNIVR GlcNAc2
10 2591.3 PTLNA#TTYLQTLR XylMan3FucGIcNAc2
11 2612.1 MGN#ITPLTGTQGQIR Xyl1Man3GlcNAc2
12 2703.3 SFAN#STQTFFNAFVEAMDR XylMan2GIcNAc2
13 2805.4 MGN#ITPLTGTQGQIRLNCR Man2GIcNAc2
14 2851.2 GLCPLNGN#LSALVDFDLR XylMan3FucGlcNAc2
15 2908.0 GLIQSDQELFSSPN#ATDTIPLVR GlcNAc2
16 3041.0 SFAN#STQTFFNAFVEAMDR XylMan2GIcNAc2
17 3147.2 GLIQSDQELFSSPN#ATDTIPLVR XylMan3GIcNAc2
18 3206.4 SFAN#STQTFFNAFVEAMDR XylMan3GIcNAc2
19 3233.0 GLIQSDQELFSSPN#ATDTIPLVR Man2GIcNAc2
20 3321.6 QLTPTFYDNSCPN#VSNIVR XylMan3FucGlcNAc2
21 3353.0 SFAN#STQTFFNAFVEAMDR XylMan3FucGlcNAc2
22 3369.9 SFAN#STQTFFNAFVEAM*DR XylMan3FucGIcNAc2
23 3384.7 DSFRNVGLN#R XylHex6Fuc2HexNAc4
24 3671.9 GLIQSDQELFSSPN#ATDTIPLVR XylMan3FucGIlcNAc2
25 3895.0 LHFHDCFVNGCDASILLDN#TTSFR XylMan3FucGlcNAc2
26 4223.2 QLTPTFYDNSC(AAVESACPR)PN#VSNIVR XylMan3FucGlcNAc2
27 4984.1 LYN#FSNTGLPDPTLN#TTYLQTLR ?}}?ﬁ?ﬁ;ﬁgf&fﬁz/
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Table 4.S3. Detail information of the glycopeptides enriched from tryptic
digests of human serum using GMA-SH@AuNP@PMPMS-VPBA material.

N°  Accessions Peptide sequence
1 Q7Z6E9 ASLKEPYNSGIN*RSR
2 P00450 DVDKEFYLFPTVFDEN*ESLLLEDNIR
3 P00450 QKDVDKEFYLFPTVFDEN*ESLLLEDNIR
4 P00734 SEGSSVN*LSPPLEQCVPDR
5 P00734 GHVN*ITR
6 P00734 SEGSSVN*LSPPLEQCVPDRGQQYQGR
7 P00734 SRYPHKPEIN*STTHPGADLQENFCRNPDSSTTGPWCYTTDPTVR
8 P00738 MVSHHN*LTTGATLINEQWLLTTAK
9 P00738 NLFLN*HSENATAKDIAPTLTLYVGK
10 P00738 NLFLN*HSENATAKDIAPTLTLYVGKK
11 P00738 QLVEIEKVVLHPN*YSQVDIGLIK
12 P00738 VVLHPN*YSQVDIGLIK
13 P00739 MVSHHN*LTTGATLINEQWLLTTAK
14 P01008 SLTFN*ETYQDISELVYGAK
15 P0O1009 ADTHDEILEGLNFN*LTEIPEAQIHEGFQELLR
16 P01009 NTKSPLFMGKVVN*PTQK
17 P01009 SPLFMGKVVN*PTQK
18 P0O1009 VVN*PTQK
19 P01009 YLGN*ATAIFFLPDEGK
20 P0O1009 YLGN*ATAIFFLPDEGKLQHLENELTHDIITK
21 PO1011 HPNSPLDEEN*LTQENQDR
22 PO1011 NSPLDEEN*LTQENQDR
23 PO1011 PNSPLDEEN*LTQENQDR
24 PO1011 SPLDEEN*LTQENQDR
25 P01023 VSN*QTLSLFFTVLQDVPVR
26 P01024 HYLMWGLSSDFWGEKPN*LSYIIGK
27 P01024 KHYLMWGLSSDFWGEKPN*LSYTIGK
28 P01031 YN*FSFR
29 P01042 YNSQN*QSNNQFVLYR
30 P01042 KYNSQN*QSNNQFVLYR
31 PO1591 EN*ISDPTSPLR
32 PO1591 IIVPLNNREN*ISDPTSPLR
33 PO1859 EEQFN*STFRVVSVLTVVHQDWLNGK
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N°  Accessions Peptide sequence

34 P01859 TKPREEQFN*STFR

35 P01860 IAVEWESSGQPENNYN*TTPPMLDSDGSFFLYSK

36 P01871 TVDKSTGKPTLYN*VSLVMSDTAGTCY

37 P01871 YKN*NSDISSTR

38 P01876 LAGKPTHVN*VSVVMAEVDGTC

39 P01876 LAGKPTHVN*VSVVMAEVDGTCY

40 P01876 LSLHRPALEDLLLGSEAN*LTCTLTGLR

41 P01876 LSLHRPALEDLLLGSEAN*LTCTLTGLRDASGVTFTWTPSSGK

42 P01876 SLHRPALEDLLLGSEAN*LTCTLTGLR

43 P01876 TIDRLAGKPTHVN*VSVVMAEVDGTC

44 P01876 TIDRLAGKPTHVN*VSVVMAEVDGTCY

45 P01877 LSLHRPALEDLLLGSEAN*LTCTLTGLR

46 PO1877 SAVQGPPERDLCGCYSVSSVLPGCAQPWNHGETFTCTAAHPELKT

PLTAN*ITK

47 P01877 SLHRPALEDLLLGSEAN*LTCTLTGLR

48 P01877 TPLTAN*ITK

49 P01877 LSLHRPALEDLLLGSEAN*LTCTLTGLR

50 P02671 GSAGHWTSESSVSGSTGQWHSESGSFRPDSPGSGNARPNNPDWGT
FEEVSGN*VSPGTR

51 P02671 GGSTSYGTGSETESPRN*PSSAGSWNSGSSGPGSTGNR

5 P02671 GSAGHWTSESSVSGSTGQWHSESGSFRPDSPGSGNARPNNPDWGT

FEEVSGN*VSPGTRR

53 P02671 N*PSSAGSWNSGSSGPGSTGNR

54 P02671 SAGHWTSESSVSGSTGQWHSESGSFRPDSPGSGNARPNNPDWGTF
EEVSGN*VSPGTRR

55 P02749 VYKPSAGN*NSLYR

56 P02749 VYKPSAGN*NSLYRDTAVFECI]:ZIZ:%HAMFGNDTITCTTHGNWTKLP

57 P02750 DGFDISGNPWICDQN*LSDLYR

58 P02751 DTLTSRPAQGVVTTLEN*VSPPR

59 P02765 AALAAFNAQNN*GSNFQLEEISR

60 P02766 ALGISPFHEHAEVVFTAN*DSGPR

61 P02774 LCDN*LSTK

62 P02787 CGLVPVLAENYN*KSDNCEDTPEAGYFAIAVVKK

63 P02787 ILRQQQHLFGSN*VTDCSGNFCLFR

64 P02787 QQQHLFGSN*VTDCSGNFCLFR

65 P02790 ALPQPQN*VTSLLGCTH

66 P04114 VNQNLVYESGSLN*FSK

67 P04114 N*LTDFAEQYSIQDWAK
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N°  Accessions Peptide sequence

68 P08571 ATVN*PSAPR

69 P08603 SPDVIN*GSPISQK

69 P08603 SPDVIN*GSPISQK

70 P08603 CVEISCKSPDVIN*GSPISQK

71 P08603 WQSIPLCVEKIPCSQPPQIEHGTIN*SSR
72 P08697 NPN*PSAPR

73 PODOX2 LSLHRPALEDLLLGSEAN*LTCTLTGLR
74 PODOX3 EVN*TSGFAPARPPPQPGSTTFWAWSVLR
75 PODOX5 TKPREEQYN*STYR

76 PODOXS AN*PTVTLFPPSSEELQANK

77 P10909 EILSVDCSTNN*PSQAK

78 P10909 CREILSVDCSTNN*PSQAK

79 P10909 EIRHN*STGCLR

80 P19823 VVN*NSPQPQNVVFDVQIPK

81 P27169 SLDFNTLVDN*ISVDPETGDLWVGCHPNGMK
82 P36980 LONNENN*ISCVER

83 Q03591 LQNNENN*ISCVER

84 Q12805 RNPADPQRIPSN*PSHR

85 Q8WZ64 LITEN*LSK
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Figure 4.S1. TEM images of (A) AuNP-modified monolith and (B) GMA-
SH@AuUNP@PMMPS-VPBA material.
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Figure 4.S2. FTIR spectra of (A) GMA, (B) GMA-PMPMS-VPBA and (C)

GMA-SH-@AuNP@PMPMS-VPBA monolithic materials. The band

observed at 1361 cm™ was labeled with an asterisk.
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Figure 4.S3. Recognition mechanism of hybrid affinity monolith (GMA-SH-@AuNP@PMPMS-VPBA)

toward glycopeptides.
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Figure 4.S4. MS intensities of 6 selected glycopeptides from tryptic digest of
HRP  after enrichment with different amounts of GMA-
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Figure 4.S5. MALDI-TOF mass spectrum of HRP digest at 0.5 fmol/uL
using GMA-SH@AuNP@PMPMS-VPBA material. Glycopeptide peak

identification as in Table S2.
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Figure 4.S6. MALDI-TOF mass spectra of the mixture containing HRP and
BSA tryptic digests at a mass ratio 1:100. (A) direct analysis and (B) after

enrichment with the hybrid monolith. Glycopeptide peak identification as in
Table S2.

143






Capitulo 5. Extraction of p-blockers from urine with a
polymeric monolith modified with 1-allyl-3-

methylimidazolium chloride in spin column format






Capitulo 5: Polimeros monoliticos funcionalizados con ILs como sorbente en SPE

Talanta

Talanta

Volume 214, 1 July 2020, 120860 -

ELSEVIER ! .

Extraction of B-blockers from urine with a
polymeric monolith modified with 1-allyl-3-
methylimidazolium chloride in spin column
format %

Oscar Mompd-Roselld, Ana Ribera-Castellg, Ernesto F. Sima-Alfonso, Maria José Ruiz-Angel, Maria Celia Gareia-
Alvarez-Coque, José Manuel Herrero-Martinez & B

Department of Analytical Chemistry, Faculty of Chemistry, University of Valencia, Dr. Moliner 50, 46100,

Burjassot, Valencia, Spain

A glycidyl methacrylate-based monolith was modified with imidazolium-
based ionic liquid (IL) to be used as stationary phase for solid-phase
extraction (SPE). The host monolithic support was prepared by in-situ UV
polymerization in spin column format. Two approaches were developed to
incorporate the IL into the polymeric monolithic matrix: generation of IL onto
the surface monolith, and copolymerization by addition of the IL to the
polymerization mixture, which gave the best results. The resulting sorbent
materials were morphologically characterized and used for the isolation of
five B-blockers from human urine samples. All SPE steps were accomplished
by centrifugation, which reduces significantly costs and time in sample
treatment. Under optimal conditions, B-blockers were quantitatively retained
in the modified monolith at pH 12, and desorbed with a water-methanol
mixture, to be subsequently determined via HPLC with UV detection. The
limits of detection ranged between 1.4 and 40 pg L', and the reproducibility
among extraction units (expressed as relative standard deviation) was below
8.2%. The novel phase was successfully applied to the extraction of

propranolol in urine samples with recoveries above 90%.

Keywords: Hybrid monoliths; Ionic liquids; Spin columns; Solid-phase

extraction; B-Blockers; Biological fluids
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5.1. Introduction

Heart diseases are a worldwide matter of concern, as confirmed by the

World Health Organization (WHO) in its 2012 report [1], which indicates that

approximately 33.3% of the population suffers from cardiac problems (data

from 194 countries). B-Blockers are commonly used in the treatment of heart

diseases like angina pectoris, arrhythmia and hypertension. These drugs act

by relaxing muscles and reducing the heart rate. Owing to these effects, 3-

blockers have been also used to improve performance in sports that require

accurate steadiness, equilibrium and deftness, being forbidden for some sports

by the International Olympic Committee (IOC) and the World Anti-Doping
Agency (WADA) [2].

The control of this type of doping substances is commonly carried out by

analyzing their presence in urine samples using sophisticated techniques, such

as gas chromatography (GC) or liquid chromatography (HPLC) coupled to

mass spectrometry (MS) detection [3-6]. Although these methodologies

provide low limits of detection, efficient isolation and sample cleanup prior to

analysis are still required. Different sample preparation techniques such as

solid-phase extraction (SPE) [5] and solid-phase microextraction (SPME) [6]

have been commonly reported for the trace level determination of B-blockers

in complex matrices. However, SPE procedures show certain disadvantages,

such as low selectivity and poor reusability, while the fibers used in SPME

are fragile and relatively expensive. Thus, there is considerable interest in

developing novel selective and efficient sorbents for extracting and pre-

concentrating these drugs in biological fluids using miniaturized formats.

In this context, organic polymer monoliths have recently revealed as

attractive sorbents in sample treatment [7-10], due to their inherent

advantages, which include relatively easy preparation, large porosity,

tailorable surface chemistry and excellent pH stability. However, the use of

these sorbents in micro-extraction formats for the extraction of P-blockers

from urine samples has not been yet described.
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In the last decade, the introduction of ionic liquids (ILs) in different
materials (silica- and polymeric supports), as novel stationary phases, has
been addressed in order to improve the selectivity and separation efficiency in
separation techniques [11-13]. However, the combined merits of polymer
monoliths and ILs have been scarcely exploited [14]. ILs are salts composed
of a bulky organic cation and a smaller anion, which are usually melted below
100 °C. ILs show interesting features, such as low volatility and flammability,
negligible vapor pressure, low toxicity, high thermal stability, and tunable
miscibility with water and organic solvents [15]. These properties have
enhanced their use as serious green alternative to conventional organic
solvents [16]. ILs have been widely used in several fields of analytical
chemistry, including separation techniques [11,17] and sample preparation

[11,18-21].

The introduction of ILs into polymer monoliths can be carried out by
adopting two approaches. The most common route for preparation of ILs-
based monoliths implies the addition of ILs containing vinyl or allyl moieties
into the polymerization mixture [22—24]. The second approach is based on the
post-functionalization of the monolithic matrix with ILs [25,26], which is
more complex and time-consuming. In any case, these approaches have been
scarcely reported in the field of sample preparation using polymeric

monolithic supports [27,28].

In this work, 1-allyl-3-methylimidazolium chloride ([AMIM][CI]) was
introduced in hybrid monolithic sorbents within a miniaturized device (spin
column) to be used for extraction of B-blockers. For this purpose, different
pathways were tested to introduce the IL into the monolith: (i) in situ
generation of the IL, and (i1) copolymerization. The resulting composites were
characterized, and their potential as (micro)SPE sorbents was comparatively
evaluated. The best hybrid monolith was studied in terms of extraction
performance of B-blockers through variables including sample pH and elution

solvent, among others. The resulting spin column devices were employed for
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the extraction and pre-concentration of B-blockers in urine samples prior

HPLC-UV analysis.

5.2. Experimental

5.2.1. Reagents and materials

Five B-blockers were selected for this study (Table 5.1): acebutolol
carteolol, oxprenolol, alprenolol and propranolol, all purchased from Sigma-
Aldrich (Milwaukee, WI, USA). Benzophenone (BP), glycidyl methacrylate
(GMA), ethylene glycol dimethacrylate (EDMA), 2,2-dimethoxy-2-
phenylacetophenone (DMPA), 1-dodecanol, cyclohexanol, 1-methylimidazol
(MIM) and 1-hexyl-3-methylimidazolium chloride ([CsMIM][CI]) (see
structure in Table 5S.1) were also purchased from Sigma-Aldrich. 1-Allyl-3-
methylimidazolium chloride ([AMIM][CI]) (see structure in Table 5.S1) was
acquired from Alfa Aesar (Lancashire, UK). Sodium hydrogen phosphate and
sodium dihydrogen phosphate were obtained from Panreac Quimica
(Barcelona, Spain). Acetonitrile (ACN), methanol (MeOH) and acetone were
from VWR International Eurolab (Barcelona). Deionized water was obtained
in Crystal B30 EDI Adrona deionizer (Riga, Latvia). All other reagents were
of analytical grade, unless otherwise stated. Individual standard solutions of
B-blockers (1000 ug mL™") were prepared in MeOH:water (50:50, v/v) and
stored at 4 °C. Working standard solutions were daily prepared by appropriate
dilution with water. Spin columns with 700 pL. maximal volume were also

supplied by Sigma-Aldrich.
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Table 5.1. Structures and properties of the studied B-blocker

LogPoxw
Compound Structure pK."

r4--]
[=]

Carteolol ND 1.42

Acebutolol \/\"/\d‘\ )\ 912  1.83

Oxprenolol )\ D 9.13 230
C”
Alprenolol /Y\ )\ ND 3.10

(6] N
H

OH

Propranolol )\N/\(\o 9.67 3.48

* Calculated with ACD/pK database 4.06 from Advanced Chemistry

Development Corporation. ND: No determinated.

® C. J. Drayton, Comprehensive Medicine Chemistry, eds; Vol. 6, Pergamon
Press, Oxford, 1990.
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5.2.2. Instrumentation

Photo-polymerization studies in the spin column devices were carried out

using a UV crosslinker (model CL-1000 Ultraviolet Crosslinker) from UPV
Inc. (Upland, Canada, USA), containing five UV lamps (5 x 8 W, 254 nm).

Elemental analysis of the synthesized materials was done with an EA 1110

CHNS elemental analyzer (CE Instruments, Milan, Italy). Scanning electronic

microscopy (SEM) images of materials were carried out with a scanning

electron microscope (S-4800, Hitachi, Ibaraki, Japan). A micro star 17R from

VWR centrifuge was employed for the SPE protocol.

The chromatographic instrument consisted of a modular HPLC system from

Agilent Technologies (Waldbronn, Germany), equipped with quaternary pump

(Series 1200), autosampler (Series 1260 Infinity II), thermostated column

compartment (Series 1290 Infinity II), and diode array detector (Series 1100). The

flow rate was 1 mL min™ and the column temperature, 25 °C. The p-blockers

were monitored at 254 nm. An HP Chemstation (Agilent, C.01.07) was used for

data acquisition. The chromatographic column was a Zorbax Eclipse XDB-

C18 (150 x 4.6 mm, 5 um particle size, Agilent Technologies). The mobile
phase contained 15% (v/v) ACN and 10 mM [CsMIM][CI] , and was buffered

at pH 3 with 10 mM sodium dihydrogen phosphate and HCI. These separation

conditions were adapted from Ref. [29].

5.2.3. Preparation of monolithic sorbent in spin column devices

Prior to polymerization, and with the purpose of achieving a covalent

binding of monolithic beds to wall support, the inner surface of polypropylene

centrifugal devices was treated with BP and EDMA, according to a protocol

based on previous reports [30, 31]. The polymerization mixture was adapted

from a previous work [31], and consisted of 60 wt% monomers (48 wt%
GMA and 12 wt% EDMA), 40 wt% porogens (37 wt% cyclohexanol and 3
wt% 1-dodecanol), and 0.4 wt% DMPA (out of the total weight of the

monomers) as free-radical initiator. The polymerization mixture was
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introduced into an ultrasonic bath for 10 min and purged under N> stream for
other 10 min. Then, 70 pL of the polymerization mixture was placed into the
modified-wall spin column and photopolymerization was proceeded (2 h at 1
J cm™). The resulting sorbent was designed as bare or parent monolith spin
column. After the polymerization, the monolith was rinsed with MeOH
several times to remove completely the porogens, oligomers and unreacted

monomers, followed by centrifugation at 500 g during 15 min.

5.2.4. Incorporation of ILs to GMA-based monoliths

The incorporation of ILs was performed through two different approaches.
The first route consisted in the functionalization of the GMA parent monolith
with 1-methylimidazole (MIM) to generate the IL onto the monolith surface
(see reaction in Figure 5.S1). The conditions were adapted from Ref. [27]. A
MIM solution (25% (w/w) in ACN) was passed through the bare polymer
(described above) at 75° C during 8 h. The resulting material was washed
with MeOH. The second strategy consisted in the introduction of [AMIM][CI]
at two percentages (16 and 24 wt%) in the polymerization mixture. The
resulting hybrid monoliths were prepared as described in Section 7.2.3,

including the washing steps.

5.2.5. (Micro)extraction procedure

An SPE protocol using the prepared monolithic materials was applied to
the extraction of B-blockers in aqueous solutions and urine samples. For this
purpose, the spin column was pre-conditioned with ACN (500 pL) and 25
mM phosphate buffer at pH 12 (500 pL), at 500 g for 5 min. Next, 500 puL of
buffered standard or sample solutions were loaded onto the (micro)SPE
devices at 220 g for 10 min. The sorbent was washed with phosphate buffer
(500 pL) by centrifugation at 500 g for 10 min. Finally, the retained drugs
were eluted with 80:20 MeOH-water (v/v) (500 pL) at 220 g for 10 min for

subsequent HPLC analysis. The devices were regenerated with this
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methanolic solution (three times) at 500 g. All SPE steps were carried out at

20 °C. Other assayed conditions will be commented below.

5.3. Results and discussion

5.3.1. Preparation and characterization of the IL-modified monoliths

An important property of an SPE sorbent used in spin column format is the
possibility of offering appropriate flow resistance, with enough loading
capacity to retain the target analytes in a short processing time. To fulfill these
requests, a GMA-based monolith as host polymer was adapted from Ref. [31],
making modifications centered on the monomers/porogens ratio to assure a
mechanically stable polymer with good flow-through properties. Figure 5.1
shows the SEM micrographs corresponding to polymer monoliths prepared at
several ratios (%, w/w): 60/40 (Figure 5.1A), 50/50 (Figure 5.1B) and 40/60
(Figure 5.1C). As observed, an increase in the globule size and voids was
yielded with increasing porogenic solvent content. Besides, the monoliths
prepared with 50/50 and 40/60 (%, w/w) ratios (Figures 5.1B and 5.1C,
respectively) were too porous, which led to their break in the centrifugation
step. In contrast, the 60/40 ratio (%, w/w) (Figure 5.1A) resulted in a strongly
permeable porous monolith, with satisfactory mechanical resistance. This

ratio was selected for further experiments.

Once the host polymer was selected, the bare monolith was modified with
an IL using two approaches: (1) in situ generation of the IL onto the surface of
the monolith by post-functionalization of the parent material, and (i1)
incorporation of the IL as a monomer into the polymerization mixture
(copolymerization). To carry out the first route, the GMA-based monolith was
modified by adapting the conditions of Tian et al. [27], as described in
Section 2.4, by passing a MIM solution through the spin column. After
percolation of this solution, the resulting IL-monolith phase showed a too

porous structure that broke down during the centrifugation step. In order to
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enhance the mechanical resistance of the material, percolation through the
polymer network of solutions with low contents of MIM (up to 1 wt%) was
also tested. However, the resulting hybrid materials showed also fragile
structures. Taking into account that the original structure of parent monolith
was sufficiently rigid, the reason of the appearance of fragility could be the
high temperature (75 °C) applied during a long time (8 hours) needed to
obtain the desired modification. In view of these results, we decided to
explore a different strategy based on the incorporation of the IL into the
polymerization mixture.

Hybrid materials were prepared by incorporating two different amounts
(16 and 24 wt%) of [AMIM][CI] to the polymerization mixture, following the
procedure described in Section 7.2.4. The introduction of the IL into the
mixture was done at the expense of reducing the GMA content in the mixture,
but always keeping constant the percentage of monomers at 60% (w/w). The
resulting sorbents showed a proper rigid structure that avoided their breakage
during the flow-through of the solutions, thus encouraging their reusability.

Figure 5.1D shows the SEM micrograph of the composite obtained in the
presence of 24 wt% [AMIM][CI]]. Similar morphological structure was
observed for the hybrid monolith prepared with 16 wt% IL. As observed, the
incorporation of [AMIM][CI] into the monolith produced larger globules than
those found in the bare monolith (Figure 5.1A). Additionally, in order to
confirm the presence of [AMIM][CI] in the polymer matrix, the nitrogen
content was evaluated by elemental analysis, obtaining 0.125 + 0.007% and
0.190 + 0.014% of N in the materials prepared with 16 and 24 wt%
[AMIM][CI], respectively. From these values, the percentage of IL
incorporated into the monolith (0.71 and 1.07% AMIM-CI, respectively) can
be derived. Apart from showing good permeability, these materials allowed

sufficient retention for the target B-blockers (as described in Section 5.3.2).
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Figure 5.1. SEM micrographs of GMA-based monoliths prepared at different
monomer/porogen ratios (wt/wt): (A) 60/40, (B) 50/50 and (C) 40/60. (D) is a

SEM image corresponding to hybrid monolithic material prepared with

[AMIM][CI] at 24 wt% in the polymerization mixture. Magnification at
15000 x.

5.3.2. Evaluation of the IL-modified polymers as (micro)SPE sorbents

Prior to performing the SPE optimization, a preliminary study was carried

out with the two composites developed in the previous section, obtained by

copolymerization of [AMIM][CI]. In this study, a spin column containing a

GMA-based monolith (bare polymer) was used as control sorbent for

comparison purposes. To evaluate the extraction efficiency of all these

sorbents, a solution containing 20 pug mL™ propranolol was used as test

mixture. The centrifugation and conditioning conditions are described in

Section 5.2.5. The percent retention of analytes onto the sorbent was

evaluated as follows. The amount of a solute that is retained in the sorbent

compared to the amount that was loaded onto the (micro)SPE device and that

found in the percolated solution. Thus, the retention of propranolol was ca.
40% and 90% for the hybrid monoliths prepared with 16 and 24 wt%
[AMIM][CI], respectively. Meanwhile, the retention with bare GMA-based
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material was below 10%. Based on these results, the composite synthesized
(copolymerized) with 24 wt% [AMIM][CI] was chosen for further studies.
The parameters that may affect the extraction efficiency of B-blockers
were next studied, using the hybrid monolith prepared with 24 wt%
[AMIM][CI]. Sample pH is a key variable that modifies the ionization degree
of the target analytes and the effective surface charge of the sorbent. This may
affect the extraction performance of the investigated analytes. The effect of
sample pH on the loading SPE step was investigated in the range from 3 to
12. Solutions containing 20 pg mL™ of each B-blocker (500 uL) were passed-
through the spin columns at several pH values, following the steps described
in Section 7.2.5. The obtained retention for each drug is shown in Figure 5.2
(see also Table 5.1 for log P, data, where the compounds are ordered
according to their hydrophobicity). As observed, the retention of B-blockers
was stronger at increasing pH, with the highest retention at pH 12. These
results can be explained taking into account the ionization state of the B-
blockers and their interaction with the hybrid IL-monolith phase. At acidic or
neutral pH, the amino moieties of 3-blockers are protonated (see Table 5.1 for
pK. data), and the repulsion between these groups and the imidazole ring
(positively charged) of the IL is translated into lower retention of the analytes.
At pH 12, the molecular form of the B-blockers is dominant, and the
electrostatic repulsion with the IL-monolith phase is minimized, thus favoring
their retention on the sorbent. The results are consistent with those found by
other authors for basic compounds (aromatic amines) separated with IL-
modified silica materials [32]. In any case, the obtained results suggest that
the electrostatic interaction plays a key role in the extraction, although other
interactions such as hydrophobic, n-nt stacking and hydrogen bonding also
may participate in the retention mechanism of the B-blockers. Based on the
obtained results, pH 12 was selected for sample loading and extended for the
washing step, where small losses (<1%) of these compounds were found at

this pH.
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Figure 5.2. Influence of pH on retention of B-blockers using a hybrid
monolith prepared with 24 wt% [AMIM][CI]. Error bar = SD (n = 3).

The elution of B-blockers from the hybrid monolith surface was next
considered. For this purpose, several aqueous-organic mixtures were assayed
in order to achieve the highest eluting efficiencies (Figure 5.3, parts A-B). As
can be seen, 80/20 (v/v) MeOH-water mixture (Figure 5.3A) exhibited the
best recoveries. This can be explained by the protic behavior of MeOH
compared with ACN, which can favor the easy desorption of the analytes

from the sorbent.
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Figure 5.3. Influence of the composition of the elution solvent on the
recovery of the tested B-blockers: (A) MeOH-water and (B) ACN-water

mixtures. Error bar = SD (n = 3).

The established SPE protocol was applied to the bare GMA-based sorbent,

obtaining recoveries close to 30% for all B-blockers, which are quite lower
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with respect to those found for the IL-modified material. These results

underlined the significant role of the IL in the extraction efficiency of these

compounds.

Once the optimal extraction conditions were found, several quality

parameters of the sorbent, such as the loading capacity and reusability were

evaluated. The loading capacity of the IL-modified monolith was established

by passing through the spin column different concentrations of propranolol

(from 2 to 100 pg mL™") in a fixed volume (500 pL). A maximal value of 2.5

pg per mg sorbent (with recoveries close to 100%) was obtained. The

reusability of the hybrid monolith was carried out using the recommended

SPE procedure (see Section 7.2.5). It was checked that the developed sorbent

could be reused at least 20 times without losing significant properties in its

features (with recoveries above 90%).

Finally, to assay the pre-concentration factor, different volumes of elution

solvent (50-500 pL) were tested to assure the minimal (but enough) volume

necessary to elute the retained analytes with the highest sensitivity. This study

indicated that the minimal elution volume that provided a quantitative

recovery of the analytes (> 80%) was 100 pL.

5.3.3. Figures of merit and application to real samples

The optimized (micro)SPE procedure, in combination with HPLC-UV

detection, was validated in terms of linearity, sensitivity and precision. High

correlation coefficients (7 > 0.998) were achieved within the range 4.6—1x10°

ng L' for the target compounds. The limits of detection (LOD) and

quantitation (LOQ) were calculated as the concentration of analyte that

provided a detector response with a signal-to-noise ratio of 3 and 10,

respectively (see Table 5.2). The LODs were in the range 1.4-40 pg L™,

whereas the LOQs were comprised between 4.6 and 132 ug L™'. The precision

of the method (intra- and inter-device) was evaluated for standard solutions of

B-blockers containing 2 ug mL", where RSD values below 8.2% were
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found. This demonstrated the reproducibility in the preparation of IL-modified

monolithic units.

Table 5.2. Analytical figures of merit of the [AMIM][CI] modified

monolithic (micro)extraction device for the determination of the target -

blockers.
Precision
LOD LOQ Inter-spin
Analyte Intra-spin column
(ng'L)  (ngL? columns
RSD (%, n=3)
RSD (%, n=3)

Carteolol 2.0 6.6 5.4 8.2
Acebutolol 1.4 4.6 4.2 7.7
Oxprenolol 40.0 132.0 5.1 8.0
Alprenolol 40.0 132.0 33 6.9
Propranolol 20.0 66.0 6.5 7.8

LOD: limit of detection, LOQ: limit of quantification, RSD: relative standard

deviation

The proposed procedure was applied to the extraction of propranolol in
human urine. For this purpose, blank urine samples were fortified with the
target analyte at two concentration levels (I and 5 pg mL™), and analyzed
using the extraction protocol. The recoveries of propranolol were satisfactory,
ranging between 90.3 and 110.6%. Figure 5.4 shows the chromatograms for
blank urine samples spiked with the analyte, before and after SPE treatment.
From these results, it is clear that an effective clean-up of the sample showing
no matrix interference of endogenous urine compounds was achieved, thus

allowing a proper quantitative determination of the drug.
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Figure 5.4. Chromatograms of spiked urine with propranolol (peak labelled
with asterisk), extracted using the IL-modified monolithic spin column,
without pretreatment (A) and with pretreatment (B). Chromatographic
conditions as in Section 5.2.2. The final concentration of propranolol in the

spiked samples was 20 ug mL™".

The developed (micro)SPE sorbent was compared with other recent
sample preparation approaches used for the extraction of [-blockers in
biological samples (Table 5.3). In terms of linearity, the method reported in
this work provided a wider application range than other sample preparation
methods (see for instance, Refs. [6, 33-38]), and similar to that reported in
Ref. [39]. Concerning the recovery values found, these were similar to those
obtained in some reported studies [6, 34-36, 39], although the values in this
work were better than those given in Refs. [33, 35, 37, 38]. The LODs were
similar to those reported using UV detection [33, 34, 38], and higher than
those obtained when MS was employed as detector system [6, 35, 39].
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samples.
Figures of merit (LODs, pg-L;
Material used Analytes Sample Method
Linearity pg-L, ER, %)
) Human SPE / HPLC-
C18 cartridge alprenolol, acebutolol,
plasma uv
carazolol
. ) rinone, sotalol, metoprolol, ) SPE / UPLC-
Oasis HLB cartridges uman urine 8.9-66.2; 40-20000; 70.4-98.6
propranolol uv
10101, p11aovl1vlL, dCcbuLlvlvl,
Oasis HLB and Plexa SPE / HPLC-
. metoprolol, labetalol, uman urine -; - 70-80
cartridges DAD
propranolol
Commercial MIP ) SPE / HPLC-
metoprolol, labetalol, uman urine 0.6-2.0; 10-1000; 94-105
(SupelMIP®) DAD
propranolol
MIP-modified MISPE / HPLC-
Propranolol -; 10-1500; 85.2-114
membrane and plasma MS/MS
MISPE /
MIP Atenolol uman urine 32;100-2000; 74.5-75.3

Fluorescence
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Table 5.3. Continuation

Material used

Analytes

Sample

Figures of merit (LODs, pg-L°  pat.

HLB and C18

sorbents

Dichlorometane
(organic
extractant phase)
IL-modified
magnetic core-
shell
nanoparticles
Poly(GMA-co-
[AMIM][CI]-co-
EDMA)

monolith

Acebutolol, atenolol, fenoterol,
nadolol, pindolol, procaterol,

sotalol, timolol

Metoprolol, propranolol

Propranolol, metoprolol, atenolol,

alprenolol

Carteolol, acebutolol, oxprenolol,

alprenolol, propranolol

Human urine

and plasma

Human plasma

Human plasma

Human urine

Method
Is Linearity pg-L, ER, %)
0.018-1.15; -; 83.4-122.3
HPLC-MS/MS
Tandem DLLME ﬁw wu
0.8-1.0; 2.5-2500; 34-45
/ HPLC-UV
EP-DSPE / [39]
0.03-0.44; 0.5-10000 ; 75-91
HPLC-MS/MS
(micro)SPE / This
1.4-40; 4.6-100000; 90.3-110.6
HPLC-UV work

DLLME: dispersive liquid-liquid microextraction; DSPME: dispersive solid-phase microextraction, EP-DSPE: effervescent powder-

dispersive SPE, MISPE: molecularly-imprinted SPE
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In any case, our methodology is sensitive enough to quantify the maximal
allowable urinary concentration (minimal required performance level, MRPL)
of P-blockers, which has been set at 0.1 pg mL-1 by WADA [40].
Furthermore, our (micro)SPE sorbent offers easy preparation and satisfactory
reusability, it is environment-friendly, and allows the handling of many
samples simultaneously (with a sample throughput of > 40 samples h™'),
which undoubtedly speeds the sample treatment. Additionally, the cheap
synthesis of the material, in combination with the absence of sophisticated
instrumentation, makes this methodology an attractive alternative for routine

sample analysis.
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5.4. Conclusions

The study carried out in this work shows the preparation of novel hybrid
IL-monoliths in spin columns, for the isolation of B-blockers in human urine.
For this purpose, two routes were followed: (i) in situ generation of IL onto
the surface of GMA-based monolith, and (ii) the incorporation of IL into the
polymerization mixture. The first approach was unsuccessful due to the
observed sorbent fragility after IL incorporation. The second approach gave
appropriate mechanical resistance and good flow-through properties for the
synthesized materials. In particular, the composites containing 24 wt%
[AMIM][CI] provided the largest retention of the target compounds (a set of
B-blockers).

The SPE protocol was optimized in terms of pH of the loading solution
and the composition of the elution solvent that yielded the best performance.
The presence of [AMIM][CI] in the resulting composite provided an enhanced
retention of the B-blockers (compared with the bare polymer), due to several
interactions (such as electrostatic, hydrogen bonding, n-n and hydrophobic
forces). Under the optimized SPE conditions, the novel IL-modified phase
showed an effective sample clean-up with high recoveries (above 90%) in the
extraction of propranolol in human urine. Compared with other published
methods for sample preparation of [B-blockers, the SPE devices showed
reduced environmental impact, low cost and easy synthesis of the sorbent
material, which can be suitably reused (> 20 times after a simple regeneration
step). Additionally, the format of the polymeric monolith in spin column
format i1s highly competitive for multiple sample processing, and can be

extended to routine bioanalytical applications.
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5.6. Supporting Material

Table 5.S1. Structures of ILs used in this study.

Name Use Structure

1-Hexyl-3-methyl Mobile phase
imidazolium additive \
o

((HMIM][CI]) EW\/
Cl
1-Allyl-3-methyl \N
imidazolium Monomer
(TAMIM][CI)) &/\
N
o® X
Cl
i
: 7
)L. MIM solution W
/\V (25 wi.% in ACN) )L“ A(\E AN
T5"Ctor & h H L‘-_—-‘/
GMA-based monolith In-gitu penerated

imidazolium IL

Figure 5.S1. Post-modification reaction scheme of GMA-based monolith.
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Determination of benzomercaptans in
environmental complex samples by
combining zeolitic imidazolate framework-
8-based solid-phase extraction and high-
performance liquid chromatography with
UV detection

Héctor Martinez-Pérez-Cejuela * ¥, Oscar Mompd-Rosellé  *, Neus Crespi-Sanchez ®, Carlos

Palomino Cabello P, Ménica Catalid-Icardo , Ernesto F. Simdé-Alfonso 2, José Manuel Herrero-

Martinez 2 2 =

In this work, the synthesis of zeolitic imidazolate framework-8 (ZIF-8)
crystals and their subsequent application as effective sorbents for extraction and
preconcentration of several benzomercaptans from environmental complex
samples is described. These materials were prepared by solvothermal approach
varying the concentration of n-butylamine modulator to modify the surface of the
metal-organic framework. The resulting materials were characterized by scanning
and transmission electron microscopy, powder X-ray diffraction and Fourier
transform infrared spectroscopy. The ZIF-8 material that gave the best features
was selected as extractive phase and the influence of various parameters (sample
pH and elution solvent composition, among others) on the extraction efficiency of
target compounds were investigated. Under the optimal conditions of the method,
the tested analytes (2-mercaptobenzothiazole, 2-mercaptobenzoxazole and 2-
mercapto-6-nitrobenzothiazole) were retained and eluted quantitatively with
alkaline 50:50 (v:v) methanol-water mixture. Using the proposed method, low
limits of detection, in the range of 16-21 ng L' for aqueous samples and 0.4-0.5
ng kg! for soil samples, were achieved whereas the precision (expressed as
relative standard deviation) was lower than 7%. The resulting solid-phase
extraction protocol, using the zeolitic material as sorbent, was combined with
liquid chromatography and ultraviolet-vis detector and successfully applied to

determine traces of these organic pollutants in environmental samples.

Keywords: Metal-organic frameworks; environmental pollutants; soil and

aqueous samples; solid-phase extraction; sorbent; sample preparation
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6.1. Introduction

Metal-organic frameworks (MOFs) have aroused a great interest over the

last decades. These coordination polymers are a class of highly porous

materials composed of metal ions or clusters linked by organic ligands. Their

crystalline structures, including their pore sizes and surfaces, can be

controlled by a careful selection of their precursors. MOFs are characterized

by a large specific surface area and intrinsic porosity, as well as profuse active

sites [1]. Many applications have been proposed for this type of materials, and

surely, their number will grow in the coming years. Some of those

applications include gas/electrical storage and catalysis [2], removal of

contaminants in air or water by adsorption and separation [3-4], sensors [5]

and sorbents for sample preparation [6]. In particular, zeolitic imidazolate

frameworks (ZIFs) are a subfamily of MOFs consisting of Zn or Co metal

ions tetrahedrally coordinated by anionic imidazolate ligands [7, 8]. ZIF-8

[Zn(2-methylimidazolate),] has been widely used due to its easy synthesis,

high thermal and chemical stabilities [9, 10], great pore volume and surface

area [9]. ZIF-8 shows a very large adsorption capacity, which is attributed to

its high porosity and the different ways in which it can interact with

adsorbates, such as m-stacking, hydrogen bonding and ionic interactions [11,

12]. Such good features have become this material in one of the most

attractive MOFs for the extraction and preconcentration of analytes. Related

to this, solid-phase microextraction (SPME) [6] has been commonly reported

as a suitable sample preparation technique in the extraction of amines [13],

polycyclic aromatic hydrocarbons [14], BTEX [15] and fluoroquinolones [16]

from environmental water samples. Despite its advantages, SPME has certain

disadvantages such as the limited fiber lifetime, its fragility and its relatively

high cost. In this sense, other alternatives based on conventional solid-phase

extraction (SPE) format (syringe/cartridges) [17], magnetic SPE [18] or the

use of membrane as support medium [19-21] have been developed. However,

the preparation of homogenous ZIF-8 membranes is a difficult task presenting
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some drawbacks such as possible sedimentation phenomena of MOF crystals
during the preparation stage, the formation of bubbles during stirring (poor
reproducibility) and limited reusability (blockage of pores of membrane).
Besides, in most of these works, the selectivity of sorbent has been attributed
to the hydrophobic and m-interactions of solutes with the 2-methylimidazole
ligands instead of taking advantages of their tunable pore size and feasible

chemical functionalization [22].

The pollution of the environment by organic compounds is always of great
concern due to the toxicity risks for aquatic organisms and human posed by
their occurrence and increasing concentration in water bodies. Among organic
pollutants, benzomercaptans, such as 2-mercaptobenzothiazole (MBT) and 2-
mercaptobenzoxazole (MBO), deserve special attention due to their broad use
in many industrial processes. These compounds are commonly used as
vulcanization accelerators in the rubber industry, as biocorrosion inhibitors, as
coating agents of metallic surfaces, and as biocides in medical applications
[23-24]. As consequence, such compounds have been found in different
environmental compartments such as surface waters, wastewater effluents,
sewage treatment plants, soils, roadsides, etc. These poorly biodegradable
pollutants may cause allergic reactions, induce tumours, and be toxic to
aquatic organisms [25-26]. According to the NSF International
Standard/American National Standard (NSF/ANSI 60-2016), the drinking
water criteria (Annex C) for MBT is maximum contamination levels or
maximum allowable concentration, respectively of total allowable
concentration is 20 pg L™, single product allowable concentration is 2 pg L™
[27]. In order to reach these low concentrations, determination techniques
mainly based on LC combined with mass spectrometry detectors have been
reported [28-31]. In any case, sample preparation techniques are required in
order to reduce matrix interferences and to improve sensitivity to
benzomercaptans in environmental complex samples, being SPE the most

common technique used for extraction and preconcentration of these kind of

179



Bloque I1: Evaluacion del potencial de materiales porosos en (micro)extraccion

analytes [23, 24, 28, 30, 31]. However, SPE shows some disadvantages, such

as limited selectivity and poor reusability.

In order to overcome the above-mentioned drawbacks, there is a recent

interest concerned to functionalized MOFs, which are obtained by

incorporation of ligands including additional functional groups (—OH, —NH>,

...). Particularly, amine-functionalized MOFs have mainly attracted attention

since they improved MOF water stability and provided the possibility of

forming hydrogen bonds and even electron transfer capability towards

analytes [32]. Recently, these materials have applied for capturing of several

polar guests from different matrices. Thus, NH>,-MIL-101(Fe) and NH>-MIL-

53(Al) have been used for the removal of imidacloprid in water [33] and to

selectively recognize tetracyclines from milk [34], respectively. Also, amino-

functionalized UiO-66 combined with magnetic Fe;O4 microspheres has been

used for the selective extraction of bisphenols in river water samples [35]. In

these works, the introduction of amino moieties is accomplished by one-pot

solvothermal synthesis MOFs, which has the advantage of avoiding the

complicated steps required in post-modification approach. Alternatively,

amino moieties can be incorporated through the addition of organic amines as

modulators in the synthesis mixture of MOF [22]. However, this approach has

not been explored in literature with sample treatment purposes.

In this work, amine-modulated ZIF-8 (nano)crystals (NH,-ZIF-8) was used

as sorbent for the extraction of these target compounds (MBO, MBT and its

nitro derivative) in environmental samples. The incorporation of n-butylamine

molecules to the framework structure resulted appropriate to tailor the surface

properties improving the selectivity of the extraction of these polar

compounds. Although this type of material has been previously used in

hydrophobic compounds in dispersive mode with sophisticated technique

(GC-MS) [36], its application to hydrophilic compounds in cartridge format

with accessible instrumentation (LC-UV) has not been explored. Taking into

account the key role of butylamine (BA) as modulator, in this work, its
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content on crystal structure and posterior interaction with analytes was
studied. The resulting MOF that provided the best features was selected as
SPE sorbent and parameters affecting the extraction process such sample pH
and eluent solvent composition (among others) were investigated. Finally, the
applicability of the method for the analysis of these compounds by HPLC-UV

was evaluated in environmental samples obtained from different sources.

6.2. Experimental section

6.2.1. Reagents and materials

Zinc nitrate hexahydrate, 2-methylimidazole (Hmim), n-butylamine (BA),
ethylamine and hexylamine were purchased from Sigma-Aldrich (Milwaukee,
WI, USA). Sodium hydroxide was obtained from Panreac Quimica SA
(Barcelona, Spain). Acetonitrile (ACN), methanol (MeOH), acetic acid
(HAcO) and hydrochloric acid were from VWR International Eurolab
(Barcelona, Spain). The benzomercaptans selected in this work were: 2-
mercaptobenzoxazole (MBO), 2-mercaptobenzothiazole (MBT) and 6-
nitrobenzo[d]thiazole-2-thiol (NMBT), all purchased from Sigma-Aldrich.
The structures of these compounds are given in Table 6.S1. Deionized water
was prepared in Crystal B30 EDI Adrona deionizer (Riga, Latvia). All other
reagents were of analytical grade unless otherwise stated. 1 mL empty
propylene disposable SPE cartridge and frits (1/16', 20 um) were from
Andlisis Vinicos (Tomelloso, Spain). Individual standard solutions of
benzomercaptans (1000 mg L) were prepared in MeOH and stored at 4 °C
until its use. Working standard solutions were done daily by appropriate

dilution from these stock solutions.

6.2.2. Instrumentation

Scanning electron microscopy (SEM) images were obtained with a Hitachi
S-4800 electron microscope (Ibaraki, Japan) equipped with a retrodispersive

electron detector and an energy dispersive spectrometer (EDAX Genesis
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4000). A transmission electron microscope (TEM) coupled to a digital camera

AMT RX80 model JEM-1010 JEOL (Akishima, Japan) was used to obtain the

transmission electron micrographs. Adsorption-desorption isotherms of

nitrogen were registered in a S5 Micromeritics ASAP2020 instrument

(Norcross, USA) at 77 K. The Brauner-Emmet-Teller (BET) model was used

to calculate the specific surface area using the low-pressure range. Powder X-

ray Diffraction (p-XRD) patterns were obtained in a D8 Advance A25

diffractometer (Bruker). Attenuated total reflection Fourier-transform infrared

(FT-IR) spectra of powdered materials were registered with a DuraSamplIR II

accessory from Smiths Detection Inc. (Warrington, UK) equipped with a nine

reflection diamond/ZnSe DuraDisk plate, installed on a Bruker FT-IR

spectrometer (Bremen, Germany) model Tensor 27. The zeta potential

measurements were performed with Zetasizer Nano ZS equipment (Malvern

Instruments, Malvern, UK). NH»-ZIF-8-BA 1 was dispersed in distilled water

at a concentration of 1 g L' and sonicated during 1 min. Measurements were

carried out per triplicate at 25 °C. The final zeta potential value was estimated

from the particle mobility using the Smoluchowski model.

Chromatographic separation of standards and samples was performed on a

1260 Infinity II HPLC from Agilent Technologies (Waldbronn, Germany)

with a UV-Vis diode-array detector. The separation conditions of

benzomercaptans were adapted from Parham et al. [30]. The chromatographic

column was a Kromasil C18 (250 x 4.0 mm, 5 pm particle size, Andlisis

Vinicos). Separation was done under gradient elution mode (at flow rate of

1.0 mL min™) using as solvents: (A) water and (B) ACN containing both

0.1% (v/v) of HAcO. The gradient elution and the detection wavelength

programs are given in supplementary information (see Table 6.S2).

6.2.3. Synthesis of ZIF-8 crystals

ZIF-8 materials were synthesized following protocols reported in the

literature by Cravillon et al. [22, 37]. To obtain ZIF-8 (nano)crystals (without
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modulator), two methanolic solutions were needed. Solution (A) composed of
Zn(NOs3),-6H,O (9.87 mmol) in MeOH (200 mL) and solution (B) of 2-
methylimidazole (79.04 mmol) in MeOH (200 mL). The later solution was
added to the former under stirring. After keeping at room temperature for 24
h, a white dispersion of ZIF-8 was formed, and separated by centrifugation at
6000 rpm for 10 min. Then, the resulting solid was washed with MeOH three
times and dried at 40°C overnight. On the other hand, ZIF-8 nanocrystals
using BA (NH)-ZIF-8-BA) as modulator agent were prepared as given
elsewhere [22]. A ligand solution (B) (9.874 mmol of Hmim in 50 mL
MeOH) including the modulator agent (9.874 mmol of n-BA) was poured
slowly into a solution (A) containing the metallic cation (2.469 mmol of
Zn(NOs),'6H,O in 50 mL of MeOH) under stirring and left at room
temperature for 24 h. The resulting white solid (namely, NH,-ZIF-8-BA 1)
was recovered and washed with the same protocol that is described above for
ZIF-8 (nano)crystals. Also, different molar contents of BA as modulator (5
and 20 mmol, NH,-ZIF-8-BA 2 and 3, respectively) were tested by keeping
constant the molar ratio of other starting reagents. Additionally, other alkyl
amines (ethyl- and hexylamine) were investigated as modulator agent (at 10

mmol) following the abovementioned protocol for NH,-ZIF-8-BA materials.

6.2.4. Sample collection and treatment

The sampling of water was performed from different locations in Valencia.
Approximately, 500 mL were collected in dark containers and refrigerated at

4 °C until their use.

Several soil samples from different sources were collected, air-dried at
room temperature, crushed and then sieved through a 1 mm sieve. These
samples were stored on polypropylene bags in darkness at 25°C. The pH,
humidity and electrical conductivity of soil samples were measured following
ISO rules [38]. pH and electrical conductivity were measured in a 1:5

(soil:deionized water) extract shaken for 5 min and measured after 2 h. For the
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determination of humidity, 1 g of each sample was heated at 70°C overnight
until constant weight. These soil parameters are listed in Table 6.S3. The
extraction of benzomercaptans from soil samples was adapted from Zhang et
al [39], as follows. Briefly, 0.1 g approx. of each sample was weighed and
spiked at 500 pug kg with the investigated pollutants. After vortex-assisted
and ultrasonic homogenization, the samples were allowed to stand with the
analytes for 2 h. Then, 5 mL of MeOH were added, shaken during 20 min and
centrifuged at 6000 rpm for 3 min. The supernatant was collected and the
extraction procedure was repeated twice. All methanolic fractions were
combined and evaporated at low pressure up to small volume (ca. 100 pL) and
reconstituted up to 5 mL with water before application of SPE protocol

described below.

6.2.5. Extraction procedure

A SPE protocol using the developed materials as sorbents was applied to
the extraction of aromatic benzomercaptans in environmental samples. For the
preparation of SPE devices, 20 mg of the metal-organic framework was
packed between two frits into 1 mL empty polypropylene cartridges. Prior to
loading, the sewage waters were sonicated and centrifuged, and the extraction
was carried out following the protocol described above. The material was
firstly conditioned with MeOH (500 pL) and water (500 pL), and after that, a
known volume of standard solution or sample (5 mL and 25 mL for soil and
water samples, respectively) was passed through the cartridge. The sorbent
was finally washed with water (500 pL). The retained analytes were later
eluted with 250 uL of 50% (v/v) MeOH containing 0.5 mol L' NaOH. The
extraction units were regenerated with water (10 mL) in order to eliminate the
NaOH excess. Prior to HPLC injection, the elution fraction was properly

neutralized with hydrochloric acid.
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6.3. Results and discussion

6.3.1. Preliminary considerations

As it was mentioned in the Introduction, the selection of the adequate
MOF as SPE sorbent is a key aspect since it strongly influences on the
selective retention and the way of interaction with the target analytes. In this
sense, ZIF-8 material, due to its pore size and the kind of interactions it can
establish with the analytes, has advantageous features making it a good SPE
phase candidate. As shown in Figure 6.S1, the molecular sizes of MBO and
MBT are smaller than the pore size of ZIF-8 (3.4 A) [40, 41]; whereas for
NMBT, a partial embedding process may happen into ZIF-8 structure.

Regarding the interaction forces involved, there are different possible
interaction modes between this MOF and benzomercaptans: 1) hydrophobic
effects and m-interaction between the imidazole rings of ZIF-8 and the
aromatic moieties of these analytes (see structures in Figure 6.S1); ii)
hydrogen bonding between NH groups in ZIF-8, and certain hydrogen-bond
accepting groups (e.g. ether, organo sulfurs, nitro, among others) present in
the analytes (Figure 6.S1) thus enhancing the hydrophilic binding and
improving the selectivity; and iii) electrostatic interaction between ZIF-8 and
benzomercaptan molecules. In this sense, the surface charge of ZIF-8
nanocrystals and the ionization degree of benzomercaptans (see Table 6.S1)
should be considered (as we discussed below). Additionally, other potential
contributions due to the amine moiety such as cation-m interaction between
aromatic ring and amino protonated ZIF-8 structure can occur [42], which
have been previously reported with other amino functionalized MOFs and
compounds with structural similarities [43]. In this regard, the synergetic
contribution of BA modulator of the NH>-ZIF-8-BA in these last interactions
can be explained by its presence onto the surface of ZIF-8 crystals as

previously demonstrated [36].
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Indeed, the use of modulators during MOF synthesis has proven to be a

promising strategy through which the internal MOF structure (crystal size and

morphology), and outer surface functionalities, can be controlled by using

monodentate ligands [44]. The modulators then compete with conventional

multidentate ligands for coordination to the metal cations [45, 46]. In order to

study the influence of BA upon the crystal growth of ZIF-8 and other features,

several materials were synthesized varying its molar ratio. Taking into

account all these considerations, the ability of these synthesized materials as

SPE phases is here evaluated (see Table 6.1).

6.3.2. Characterization of material

The morphology and crystal size of the prepared materials (ZIF-8 and

NH»-ZIF-8 with different modulators) were investigated by SEM and TEM

analysis, respectively. Figure 6.1A and B shows the SEM micrograph of the
ZIF-8 (without modulator) and NH,-ZIF-8-BA 1 (corresponding to ca. 10

mmol of BA) materials, respectively. In both images, a polyhedral shape of

the nanocrystals was evidenced, which is in agreement with the typical form

of ZIF-8 nanocrystals [40, 41]. Also, SEM images of MOFs prepared at other

BA contents were taken (Figure 6.S2). As it can be seen, the morphology did

not change substantially with modulator content. The TEM images of the

resulting materials for this set of experiments are summarized in Figure 6.S2,

and the mean sizes of the crystals are given in Table 6.1. As it can be seen, an

increase of the concentration of BA modulator led to the increased mean size

of the resulting crystals. The tendency observed for BA-modulated MOFs is

consistent with that reported in previous studies focused on the addition of

monocarboxylic acid modulators [44, 47]. These results can be explained

taking into account that modulating ligands can tailor crystal nucleation and

growth via both coordination and deprotonation equilibria [22]. Thus, the

addition of a basic ligand (L) as BA (pK. value in aqueous media is 10.7) can

deprotonate the [Zn(Hmim)nLn] species, and thus producing an acceleration

of rate of ligand exchange reactions, resulting in a higher nucleation rate and
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therefore in a smaller final crystal size. When a low amount of BA is added a,
a large number of nuclei were formed and rapidly grow at the same time
affording smaller crystals. However, higher concentration of BA provides a
slow nucleation (fewer nuclei) of the MOF giving as result larger crystals.
This 1s due to this additive starts to have a relevant role as a competitive
ligand in the complex formation. On the other hand, in absence of modulating
ligand (BA), there is not a deprotonation reaction, which led to small
concentration of [Zn(Hmim)nL,] species decreasing the nucleation rate, and

consequently in a large final crystal size.

Figure 6.1. SEM (A) and TEM (B) micrographs of ZIF-8 (left part) and NH»-
ZIF-8-BA 1 (right part) materials.

Additionally, energy dispersive X-ray spectroscopy (EDX) of the
synthesized materials were performed. As shown in Table 6.1, nitrogen
content increased with increasing BA content, which confirmed not only the
presence of BA onto the surface of ZIF-8 crystals but also the possibility of

tailoring the loading of surface amine moieties.
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Table 6.1. Influence on different BA content modulator of textural parameters

of synthesized MOFs and their extraction performances.

Particle Surface N amount
MOF Modulator . area . R* (%)
size (nm) 2 1 (atomic, %)
(m”g™)

ZIF-8 None 89+ 6 1456 453 60-63
NH:-ZIF-8-BA 1 BA, 10 mmol 61+2 1365 52.6 94-102
NH:2-ZIF-8-BA 2 BA, 5 mmol 47+£5 856 47.7 64-77
NH:-ZIF-8-BA 3 BA, 20 mmol 72 +7 1213 56.3 99-102

aBxtraction conditions: sample concentration, 500 pg L!; volume, 5 mL; eluting

solvent, 0.5 mL of 50:50 MeOH:H:O (v/v) with 0.5 M NaOH.

To determine the surface area, nitrogen adsorption/desorption isotherms of
the synthesized materials were performed. They exhibited typical Type I
isotherms (a representative example is depicted in Figure 6.S3), which are
indicative of their microporous nature. The specific surface area, calculated
using the BET equation, are shown in the Table 6.1. As it can be observed,
high surface areas (> 1000 m?/g) were obtained from BA contents of 10 mmol

or higher.

Furthermore, X-ray powder diffraction patterns, depicted in Figure 6.S4,
were in good agreement with the simulated one, thus indicating that the
current materials were successfully prepared. Also, FT-IR spectra of ZIF-8
materials were taken (Figure 6.S5). All the spectra display the typical bands
of the ZIF-8 MOF [36, 40], corroborating their successful preparation. In
addition, a small band close to 2900 cm™' appeared in the NH,-ZIF-8-BA,
which can be assigned to the aliphatic stretching C—H of BA.

Next, the synthesized MOFs were evaluated as SPE sorbents in order to
study the influence of modulation and choose the phase that provided the
highest extraction efficiency. As shown in Table 6.1, the NH»-ZIF-8-BA 1
showed high recoveries jointly with exposed surfaces having enough amino

moieties for the selective capture of analytes. Additionally, this material was
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superior to that synthesized without modulator, which clearly demonstrated
the important contribution of the amount of attached BA onto ZIF-8 crystals
in the extraction efficiency of these pollutants. It is evident from the previous
discussion and experimental results that amine group of BA modulator plays a
key role in the crystal growth of MOF as well as in his subsequent retention
properties. For this purpose, other organic amines (ethyl and hexyl) with
similar basicity (pKa. values ranged between 10.6-10.9) were studied as
modulators using the same conditions of NH»-ZIF-8-BA 1. The
characterization of the resulting materials gave mean sizes of the crystals
similar to those obtained with BA modulated material and surface area values
ranged between 1150 and 1324 m? g'. Both materials were tested as SPE
sorbents, giving recoveries up to 90%. These results suggested that the alkyl
chain has not a relevant effect, whereas the introduction of amine in the final
framework is an important issue to improve the retention performance. At

sight of these results, NH»-ZIF-8-BA 1 was selected for further studies.

6.3.3. Optimization of SPE protocol

In order to obtain the maximal extraction performance, various parameters
such as sample pH value, elution solvent composition and volume were
investigated. During optimization of SPE conditions, an aqueous solution
containing 250 pg L' of each benzomercaptan was employed as a test

mixture.

Sample pH is an important variable that influences the extraction
performance since it affects the ZIF-8 charge surface as well as the analyte
charge state. According to previous reports, ZIF-8 material is charged
positively in the pH range of 2-10 due to its imidazole moieties [48, 49]. In
any case, zeta potential measurements of the selected material were performed
at loading/elution conditions (Figure 6.S6). Thus, the positive value of this
parameter at loading step (pH close to 7.0) implied a positive surface charge

of MOF nanoparticles, whereas that it reversed from positive to negative
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when eluting solution was tested (pH > 12). These results were consistent

with the above-mentioned studies. On the other hand, the heterocyclic

benzomercaptans may exist as thione and/or thiol forms, and the thiol form

can be further ionized in aqueous solutions (see pK, values in Table 6.S1). In

this study, the effect of the sample pH value was evaluated from 5 to 9 (data

not shown), by considering aspects such as the structural integrity of this

framework (pH > 4) [50] as well as the usual pH range found in surface water

systems (6.5 to 8.5). Recoveries in the tested pH range were almost constant

for each benzomercaptan. These results can be explained as follows. On the

one side, the existence of electrostatic interactions can be present taking into

account the surface charge of MOF and the ionization state of

benzomercaptans. Particularly, when the solution pH was below 6.0, these

compounds are predominantly as neutral (molecular) species, while the

surface of ZIF-8 remained positive, which made the electrostatic attraction

between them become weak. When solution pH increased from 6.0 to 8.5, the

anionic form of benzomercaptans begin to have greater significance due to

progressive deprotonation of these molecules (see pK. values), and the

electrostatic attraction between these solutes and ZIF-8 became a main factor

in the interaction mechanism. Nevertheless, the recovery values of target

compounds on ZIF-8 along the tested pH range remained nearly constant.

This fact suggested that the factor controlling the retention of probe

compounds was not just electrostatic interaction, and there should be other

modes of action that influence on the adsorption process (such as m—stacking

and hydrogen bonding interactions). Therefore, no pH adjustment was

required in sample solutions.

The selection of an appropriate eluting solvent is of major concern for the

optimization of the SPE process. To obtain the highest eluting efficiencies,

several eluting solvents were investigated (see Figure 6.2, left part).

Desorption solvents as pure MeOH gave very low recovery values of analytes

(< 8%). As can be observed, when MeOH-water mixtures (50/50, v/v) were
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used, higher recoveries were obtained (up to 29%), which subsequently
increased up to around 79% when using mixtures of MeOH-water basified
with 0.1 M NaOH. This increment can be explained taking into account the
surface charge of MOF and the ionization state of benzomercaptans. As it was
mentioned before, the point of zero charge for ZIF-8 is approximately at pH
9.8 [48, 49]. Consequently, at pH above this value, an electrostatic repulsion
between the negatively charged ZIF-8 surfaces and the benzomercaptan
anions is produced, which favors the desorption of these analytes from the
sorbent. Consequently, the content of NaOH (from 0.1 to 0.5 M) in MeOH-
water mixtures was optimized. It was found that a content of 0.5 M NaOH
gave recoveries ranging between 97 and 108%. So, as in agreement with
previous studies [50], the MOF structure was stable at this pH, a 0.5 M NaOH

concentration was selected for further studies.

The volume of eluent can affect not only the elution efficiency, but also
the concentration of the analytes in the eluent. Therefore, the effect of the
solvent volume (100-1000 pL) was also investigated (Figure 6.S7). As can be
seen, recoveries of analytes higher than 87.3% (< 6.1% relative standard
deviation, RSDs) were obtained for 250 uL, and this value was selected for

further experiments.

Another essential parameter in a SPE protocol, especially to monitor trace
pollutants in environmental analysis, is the breakthrough volume. Thus, the
effect of sample volume was evaluated using the NH,-ZIF-8 as sorbent.
Several volumes (in the range 1-100 mL) were loaded by keeping constant the
total amount of each pollutant (500 ng) (see Figure 6.2, right part). As can be
seen, the extraction recoveries of all the benzomercaptans were higher than
80% up to 50 mL, however, higher volumes caused a diminution in the
extraction efficiency. Consequently, considering the minimum elution volume
found (250 pL) and the maximum sample loading volume (25 mL) with
average recoveries values ca. 100%, a preconcentration factor of 100 was

estimated.
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Finally, the reusability of sorbent was also evaluated, and the obtained
results indicated that the MOF could be reused at least 10 times without
significant decrease of efficiency extraction (between 87-104% with RSD

below to 8%).

6.3.4. Figures of merit and application to real samples

The developed SPE procedure using NH2-ZIF-8-BA 1 as sorbent,
combined with HPLC-UV detection, was validated in terms of linearity,
sensitivity and precision under the previously optimized experimental
conditions. The obtained results are summarized in Table 6.2. As can be seen
from this table, a good linearity range (r>0.998) was observed in the
chromatographic dynamic range of 7-2500 pug L-1 for all analytes. The limits
of detection (LOD) and quantification (LOQ) (after applying the extraction
protocol) were experimentally obtained as the concentration of the analyte
that provided a signal-to-noise ratio (S/N) of 3 and 10, respectively. Thus, the
LODs for aqueous samples varied from 16 ng L-1 to 21 ng L-1, whereas the
LOQs were in the range 52 ng L-1 and 69 ng L-1. In the case of soil samples,
the LOD and LOQ values ranged 0.4-0.5 pg kg-1 and 1.3-1.7 pg kg-1,

respectively.

Table 6.2. Figures of merit of the developed material used as SPE sorbent in

the extraction and analysis of benzomercaptans.

Within-device Between-device

Calibration LOD* LOQ*
Analyte (g L) recovery (%) recovery (%) £
range (ug L~ - -1
+RSD (n=3)  RSD (n=3) (gl?) (gl
MBO 5-2500 109 +2 107 £2 1.6 5
MBT 7 — 5000 95+7 101 +1 2 7
NMBT 7 — 5000 100 +7 95+1 2 7

*Instrumental values (without applying the extraction protocol)
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Figure 6.2. Effect of elution solvent composition on the recovery values of analytes using NH,-ZIF-8 as SPE sorbent (left
part),eluent compositions: A) MeOH, B) 50:50 MeOH:H.O (v/v), C) 50:50 MeOH:H,O (v/v) with 0.1 M NaOH, D) 50:50
MeOH:H,O (v/v) with 0.2 M NaOH and E) 50:50 MeOH:H,O (v/v) with 0.5 M NaOH; effect of loading sample volume on the

extraction efficiency of benzomercaptans (right part). Error bar = SD (n = 3).
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The precision of the method (intra and inter-units), expressed as relative
standard deviation (RSD, %) was also determined from standard solutions at a
concentration level of 250 ug L™ of each analyte and subjected to the SPE

protocol. RSD values comprised between 2.0 and 7.0% were found.

To study the applicability of the developed SPE-HPLC-UV method using
NH»-ZIF-8-BA 1 as sorbent, the developed method was applied to monitor the
target analytes in environmental complex matrices. The samples were
analyzed in order to find any potential presence of the analytes. The results
(see Table 6.3) showed that none of the target benzomercaptan was detected
in the nonspiked real samples. Next, validation samples were prepared using
these samples fortified with the three target compounds at concentration level

of 5-500 ug L.

As shown in Table 6.3, the recoveries of analytes were satisfactory,
ranging between 74 and 117%. In order to discard matrix effect in sewage
water, particularly for that one from Gandia (influent), standard addition
calibration curves were done. Several spiked samples at different levels (25-
100 pg L) were percolated through cartridges and the slopes obtained in the
resulting calibration curves were not statistical different from those found
with the external calibration method (confidence level of 95%) As
representative examples, Figure 6.3 (left) shows the chromatograms of a
water sample (from influent sewage water) spiked with the analytes without
and with SPE pretreatment. On the other hand, the right part of Figure 6.3
illustrates the eluted fraction corresponding to a blank soil sample and that
spiked with the analytes. As observed, an effective enrichment of analytes of
interest in both matrices was evidenced, which demonstrated the performance
of the synthesized sorbent to be used as preconcentration purposes in complex

samples.
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Table 6.3. Recovery study of benzomercaptans in spiked environmental samples analyzed following the recommended SPE

protocol. Recovery (%) + SD (n=3)".

Environmental samples

Gandia sewage Paterna sewage Soil 2 Soil 3
. Tap water Soil 1 (Sueca)
water (influent)  ater (effluent) (Burjassot) (Valencia)
Analyte
Spiked level (ng L) Spiked level (ug kg™)
- 5 - 5 - 5 500 - 500 - 500

MBO <LOD 76+2 <LOD 94+2

MBT <LOD 76+5 <LOD 8242

<LOD 117+9 <LOD 109+2 <LOD 1007 <LOD 102+3

<LOD 81+4 <LOD 103+1 <LOD 1071 <LOD 98+6

NMBT <LOD 74+5 <LOD 75+6 <LOD 74+8 <LOD 93+1 <LOD 84+10 <LOD 82+3

“The recovery values were calculated by dividing the concentration found by the concentration added (calibration curves).
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6.3.5. Comparison with other commercial sorbents and extraction
methodologies

Next, a comparison in terms of extraction performance with one
commercial sorbent (silica gel) commonly used for the extraction of
benzomercaptans [51, 52] was made. This generic sorbent gave retention
values below 50% (see Figure 6.S8), which underlines the convenience of

using our synthesized sorbent.

Finally, the developed material was compared with other extraction
sorbents of target analytes in environmental samples (see Table 6.4).
Regarding aqueous samples analysis, the recovery values obtained were quite
similar to those found in most reported studies; however, in certain works [23,
28] these values were lower than 65%. Regarding the LODs, our values were
better than those described by Parham et al. [24], and similar to those reported
in refs. [28, 30, 31] using a sophisticated and high-cost MS detector. Other
advantage found is the less amount (20 mg) of sorbent required compared
with single-use commercial SPE sorbents (commonly up to 150-500 mg) [28,
30, 31]. This amount was also similar to a nanomaterial-based method using
CuNPs [23, 24] probably due to surface area-to-volume ratio; however, its

reusability was quite lower than that found in the present study.

Likewise, in soil monitoring, the present method gave higher recoveries
than those described in literature [53, 54]. Concerning LODs, our protocol
provided comparable LOD values [53], or higher using MS detection [54]. In
any case, this drawback does not reduce the good features of our protocol
such as the easy and cheap preparation of the sorbent combined with the
accessible equipment required, make this protocol a feasible method to

monitor benzomercaptans and their derivatives in environmental samples.
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Figure 6.3. HPLC-UV chromatograms of sewage water (Gandia’s plant) (left part) and extracts of soil samples (right part)
spiked with 5 ug L of each benzomercaptan, respectively, without applying (A) and applying the proposed SPE protocol
(B). The right part shows an extract of soil sample without (A) and with spiking of analytes at 500 pg kg™ (B) subjected to
the SPE treatment. Chromatographic conditions are given in Experimental Section and Supplementary Information. Peak

identification: 1, MBO; 2, MBT; 3, NMBT.
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Table 6.4. Comparison with other reported methods for benzomercaptans extraction and analysis.

Material LOD
Analytes Method Sample matrix R (%) Reusability EF* Reference
(sorbent amount) (ng L'/ ng kg™)
i I ial
MBT, MBO OoEwoq oxide HPLC-DAD ndustrial water 56.93 i 3 23]
nanoparticles (14 mg) samples
MBT, MBO, OoE.VS oxide Environmental 96-104 1900-2700 3 200 [24]
MBI nanoparticles (14 mg) water sample
MBT Oasis HLB cartridge  gpp ) yypp 01 Municipal 60-70 16.7 - 7-14 [28]
(200 mg) stewater samples
Envi tal
MBT Oasis MAX (150 mg)  SPE/HPLC-MS fvironmenta 80-118 1-4 - 20-100 [30]
water samples
MBT Oasis HLB (500 mg) SPE / HPLC-MS Water samples 70-85 7 - 21-83 [31]
™., : -
BT, HBT, MTBT, Strata'v'-X cartridges SPE / HPLC Dewatered sewage 50-116 40 - 13000 i i (51]
ABT (200 mg) MS/MS sludge
MBT, HBT, BT, wo_v.rmoJ\ HLB SPE / UPLC- Woma.acﬁ \. 56.105 20-120 i i [52]
ABT, MTBT cartridge (60 mg) MS/MS Roadside soil
MBO. MBT. -ZIF-8- ;
NH-ZIFS-BATQ0  opp ypreauv Environmental 74-117 16-21/400-500 10 4°:100°  This Work
NMBT mg) samples

aThe EF from the overall SPE protocol was calculated using the ratio between the final (eluent) extract and the maximum sample volume load (for aqueous samples) or
the amount of solid weighed (for soil samples); bsoil samples; caqueous samples EF: enrichment factor. MBT: 2-mercaptobenzothiazole, MBO: 2-
mercaptobenzoxazole, MBI: 2-mercaptobenzimidazole, NMBT: 2-mercapto-6-nitrobenzothiazole, HBT: 2-hidroxybenzothiazole, MTBT: 2-methyl-thiobenzothiazole,

ABT: 2-aminobenzothiazole
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6.4. Conclusions

In this research, n-butylamine modulated ZIF-8 nanocrystals were
successfully synthesized, characterized and applied as SPE sorbent to the
extraction of benzomercaptans in environmental matrices. Prior to the SPE
optimization, the addition of BA (at several molar ratios) as modulator to the
reaction mixture was done to evaluate its impact on the crystal growth and
adsorption capacity of the resulting MOFs. As a result of this study, NH,-ZIF-
8 containing 10 mmol of BA as modulator was the most appropriate sorbent.
Then, several experimental parameters of the SPE protocol (such as sample
pH, desorption solvent composition, among others) were investigated in detail
using this MOF as SPE phase. The highly selective and efficient retention of
benzomercaptans on this MOF take advantages of multiple interactions

between these targets and the framework.

Moreover, the fruitful combination of NH»-ZIF-8-BA 1 followed by
HPLC-UV analysis led to high extraction recovery values, low LODs,
excellent enrichment factors and satisfactory reusability. All these figures of
merits prove that the present protocol constitutes a simple, cost-effective, and
appropriate methodology for extraction and preconcentration of these
pollutants in complex environmental samples. As far as we know, this study
reports the first study of influence of modulator content on the morphology
and extraction performance of organic pollutants and the subsequent
application of the best modulated ZIF-8 for the extraction of benzomercaptans
and demonstrate that it could be a promising SPE sorbent for further

applications.
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6.6. Supporting Material

Table 6.S1. Structures and properties of the studied benzomercaptans.

Log
Compound Structure Pow? pKa Ref.
2-
mercaptobenzoxazole / 5 2.1 6.6 [1]
(MBO) N H
2-
mercaptobenzothiazole !,’ 5 2.9 7.0 [2]
(MBT) H

6-
2
Nitrobenzo[d]thiazole- el

36 78 [3]
2-thiol (NMBT) e

FE—0
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Table 6.S2. HPLC gradient composition and detection wavelength program
for the HPLC-UYV analysis.

HPLC Gradient Detection wavelength program
% B (v/v) Time Detection
Time (min)
mobile phase (min) wavelength (nm)
0-2 35
2-5 35-50 0-7 300
5-9 50
9.0-9.1 50-80
7-8 322
9.1-11.5 80
11.5-11.6 80-35
8-13 361
11.6-13.0 35

Table 6.S3. Physical-chemical characteristics (or parameters) of the soil

samples collected in different sites.

Soil source Humidity (%, wt.) Conductivity (uS em™) pH

Sueca 2.5+0.1 36.4+£0.8 9.56 0.1
Burjassot 20+0.2 39.3+£0.5 9.57+0.3
Valencia 33+£03 35.1+£0.9 9.44+0.2
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Figure 6.S1. Molecular sizes of the target benzomercaptans and ZIF-8.
Colors’ code: N atoms (blue), H atoms (pale pink), C atoms (brown) and Zn
atoms (grey inside of tetrahedrals). The structures of analytes were obtained
from Chem3D. To obtain the sizes, an energetic minimization was done using

MM2 model at 300K. (Minimum RMS Gradient = 0.0100).
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Figure 6.S2. SEM (A) and TEM (B) images of NH>-ZIF-8-BA 2 (left part)
and NH,-ZIF-8-BA 3 (right part) materials.
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=500 -
=0)]
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Figure 6.S3. N> adsorption/desorption isotherms at 77 K of the ZIF-8 NH»-
ZIF-8-BA 1 materials. Circles and triangles indicate the adsorption and

desorption isotherms, respectively.
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Figure 6.S4. Powder XRD patterns of zeolitic materials (ZIF-8 and NH,-ZIF-
8-BA 1) and the simulated one obtained from the crystallographic data of
Crystallography Open Database (COD, ID: 4128139).
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Figure 6.S5. FT-IR spectra of zinc-based MOF (ZIF-8 and NH,-ZIF-8-BA 1)

and n-butylamine.
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Figure 6.S6. Zeta potential of NH»-ZIF-8-BA 1 at different SPE conditions.
Error bar = SD (n = 3).

120

100

Extraction (%)
[\ B (=) 2]
<> <> < <

=

0.10 0.20
Elution volume (mL)

0.25 0.50 1.00

Figure 6.S7. Effect of the elution volume on the extraction efficiency of the

benzomercaptans using NH»-ZIF-8- BA 1 as sorbent. Error bar = SD (n = 3).
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Figure 6.S8. Comparison of benzomercaptans extraction efficiency of NH»-
ZIF-8-BA 1 sorbent and commercial silica-based cartridges. Error bar = SD (n

=3).
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Poly(ethylene glycol) diacrylate based monolithic
capillary columns for the analysis of polar small solutes
by capillary electrochromatography

Maria Vergara-Barberan, Oscar Momp6-Rosellé, José Manuel Herrero-Martinez, Ernesto
Francisco Simo-Alfonso i

Monolithic stationary phases based on poly(ethylene glycol) diacrylates
for capillary electrochromatography were developed. Several poly(ethylene
glycol) diacrylates (M, 250, 575, and 700) were used as single monomers and
the resulting columns were carefully compared. Methanol and ethyl ether
were selected as porogenic solvents, and in all cases UV radiation was
selected as initiation method to prepare polymeric monoliths. The influence of
the monomer chain length and ratio monomer/porogen on the morphological
and electrochromatographic properties of the resulting monoliths was
investigated. Several families of compounds with different polarity (alkyl
benzenes, organophosphorous pesticides, benzoic acid derivatives and
sulfonamides) were selected to evaluate the performance of the fabricated
monolithic columns. The best results were obtained for poly(ethylene glycol)
diacrylate 700 monoliths affording efficiencies of 144,000 plates m™ for
retained polar aromatic small molecules and excellent reproducibility in

column preparation (RSD values below 2.5%).

Keywords: Capillary electrochromatography, poly(ethylene glycol)

diacrylate, polymeric monolith, polar compounds
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7.1. Introduction

Capillary electrochromatography (CEC) is a separation technique defined

as a hybrid of capillary electrophoresis (CE) and high-performance liquid

chromatography (HPLC) [1], which combines the selectivity of HPLC with

the high efficiency of CE [2,3]. This technique has demonstrated its higher

efficiency over pressure-driven systems due to the flat flow profile of

electroosmotic flow (EOF). Currently, separation columns which are either

particle-packed or silica/polymeric monoliths are used in CEC. In the case of

polymeric stationary phases, the most extended materials for CEC

applications have been based on acrylate and methacrylate monoliths [1,4].

The advantages of these stationary phases are their easy in situ preparation,

high permeability, chemical stability in a wide pH-range, and an extensive

variety of monomers available [4-6]. Indeed, several variables (choice of

monomers, cross-linkers, porogenic solvents, polymerization time and

temperature, and post-modification treatment, etc) can be modified to tailor

the morphological and chromatographic properties of monoliths [7,8]. In fact,

all these routes have been extensively used in the literature by different

research groups with a widely differing success and recently reviewed [8].

One of these smart strategies is based on the use of single cross-linkers as

monomers in the polymerization mixture. In this sense, single monomers

based on dimethacrylate [9], diacrylate [9,10], divinylbenzene [11,12], N,N-

methylenebis(acrylamide) [13], 1,2-bis(p-vinylphenyl)ethane [14,15], and

tetrakis(4-vinylbenzyl)silane [16,17] have been reported. In particular, Lee’s

group [18] have explored the influence of linking alkyl length in alkylene

dimethacrylates on separation performance of monolithic capillary columns

reaching column efficiencies of 54,000 plates m”'. The same group has

described the photopolymerization of monoliths based on poly(ethylene

glycol) diacrylate (PEGDA) with different length of ethylene glycol chains to

efficiently separate proteins by hydrophobic interaction chromatography
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[19,20]. Monoliths prepared with average molecular weight of the PEG bridge
between 250-258 provided the best results (or high permeability beds with
enough hydrophobic interaction sites) to successfully separate even
immunoglobulin G subclasses and variants [20]. In another work, Aggarwal et
al. [21] have also described the fabrication of monoliths based on PEGDA
monomers with different ethylene-oxide (EO) chain length to separate small
molecules by reversed-phase (RP) capillary liquid chromatography. A careful
selection and a very-fine tuning of porogenic solvents is essential to obtain
monoliths with flow-through properties. All these works based on the use of a
single-monomer system highlighted the easy and simple optimization of
polymerization conditions, the large surface area of resulting monolithic
columns and its enhanced reproducibility. However, the extension of these
highly cross-linked monoliths to strongly polar aromatic molecules (such as

sulfonamides) and its use in CEC mode has not been yet applied.

In this study, the preparation and characterization of several PEGDA-
based monolithic columns for CEC was done. For this purpose, several
parameters such as PEGDA monomer (with different EO chain length),
porogenic content and polymerization temperature were optimized. The
influence of these variables on monolith morphology and its CEC
performance was evaluated by scanning electron microscopy (SEM) and by
measuring the retention factor and efficiency of a test mixture of
alkylbenzenes, respectively. In order to demonstrate the capability of the
optimized PEGDA-based column, several polar aromatic small compounds
(organophosphorous pesticides, benzoic acid derivatives and sulfonamides)

were separated under CEC.
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7.2. Materials and methods

7.2.1. Reagents

Poly(ethyleneglycol) diacrylate (PEGDA, M, 250, 575, and 700), [2-

(methacryloyloxy)ethyl]trimethyl ammonium chloride (META) and 3-

(trimethoxysilyl)propyl methacrylate (TPM) were from Aldrich (Milwaukee,
WI, USA). HPLC-grade acetonitrile (ACN), ethyl ether (Et,O) and methanol

(MeOH) were from Scharlau (Barcelona, Spain). 2,2-dimethoxy-2-

phenylacetophenone (99%, DMPA were from Fluka (Buchs, Switzerland).

Hydrochloric acid (37%) was supplied by Panreac (Barcelona, Spain). Uracil

as EOF marker, and several alkylbenzenes and organophosphorus (OPPs)

(chlorpyrifos, dialifos, fensulfothion, malathion, prophenofos, sulprofos)

compounds from Riedel-de Haén (Seelze, Germany), were used. Benzoic acid
derivatives [22] (benzoic acid (pKa. = 4.2); phthalic acid (pKa = 2.94, pKa =
5.41); 1odobenzoic acid (pKa. = 2.86) and salicylic acid (pK. = 2.97)) were
from Fluka. Sulfonamides (sulfadiazine (pKa.i = 1.64, pKo = 6.50);
sulfathiazole (pKai = 2.31, pKa = 7.24); sulfapyridine (pKai = 2.90, pKa =
8.54); sulfamethazine (pKai = 1.95, pKa = 7.45); sulfisoxazole (pKai = 1.52,

pKax = 4.83); sulfamonomethoxine (pKai = 1.42, pKa = 6.67); sulfaguanidine
(pKa1 = 2.75, pKax = 12.10) [23]) were purchased from Sigma-Aldrich (St.

Louis, MO, USA). Unless otherwise stated, other chemicals used were of

analytical grade. Deionized water was obtained with a B30 water purification

system (Adrona, Riga, Latvia). Standard solutions of uracil (EOF marker),

alkylbenzenes, OPPs, benzoic acids and sulfonamides were prepared at 1 mg

mL™" each in ACN and were kept at 4 °C until use. Test mixtures of these

solutions (0.1 mg mL™" uracil and each analyte) were prepared daily by

dilution with the mobile phase. Uncoated fused-silica capillaries of 33.5 cm

total capillary length (25.0 cm of effective monolithic bed length) and 375 m

O.D. x 100 m LD. with UV-transparent external coating (Polymicro
Technologies, Phoenix, AZ, USA) were used.
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7.2.2. Instrumentation

To initiate polymerization, the capillaries were placed into an UV
crosslinker chamber (Model CL1000, UVP, Upland, CA, USA) equipped with
five UV lamps (5 x 8 W, 254 nm). An HPLC pump (1100 series, Agilent
Technologies, Waldbronn, Germany) was used to achieve surface
modification of the capillary wall. SEM images of monolithic columns were
taken with a scanning electron microscope (S-4100, Hitachi, Ibaraki, Japan)
provided with a field emission gun, and an EMIP 3.0 image data acquisition
system (Rontec, Normanton, UK). CEC experiments were performed on a
HP’DCE instrument (Agilent) equipped with a diode array UV detector, and
pressurized at both capillary ends with an external nitrogen supply. Data
acquisition was performed with the ChemStation Software (Rev.A.10.01,

Agilent).

7.2.3. Preparation of poly(ethylene glycol) diacrylate-based monoliths

Prior to the column preparation, and in order to ensure covalent attachment
of the monolith to the inner wall of the fused-silica capillaries, surface
modification with TPM was performed according to Cifuentes et al. [24]. The
two ends of the capillary were sealed with rubber septa until further use.
Polymerization mixtures were prepared by weighing PEGDA (monomer),
META (a positively charged monomer to generate EOF), DMPA (initiator)
and porogen solvents (MeOH and/or Et,O). Table 7.1 shows the composition
of all the assayed columns. Then, the mixture was quickly vortexed (for 2
min) and the preconditioned capillary was filled with the polymerization
mixture up to a length of 25.0 cm. Photo-polymerization was accomplished by
irradiation of the capillaries within the UV irradiation chamber at 0.9 J/cm’
for 10 min. Polymerization was done at room temperature or at ~0°C, which
was achieved by placing the capillary on a copper plate freeze-mounted on ice

in advance. After UV polymerization, an HPLC pump was used to flush the
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columns with MeOH for 30 min to remove the pore-forming solvents and

possible unreacted monomers, and finally pumped with the mobile phase.

7.2.4. CEC

Prior to use, all mobile phases for CEC were degassed by sonication. The
monolithic column, placed in the CEC instrument, was equilibrated with the
mobile phase by progressively increasing the applied voltage from 0 kV to -
30 kV, until a constant current and a stable baseline were observed.
Separations were performed at 25 °C (at several voltages). In all cases, the
inlet and outlet vials were pressurized at 1 MPa with nitrogen. The test
mixtures were injected electrokinetically under -30 kV for 7 s. The mobile
phase was composed by 50:50 (v/v) ACN-water containing 5 mM

acetic/acetate buffer at pH 3.0. Detection was performed at 214 nm.
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Table 7.1. Composition of polymerization mixtures, experimental conditions used for polymerization, efficiency and

permeability for the PEGDA-based monoliths investigated in this study.

Column Monomer:Porogen MeOH:Et.O WQ_%Eo_..m.N»aos Huin® (um) wo_.m:gww_:m
(wt:wt, %) (wt:wt, %) Conditions (Ko)’ (10* m*)
PEGDA 250
Cl 32.2:67.8 100:0 10 min, 0°C - -
C2 28.5:71.5 100:0 10 min, 0°C - -
C3 28.4:71.6 99.1:0.9 10 min, 0°C 165 8.1
C4 21.4:78.6 98.3:1.7 10 min, 0°C 107 11.1
Cs 21.4:78.6 95.9:4.1 10 min, 0°C 35.2 13.0
PEGDA 575
C6 21.4:78.6 17.1:82.9 10 min, 0°C - -
Cc7 21.4:78.6 17.1:82.9 10 min, RT 43.4 4.2
PEGDA 700
C8 21.4:78.6 0.7:99.3 10 min, RT 13.2 2.8

a Values obtained for hexylbenzene

b Evaluated as K, = §|=,

flow velocity, and AP is the pressure drop across the column

where L is the column length, | is the the mobile phase viscosity (50:50, v/v ACN:H20), u the linear
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7.3. Results and discussion

7.3.1. Preparation and characterization of UV-polymerized poly(ethylene
glycol) diacrylate-based monoliths

To prepare the PEGDA-based monolithic columns, UV-polymerization

was selected since presents some advantages over thermal initiation such as

fast preparation, higher bed uniformity, and easy selection of polymerization

regions by using masks [18, 19, 21, 25]. The conditions to prepare PEGDA-

based monoliths were adapted from a previous work [19]. Thus, PEGDA 250

was firstly investigated, and the initial composition of the polymerization
mixture was 32.2 wt.% monomers (99.6 wt.% PEGDA 250 and 0.4 wt.%
META) and 67.8 wt.% porogens (100 wt.% MeOH and 0 wt.% Et;O). A 1

wt.% DMPA with respect to the monomer was also added. The

polymerization was carried out at 0°C. However, the resulting column (Table

7.1, Column C1) showed a very low permeability, due to the highly dense

polymeric bed formed. This is well evidenced in the SEM micrograph of this

monolith (Figure 7.1A). For this reason, polymerization mixtures containing

higher porogen weight fraction were prepared. When the porogenic solvent

was increased to 78.5 wt.% (column C2), the bed permeability also remained

low. The interpretation of this morphological behaviour could be explained by

considering that the formation of monolithic bed is highly depending of

solvating conditions for the growing polymers of PEGDA monomer [19, 21].

Indeed, these authors have demonstrated that MeOH is a good solvent for the

growing polymer chains during polymerization, giving a polymer with

extremely small pores. Consequently, the MeOH content in the porogenic

solvent was reduced (Table 7.1, columns C3-C5). These monoliths showed

better permeability (with values comprised between 8.1 and 13.0-107* m?, see

Table 7.1) than columns prepared with MeOH (columns C1-C2). It was also

confirmed in Figures 7.1B-D, where slightly larger globules were evidenced,

and these columns were chromatographically tested. The column efficiency

was evaluated by measuring the minimum plate height (Hmin) of hexyl
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benzene as test solute. As observed in Table 7.1, with decreasing methanol

content, a decrease in Huin values in PEGDA 250 monoliths was obtained.

Figure 7.1. SEM micrographs of PEGDA 250-based monolithic columns: C1
(A), C3 (B), C4 (C) and C5 (D). Details of the polymerization composition

and conditions are given in Table 7.1.

However, monoliths prepared at contents 93.5 wt.% of methanol or even
lower contents partially polymerized in small segments within the capillary,
likely caused by a poor solvation of growing nuclei in the initial stages of
polymerization. Figure 7.2A shows the electrochromatogram of a test mixture

of alkyl benzenes obtained on the column C5 that provided the best Hmin.

Once the PEGDA 250 monolithic column composition was optimized, the
influence of other PEGDA monomers (PEGDA 575 and 700) containing
different length of ethylene glycol chains or units was also investigated. For
this purpose, using the best polymerization conditions found for PEGDA 250
monoliths (column C5), but replacing this monomer by PEGDA 575,
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monolithic columns were prepared at ca. 0°C. However, a transparent wax

was formed with extremely small pores (data not shown).
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Figure 7.2. CEC separation of alkylbenzenes with different PEGDA-based
monoliths: PEGDA 250 (column C5) (A), PEGDA 575 (column C7) (B);
PEGDA 700 (column C8) (C). Details of the polymerization composition and

conditions are given in Table 7.1. Experimental conditions: mobile phase,

50:50 (v/v) ACN-water containing 5 mM acetic/acetate buffer at pH 3.0;

electrokinetic injection, 10 kV x 7 s; separation voltage, -30 kV. Peak

identification: 1, uracil; 2, toluene; 3, ethylbenzene; 4, propylbenzene; 5,

butylbenzene; 6, pentylbenzene and 7, hexylbenzene.
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This behavior can be explained by an increase in ethylene glycol units
(from ~ 4-5 to ~ 9-10 from PEGDA 250 to PEGDA 575) making that MeOH
be better solvent for the growing polymer chains during polymerization
[19,21]. The content of MeOH was also reduced (up to 17.1 wt%, column
C6); however, the permeability of the resulting column was really low. In
order to improve this feature, polymerization of this monolith was conducted
at room temperature. As already reported [19,26-29], temperature affects both
the decomposition rate of initiator (nucleation rate) and solvating properties of
the solvent of polymer. At room temperature, the formation of nuclei with
longer chain lengths should be expected compared to polymerization at lower
temperatures, which would translate into large globules and pores. Indeed,
SEM pictures taken of columns C6 and C7 (Figures 7.3A and B,
respectively) corroborated this behavior. This last column exhibited a plate
height of 43.4 pm. Lower MeOH contents (up to 10.5 wt%) were tried;
however, the columns gave efficiency values quite similar to column C7,
accompanied by a slight reduction in its permeability (< 3.5-10"'* m?). Taking
into account all these above considerations, a similar optimization study of the
MeOH content in porogenic solvent was also performed for PEGDA 700. The
conditions and composition details that provided the best permeability
(Figure 7.3C) and efficient monoliths for PEGDA 700 (column C8) are
indicated in Table 7.1.

Then, mixture of alkylbenzenes was also carried out under the best
polymerization conditions achieved for columns synthesized with PEGDA
575 and PEGDA 700 (Figures 7.2B and C, respectively) under same
separation conditions. As can be seen, when PEGDA 250 is used (Figure
7.2A), a satisfactory separation of analytes was observed in reasonable short
times (less than 15 min). When PEGDA 575 was selected, a loss of resolution
in the separation of alkylbenzenes with a concomitant increase in retention

time (ca. 30 min) was evidenced (Figure 7.2B).

229



Bloque I11: Aplicacion de monlitos en técnicas cromatograficas miniaturizadas

Figure 7.3. SEM micrographs of several PEGDA-based monolithic columns:
PEGDA 575 (column C6) (A), PEGDA 575 (column C7) C3 (B), and
PEGDA 700 (column C8) (C). Details of the polymerization composition and

conditions are given in Table 7.1.

On the other hand, PEGDA 700 columns showed a good separation of test
solutes, exhibiting better resolution than that obtained with PEGDA 250 at
expense of longer analysis time. As suggested Lee and co-workers [19,21],
these changes in retention and efficiency cannot be ascribed to the differences
in the ethylene glycol chain length (from PEGDA 250 to PEGDA 700), and
other factors such as the polymerization conditions may induce changes in
retention but also changes in monolith morphology. Taking into account the
higher performance of PEGDA 700 monolith, it was selected for further
studies. The CEC column efficiencies (approx. 76,000 plates m™') found for
this polymer monolith were favorably compared to those reported by others
for highly cross-linked monoliths evaluated using capillary LC [19,21]. For
example, our column efficiencies were better than the values of 60,000 plates

m’! obtained by Liu et al. [18] for alkylbenzenes using poly(pentaerythritol
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tetraacrylate) monoliths. Also, our plate numbers were slightly lower than
those reported (up to 100,000 plates m™') for PEGDA-700 monolith using
alkylparabens as test solutes [21].

7.3.2. Separation of small polar compounds

The CEC performance of the PEGDA-700 monolithic columns containing
was then evaluated using different mixtures of polar test analytes. Figure 7.4
shows the separation of a mixture of OPPs under the mobile phase same
conditions as in Figure 7.2. These compounds were satisfactorily resolved
with column efficiencies of up to 64,000 plates m"'. These analytes also
showed a decrease of retention when the ACN content increased (data not
shown), thus indicating a predominant RP mechanism. Indeed, the plots of log
retention factor versus the 1-octanol-water coefficient (log Pow) of these
solutes showed positive correlations (r > 0.999), which confirmed these
findings.

To further demonstrate the excellent performance of PEGDA-700
monolith, mixtures of hydroxyl benzoic acids and sulphonamides were
analyzed. Thus, the separation of four benzoic acids (including phthalic,
salicylic, 2-iodebenzoic and benzoic acids) was accomplished (see Figure
7.5). Under these conditions, the mixture of these acids was baseline resolved
with large efficiency values (up to 80,000 plates m™). In this case, the
separation mechanism of these compounds on this column was a combination
of electrophoretic mobility, electrostatic interactions of these solutes with the
ionizable META moieties, and hydrogen bonding or dipole-dipole
interactions with polar ethylene chains on the PEGDA monolith surface. In
any case, the retention behaviour of this charged sample demonstrates that the

main separation mechanism is still RP mechanism.
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Figure 7.4. CEC separation of OPPs on a PEGDA 700 monolithic column

(column C8). CEC conditions as in Figure 7.1, but the separation voltage was

-20 kV. Peak identification: 1, uracil; 2, fensulfothion; 3, malathion; 4,

prophenofos; 5, dialifos; 6, chlorpyrifos; 7, sulprofos.

Sulfonamides, a group of commonly used veterinary drugs, was also used

to evaluate the applicability of PEGDA-700 monolith. As can be seen in Fig.

9.6, a satisfactory separation of seven sulfonamide antibiotics was evidenced

with efficiency values up to 144,000 plates m! with very low tailing. At the

mobile phase conditions selected (pH 3.0), the sulfonamides were mainly in

their molecular form, and their elution order was strongly correlated with log

Pow, Which supports again that the hydrophobic interaction with stationary

phase played a key role in their separation. The efficient separation obtained

here was better than those reported in previous studies [30, 31], where polar
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monomers (such as hexanediol ethoxylate diacrylate or methacrylic acid)
were incorporated to alkyl methacrylate monolithic columns failed in the
capillary LC separation of these polar solutes. Recently, the same authors
have described poly(alkyl methacrylate-co-divinylbenzene) monolithic
columns under gradient elution mode, showing acceptable efficiencies (given
in terms of peak widths below 21 s), which could be favourably compared
with our results.
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Figure 7.5. CEC separation of benzoic acid derivatives on a PEGDA 700
monolithic column (column C8). CEC conditions as in Figure 7.4. Peak
identification: 1, phthalic acid; 2, salicylic acid; 3, uracil; 4, 2-iodobenzoic
acid and 5, benzoic acid.

The repeatability of monolithic columns prepared using PEGDA 700 was
also evaluated. For this purpose, several CEC parameters (EOF time, retention
factor and Hmin of hexylbenzene) were determined. The run-to-run

repeatability was evaluated from series of three injections of the alkylbenzene
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test mixture at the conditions given Figure 7.2C, while the column-to-column
reproducibility was estimated from three columns prepared using the same
polymerization mixture. For all tested parameters, the RSD values were below

2.5%, which confirmed the good reproducibility of column fabrication

process.
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Figure 7.6. CEC separation of sulfonamides on a PEGDA 700 monolithic
column (column C8). CEC conditions as in Figure 7.4. Peak identification: 1,
uracil; 2, sulfaguanidine; 3, sulfadiazine; 4, sulfathiazole; 5, sulfapyridine; 6,

sulfamethazine; 7, sulfomonomethoxine and 8, sulfisoxazole.

234



Capitulo 7: Polimeros hiperentrecruzados como fase estacionaria en electrocromatografia

7.4. Conclusions

In this work, a series of PEGDA-based monolithic columns for CEC
separation of small molecules have been synthesized and characterized.
Different monomers of PEGDA with different PEG chain length (PEGDA
250, 575 and 700) were investigated and thoroughly compared to separate
efficiently small molecules. The results showed that PEGDA 700 monolithic
column was found to provide the best separation performance with respect to
efficiency, permeability and reproducibility. The feasibility of this column for
separating small polar analytes (OPPs, benzoic acid derivatives and
sulfonamides) has also demonstrated. Indeed, large chromatographic
efficiencies (up to 144,000 plates m") were achieved, particularly, for certain
“problematic” solutes (e.g. sulfonamides), where satisfactory separation
performances were found compared to prior results obtained using other alkyl
methacrylate-based monolithic columns containing highly hydrophilic
monomers. Besides, the fabricated columns exhibited excellent
reproducibility with RSD values below 2.5%, which strongly remarks the

benefits of using this highly cross-linked single monomer.
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Bloque IV: Resultados y conclusiones

A. Evaluacion del potencial de nuevos materiales porosos en

técnicas de (micro)extraccion

A.l1. In syringe hybrid monoliths modified with gold nanoparticles for
selective extraction of glutathione in biological fluids prior to its
determination by HPLC

En este trabajo se disefiaron y sintetizaron monolitos modificados con
AuNPs como sorbentes de SPE para el aislamiento de GSH en fluidos
biologicos. En primer lugar, se prepararon monolitos genéricos de GMA, los
cuales se modificaron posteriormente con varios ligandos (amoniaco,
cisteamina y cistamina), y finalmente se funcionalizaron con AuNPs. La
caracterizacion morfologica de los materiales obtenidos se llevd a cabo por
técnicas tales como SEM y microanalisis. El material funcionalizado con
cistamina dio lugar a un mayor contenido de AuNPs, y por ello se selecciond

como sorbente para los estudios posteriores.

Con respecto al procedimiento SPE, tras la optimizacion de las etapas de
extraccion, se lograron valores de recuperacion entre 86 y 105% y un LOD
muy bajo (1,5 ng mL™"). La efectividad del sorbente sintetizado quedd
demostrada por su satisfactoria aplicaciéon a muestras bioldgicas, donde jugo
un papel fundamental en la limpieza de la matriz de la muestra y
preconcentracion del GSH. Esto puede explicarse en base a la fuerte afinidad
entre el grupo tiol presente en el GSH y las AuNPs localizadas en la superficie

de la matriz polimérica durante la etapa de retencion.

En comparacion con otros métodos actuales basados en nanomateriales
usados en la preparacion de muestras conteniendo GSH, la metodologia
desarrollada result6 mas simple y rentable, gracias a la buena reutilizacion
mostrada por el material. Por lo tanto, la metodologia propuesta representa
una alternativa prometedora para la extraccion de compuestos relevantes

tiolados en muestras biologicas.
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A.2. Boronate affinity sorbents based on thiol-functionalized polysiloxane-
polymethacrylate composite materials in syringe format for selective
extraction of glycopeptides

En este estudio se sintetizaron materiales monoliticos con grupos boronato
para aislar y preconcentrar glicopéptidos. Para ello, se partié de un monolito
genérico (GMA) el cual fue modificado, de forma sucesiva, con PMPMS y
VPBA obteniéndose el material GMA-PMPMS-VPBA. Por otro lado, se
preparé un monolito funcionalizado con AuNPs, al que posteriormente se le
incorporaron PMPMS and VPBA (material GMA-SH@AuNP@PMMPS-
VPBA). Ambos materiales se caracterizaron mediante SEM, FTIR y analisis

elemental.

En lo referente al protocolo SPE, el material GMA-SH@AuNP@PMMPS-
VPBA mostr6 una mayor eficiencia en la retencion de glicopéptidos, lo cual
se puede atribuir a la mayor cantidad de grupos boronato presentes en su
estructura. Ademas, dicho material mostré una preconcentracion selectiva de
glicopéptidos (24 glicopeptidos de un total de 27), una elevada capacidad de
adsorcion (25 mg g™), alta sensibilidad (0.5 fmol/uL) y selectividad, asi como
una buena reproducibilidad y reutilizacion (hasta 10 ciclos sin pérdidas

apreciables en los valores de recuperacion).

Ademas, la metodologia desarrollada representd una herramienta sencilla y
efectiva para la extraccion satisfactoria de glicopéptidos en muestras
bioldgicas complejas, como suero humano, sin ningin pretratamiento

adicional.

A.3. Extraction of p-blockers from urine with a polymeric monolith modified
with 1-allyl-3-methylimidazolium chloride in spin column format

En este trabajo se prepararon sorbentes monoliticos funcionalizados con un
liquido i6nico ([AMIM][CI]) en columnas de microcentrifuga para su
aplicacion en la extraccion de B-bloqueantes en muestras de orina humana.

Tras optimizar la composicion del monolito de partida, se abordaron dos rutas
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para la incorporacion del IL al monolito: i) la generacion in sifu del IL sobre
la superficie del monolito base (GMA) y 11) la adicion del IL en la mezcla de

reactivos seguido de polimerizacion.

De las dos aproximaciones, la segunda via proporcion6 un material con la
suficiente resistencia mecanica, asi como permeabilidad y porosidad
apropiadas para llevar a cabo el proceso extractivo. A continuacion, se
optimiz6 el protocolo SPE para obtener el mayor rendimiento de extraccion
posible evaluandose aspectos tales como el contenido de [AMIM][CI] en el
sorbente polimérico, el pH de la disolucion de carga y la composicion del

disolvente de elucion

Asi pues, la presencia de [AMIM][CI] en el sorbente resultante
proporcion6 un aumento en la retencion de los analitos (en comparacion con
el polimero base de GMA) debido a interacciones electrostaticas, enlaces por
puente de hidrogeno, interacciones m-m, y fuerzas hidrofobicas. Bajo las
condiciones Optimas de SPE, el sorbente desarrollado mostré altas
recuperaciones (> 90 %), LODs entre 1,4 y 40 pug L', una capacidad de carga

de 2,5 pug por mg sorbente y una reutilizacion satisfactoria (hasta 20 ciclos).

El método desarrollado se aplico a la extraccion de propranolol en
muestras de orina humana, observandose una limpieza efectiva (clean up) de
la matriz de la muestra, preservando asi la integridad estructural de la

columna cromatografica.

En comparacion con otros métodos de tratamiento de muestra de [-
bloqueantes publicados, el método propuesto supone una reduccion en la
cantidad de reactivos, un menor impacto medioambiental y reducido coste.
Ademas, el formato de sorbente monolitico en columna de microcentrifuga
permite el procesamiento de un mayor numero de muestras debido a la
sencilla manipulacion del material requerido en el proceso y por tanto podria

extenderse a aplicaciones bioanaliticas de rutina.
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A.4. Determination of benzomercaptans in environmental complex samples by
combining zeolitic imidazolate framework-8-based solid-phase extraction and
high-performance liquid chromatography with UV detection

En este trabajo se sintetizaron y caracterizaron nanocristales de ZIF-8
modulados con BA para su posterior evaluacion como sorbente de SPE de

benzomercaptanos en matrices medioambientales.

En primer lugar, se estudi6 el efecto de la cantidad de BA en la mezcla de
sintesis del MOF sobre el crecimiento cristalino y la capacidad de adsorcion
del MOF resultante. La caracterizacion morfologica del material sintetizado se
llevé a cabo por técnicas tales como SEM, TEM, EDAX incluyéndose
también medidas de area superficial. El material que mejores resultados

proporcioné fue el ZIF-8 que contenia 10 mmol de BA como modulador.

En segundo lugar, se investigaron varios parametros experimentales del
protocolo SPE (pH de la muestra, composicion y volumen del disolvente de
elucion, y reutilizacion). La fructifera combinacion del ZIF-8 como
extractante seguido de la determinacion mediante HPLC-UV proporciono
elevados rendimientos de extraccion, LODs bajos, excelentes factores de

preconcentracion y una reutilizacion satisfactoria.

Los resultados obtenidos demuestran que el protocolo desarrollado
constituye una metodologia simple, barata y apropiada para la extraccion y
preconcentracion de estos contaminantes en muestras medioambientales

complejas.

Este trabajo supone el primer estudio de la influencia del contenido de
modulador en la morfologia y rendimiento de extraccion de MOFs orientados
a la evaluacion de contaminantes organicos, y en concreto, benzomercaptanos.
La estrategia propuesta podria extenderse al desarrollo de otros MOFs y su

aplicacion en el ambito analitico e industrial.
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B. Aplicacion de materiales monoliticos en técnicas

cromatograficas miniaturizadas

B.1. Poly(ethylene glycol) diacrylate based monolithic capillary columns for
the analysis of polar small solutes by capillary electrochromatography

En este trabajo se sintetizaron y caracterizaron una serie de columnas
monoliticas basadas en PEGDA para la separacion de moléculas pequenas por

CEC.

En primer lugar, se optimizé6 la composicion de las mezclas de
polimerizacion (concentracion y longitud de cadena del PEGDA,
concentracion de pordgenos y temperatura de polimerizacion). Se caracterizo
la morfologia de las fases monoliticas mediante SEM, y se evalud la eficacia
de separacion de las columnas sintetizadas de una mezcla de alquilbencenos
obteniendo valores cercanos a 76,000 platos m™ con una mezcla de PEGDA

700.

Posteriormente, se demostr6 la viabilidad de esta columna para la
separacion de analitos de muy diversa polaridad (OPP, derivados del 4cido
benzoico y sulfonamidas). De hecho, se alcanzaron elevadas eficacias
cromatograficas (hasta 144.000 platos m™' para las sulfonamidas). Ademds, las
columnas sintetizadas exhibieron excelentes reproducibilidades con valores de
CVs por debajo del 2.5 %, lo cual confirma los beneficios de usar PEGDA
como Unico mondmero en las mezclas de polimerizacion, y la capacidad de
proporcionar estructuras altamente entrelazadas que ofrezcan buenas

prestaciones cromatograficas.
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