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Objetivos

El objetivo general de esta Memoria es contribuir al avance en el grado de automatizacion
de los optosensores en flujo continuo. Se plantea para ello la implementacion en estos ultimos de
metodologias recientes de andlisis por inyeccion en flujo tales como la multiconmutacion (MCFIA)

y el andlisis por inyeccion secuencial (SIA), poco utilizadas hasta la fecha en este tipo de sistemas.

Otro de los objetivos del trabajo de investigacion que aqui se presenta es ampliar el rango
de aplicacién de los optosensores en flujo continuo al andlisis de matrices complejas como es el
caso de los alimentos. Son numerosas las aplicaciones descritas en bibliografia para la
determinacion de compuestos orgdnicos en farmacos y aguas, siendo mucho méas escasos los
optosensores en flujo continuo desarrollados para aquellos. Con este fin, se pretende mejorar la
sensibilidad y selectividad de la determinacion fluorescente convencional, haciendo uso para ello
del desarrollo de nuevos tratamientos de muestra y la utilizacién de técnicas de deteccion
luminiscente tales como la fluorescencia inducida fotoquimicamente (PIF), la luminiscencia
sensibilizada por lantanido (LSL) y la quimioluminiscencia. Estas Gltimas presentan un importante
potencial que aln no ha sido explotado suficientemente para el desarrollo de optosensores en flujo

continuo.

Los analitos seleccionados en esta Memoria son principios activos de farmacos y
compuestos de interés en el analisis de alimentos y bebidas. Estos Gltimos incluyen componentes
naturales y contaminantes toxicos de gran interés en la actualidad. En todos los casos se pretende
proponer nuevos métodos de analisis que ofrezcan caracteristicas tales como sensibilidad,
selectividad, rapidez, sencillez y bajo coste, y que puedan representar una interesante alternativa a
los bien establecidos métodos cromatograficos para el analisis de preparados farmacéuticos, fluidos

bioldgicos, alimentos y bebidas.
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Summary

In the present Research Report the development of eight spectroscopic flow-through sensors,
making use of sequential injection analysis (SIA) and multicommuted flow injection analysis
(MCFIA) as automation methodologies, is described. The basis of these optosensors is the
combination of solid phase spectroscopy (SPS) and continuous-flow systems. Various
luminescence detection techniques have been used, fluorescence (native and after chemical
derivatization), photochemically induced fluorescence (PIF), lanthanide sensitized luminescence
(LSL) and chemiluminescence (CL). In order to evaluate the potential of these optosensors for the
determination of organic compounds in pharmaceutical, clinical and food analysis, resveratrol,
piceid, cefadroxyl, cromolyn, indomethacin, bisphenol A and aflatoxin B; have been chosen as
model analytes, being all of them compounds of interest in these areas.

The luminescent flow-through sensors developed in this work can be classified according to

various criteria:

A first classification could be made according to the flow system used for the automation of
the optosensor, MCFIA or SIA. Six optosensors based on MCFIA methodology (cefadroxil, piceid,
resveratrol, resveratrol and piceid, aflatoxin B; and bisphenol A) and two ones based on SIA
(cromolyn and indomethacin) are proposed. The use of MCFIA or SIA methodologies allows a
higher degree of automation than conventional flow-injection analysis (FIA) systems and other
additional advantages such as better reproducibility, more simplicity and versatility of the flow
system, a minor consumption of sample and reagents and a significant decrease of waste. In
optosensors making use of MCFIA, three-way solenoid valves controlled temporally through a
microprocessor have been used for the insertion of solutions in the flow system, which has allowed
the automation of the different steps of the procedure. In optosensors based on SIA, the automation
of the whole procedure has also been possible by using software for the control of the operation of

the single piston bomb and selection valve.

A second classification of the proposed optosensors would attend to the number of analytes
that can be determined, so distinguishing between optosensors which allow the determination of
one analyte (monoparameter) or more than one analyte (multiparameter). In this work seven
monoparameter optosensors (cromolyn, cefadroxil, indomethacin, piceid, resveratrol, aflatoxin B,
and bisphenol A) and one biparameter optosensor (resveratrol and piceid) have been developed. In
this last case, the strategy employed for the separation of the analytes was based on the insertion in
the flow system of a minicolumn packed with a suitable solid support on which the monitored

species showed different retention/elution kinetics. This one was placed before the flow cell and
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allowed the sequential arrival of the monitored species to the detection area, so making possible an
on-line separation and, consequently, the determination of two analytes with one only sample
insertion. The analytical potential of this approach was successfully proved by means of its

application to the analysis of resveratrol and its glycosilated form, piceid, in wines.

Finally, the optosensors developed can be classified according to the detection technique
used, native fluorescence (bisphenol A), fluorescence obtained after a chemical derivatization
(indomethacin), PIF (piceid, resveratrol, resveratrol and piceid and aflatoxin B,), LSL (cromolyn)
and CL (cefadroxil). To date, these three last luminescent techniques, which provide additional
advantages with respect to conventional fluorimetry, have not been sufficiently exploited in the

field of flow-through optosensors.

In the development of every optosensor an exhaustive optimization of the experimental
variables influencing the system has been carried out: retention/detection unit, instrumental,
chemical and flow variables. In the biparameter optosensor, the optimal amount of solid support
filling the minicolumn and the appropriate place of this latter in the flow system were also
established. In the case of using PIF detection it was also necessary to optimize the irradiation time,
which is one of the most critical variables. In addition, in order to improve the applicability of the
optosensors developed for the analysis of pharmaceuticals and biological fluids, the corresponding

method was proposed for two different volumes of sample.

Under the established optimum working conditions, the calibration curves were constructed
and the corresponding analytical parameters were determined. In the optosensors developed for the
analysis of active ingredients, an interference study was also carried out in order to determine the
tolerance of the system to the presence of organic and inorganic species which usually accompany
to the analytes in real samples. Nevertheless, in the case of the systems applied to beverages or
food analysis, the identification of some of the constituents/contaminants of these latter that could
be important interferents and a subsequent study of their elimination in the treatment of sample
were carried out. Finally, the proposed methods were applied to the analysis of real samples
(pharmaceuticals, biological fluids, milk, infant formulas, wine, cocoa powder, chocolate and beer).
The results obtained were validated by means of a comparison with those provided by a reference
method and/or a recovery study at various concentration levels. In all the cases, very satisfactory

results were achieved.

The good results obtained demonstrate the applicability of flow-through optosensors to
solve a lot of analytical problems in very diverse fields. In the last years, these systems have been
widely applied to the routine analysis of simple samples such as pharmaceutical preparations.

However, as demonstrated in this work, they are also suitable for the resolution of more complex
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analytical problems, such as the analysis of natural constituents or contaminants in foods and
beverages. As an example, we can point out that the methods here proposed for the determination
of unhealthy organic compounds allow their determination at concentration levels below the
maximum residue levels (MRLSs) established by European Legislation. On the other hand, some of
the methods here developed have allowed overcoming important limitations of the well-established
chromatographic methods previously reported for the same application and, consequently, they can
be considered as an interesting alternative to these latter. All this is consequence of the combination
of the most remarkable advantages of these systems (high sensitivity and selectivity, simplicity,

high throughput and cost-effectiveness) with an appropriate sample treatment.
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Justificacion e Introduccion

A. Justificacion

Esta Memoria forma parte de una de las lineas de investigacion desarrollada por el Grupo
de Investigacion “Innovaciones en Analisis Quimico”, del Plan Andaluz de Investigacion (PAI:
Grupo FQM 363), cuyo objetivo principal es el desarrollo de nuevas metodologias analiticas de

analisis por inyeccion en flujo continuo con deteccidn espectroscopica en fase sélida.

Las investigaciones de esta linea van dirigidas al desarrollo de nuevos sensores
luminiscentes en flujo continuo para la determinacion de analitos de diferente naturaleza en campos
tan diversos como el farmacoldgico, clinico, agroalimentario y medioambiental. De este modo, se
pretende aportar mejores y nuevos avances tecnolégicos, poniendo especial interés en la completa
automatizacion de los sensores a través del uso de metodologias como MCFIA y SIA. Con el
objetivo de incrementar la selectividad, ademas de los sensores fluorimétricos, que han sido los
maés desarrollados, se exploran otros sistemas de deteccidn luminiscente poco utilizados, tales como
PIF, LSLy CL.

Con este fin, se han puesto a punto optosensores mono y bipardmetro que han permitido el
analisis de muestras complejas tales como alimentos y bebidas. Hasta la fecha, los optosensores en
flujo desarrollados por nuestro grupo se habian aplicado fundamentalmente al analisis de principios
activos en farmacos o fluidos bioldgicos y a la determinacion de pesticidas en aguas y alimentos.
Por primera vez, se han desarrollado en esta Memoria optosensores para el analisis de componentes
naturales de interés bioldgico en alimentos y bebidas, asi como otros contaminantes distintos a los

pesticidas de gran interés en la actualidad.

Cabe destacar que dichos optosensores suponen una alternativa interesante a los métodos
cromatogréaficos ya existentes en la literatura, puesto que muchos de ellos ademas de proporcionar
ventajas caracteristicas tales como sencillez, rapidez, instrumentacion de bajo coste y menor
consumo de reactivos permiten alcanzar limites de deteccion mas bajos. Es importante también
sefialar que, los sistemas desarrollados en esta Memoria generan una cantidad muy reducida de

residuos, siendo respetuosos con el medioambiente.
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B. Introduccion

Los sensores espectroscopicos en flujo continuo surgen de la integracion de la
espectroscopia en fase solida (SPS), practicada originariamente en modo discontinuo, con los

sistemas de analisis por inyeccion en flujo continuo (FIA).

En 1976, Yoshimura propuso combinar el uso de un soporte solido para preconcentrar la
especie de interés con la medida directa de la absorcién de luz de dicha especie retenida sobre la
fase solida, surgiendo asi la SPS (“solid-phase spectroscopy”)®. Los primeros trabajos se dedicaron
al anélisis de trazas metéalicas® y después se extendieron al de compuestos organicos>*.
Posteriormente la SPS se automatizé integrandose con el FIA, incorporando el soporte sélido en
una célula de flujo. De esta forma se obtiene una superficie sélida activa en contacto con una
corriente que fluye a su través, combinada con la monitorizacién de la interaccion entre dicho flujo
y el soporte sélido. Este dispositivo, propuesto por Ruzicka y Hansen®, fue llamado sensor éptico

en flujo (flow-through optosensor).

Tk Yoshimura, H. Waki, S. Ohashi, Talanta 23 (1976) 449-454.

2K, Yoshimura, H. Waki, Talanta 32 (1985) 345-352.

3 Capitén, E. Alonso, R. Avidad, L.F. Capitan-Vallvey, J.L. Vilchez, Analytical Chemistry 65 (1993) 1336-1339.
“p, Ortega-Barrales, M.L. Fernandez-de Cérdova, A. Molina-Diaz, Analytical Chemistry 70 (1998) 271-275.

%) Ruzicka, E.H. Hansen, Analytica Chimica Acta 173 (1985) 3-21.
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1. Métodos automaticos de analisis

Los avances en la ciencia y la tecnologia han suscitado una creciente demanda de analisis
de control planteando nuevos retos a la quimica analitica, tales como la necesidad de desarrollar
nuevos métodos que presenten la mayor selectividad y sensibilidad posible, asi como un menor
coste en el uso de reactivos y muestras, y que ademas sean sencillos, rapidos y respetuosos con el

medioambiente. De esta necesidad surgen los sistemas automaticos de analisis en flujo.

1.1. Tipos de sistemas analiticos automaticos

Los sistemas automaticos permiten realizar acciones previamente programadas por el
operador para ser llevadas a cabo en unos momentos determinados del proceso sin intervencion
humana. Estos sistemas no toman decisiones por si mismos y siguen siempre la misma secuencia
de operacion.

En funcién de como ocurre el proceso, los métodos automaticos se clasifican en

discontinuos y continuos, encontrandose en algunas ocasiones una combinacién de ambos:

> Discontinuos. La muestra se mantiene separada en un receptaculo (cubeta) en el que tienen
lugar las distintas etapas analiticas (adicion de reactivos, agitacion, calentamiento, dilucién) (Figura
I.1). Posteriormente se lleva a la unidad de deteccion donde se obtiene una sefial analitica puntual para

cada muestra, después de haber alcanzado el equilibrio quimico (o estado estacionario).

DILUCION
BRAZO

MUESTRADOR | REACTIVOS

/1 * ‘ 1ﬁ;ilaci(‘)n
MUESTRAS U U H
B . \ DETECTOR

W e

Figura 1.1. Esquema general de un sistema analitico automatico discontinuo

» Continuos. La medida analitica se realiza sin interrumpir el flujo de un liquido o gas. Las

muestras se van introduciendo directamente, a intervalos regulares de tiempo, en un canal por el que
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fluye un portador que puede ser el propio reactivo, en caso de ser necesaria una reaccion quimica, o
que confluye con éste. El flujo pasa continuamente por la célula de medida (cubeta de flujo) situada en
la zona de deteccién de un detector apropiado, en donde se realizan las medidas analiticas,

obteniéndose sefiales analiticas transitorias. La Figura 1.2 muestra un ejemplo de un sistema de este

tipo.
BOMBA

MUESTRA DETECTOR

& A

PORTADOR
VALVULA

INYECCION l

Desecho

Figura 1.2. Esquema general de un sistema analitico automatico continuo

1.2. Sistemas analiticos automaticos continuos

Una clasificacién general de los métodos automaticos continuos podria incluir dos grupos
fundamentales: sistemas continuos de flujo segmentado y de flujo no segmentado. En la Tabla 1.1
se muestra una clasificacion de los métodos automaticos continuos basada en el modo en que se

elimina la posible mezcla entre las muestras sucesivas®.

® M. Valcércel, M.D Luque de Castro, Automatic Methods of Analysis, Elsevier, 1988.
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Tabla 1.1. Métodos automaticos continuos

Procedimiento Tiempo
Andlisis en flujo segmentado
Aspiracion Secuencial Continuo (SFA)
y . . Andlisis por Inyeccion en
Inyeccion Secuencial Continuo .
Flujo (FIA)
. . . Meétodos cinéticos a flujo
Secuencial Discontinuo .
detenido
Analisis en flujo
Continua Continuo completamente continuo
Aspiracion (CCFA)
Secuencial Continuo
. . . Anélisis en flujo con
Secuencial Discontinuo

dispersion controlada (CDFA)

» Sistemas continuos de flujo segmentado. Las muestras son aspiradas secuencialmente y
entre ellas se insertan burbujas de aire que segmentan (separan fisicamente) el flujo. Estas burbujas
evitan la contaminacién entre muestras sucesivas, impiden la dispersién del bolo de muestra en el
portador y facilitan la mezcla entre la muestra y los reactivos, favoreciendo que se alcance el
equilibrio fisico y quimico antes de la llegada al detector. Estos sistemas generalmente contienen
una unidad de eliminacion de burbujas antes del detector para impedir la posible interferencia de

las mismas en la medida analitica.

» Sistemas continuos de flujo no segmentado. Estos sistemas se caracterizan por la ausencia
de burbujas en todas las lineas y una mayor simplicidad técnica. La diferencia fundamental con los
sistemas continuos de flujo segmentado es que no se alcanza el equilibrio fisico (homogeneizacién
del flujo) ni quimico (desarrollo completo de la reaccidén quimica). Debido a este hecho, se hace
necesario que las medidas se lleven a cabo en condiciones altamente reproducibles y a un tiempo
fijo, ya que pequefias variaciones pueden afectar significativamente a la sefial analitica. La forma
en la que se evita la contaminacién entre muestras difiere de una a otra metodologia. Asi en el caso
del FIA, las muestras son introducidas secuencialmente mediante inyeccion o insercion de un

volumen, previamente establecido, en una corriente continua de flujo de reactivo o portador.
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De todos los métodos automaticos continuos, se desarrollard a continuacion el FIA que es

la base de todos los sistemas desarrollados en esta Memoria de Investigacion.
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2. Anélisis por Inyeccion en Flujo (FIA)

El FIA es una modalidad de los sistemas en flujo continuo, en la que el flujo no esta
segmentado por burbujas de aire. Este sistema fue descrito por primera vez a mediados de la década de
los setenta por Ruzicka y Hansen’ en Dinamarca y Stewart® en Estados Unidos. Esta metodologia
presenta gran versatilidad, ya que las posibilidades y aplicaciones analiticas son muy numerosas, con
un presupuesto reducido y gran sencillez en el manejo, proporcionando resultados de una manera
rapida y con gran exactitud y precision®. Ademas, este tipo de metodologia presenta suficiente robustez
para soportar el tratamiento habitual en un laboratorio analitico de control. También es posible el
empleo de cualquier detector usual, con el Unico requisito de que se pueda introducir la muestra en
flujo. El término FIA se mantiene por razones historicas, debido a que Ruzicka y Hansen'® empleaban
una jeringa para introducir la muestra en el flujo, aunque, actualmente se realiza por insercién con

vélvulas rotatorias 0 mediante el uso de un inyector proporcional.

2.1. Caracteristicas esenciales de la metodologia FIA

Las caracteristicas esenciales de la metodologia FIA son*":

Flujo no segmentado, por lo que no existen burbujas de aire en ninguna de las lineas del

sistema, lo que lo diferencia de los métodos de analisis en flujo segmentado.

- Insercion o inyeccidn directa de un volumen bien definido de muestra en el flujo, en
lugar de su aspiracion.

- Transporte del bolo de muestra inyectado/insertado a través del sistema. Puede existir
también un proceso quimico y/o fisico-quimico adicional al transporte (reaccion
guimica, dialisis, extraccion liquido-liquido, etc.).

- Dispersién o dilucién parcial del analito durante el transporte, que puede ser controlada
a través de las caracteristicas geométricas e hidrodindmicas del sistema.

- Sefial transitoria, proporcionada por un sistema de deteccion continua, que es

convenientemente registrada (fiagrama).

5} Ruzicka, E.H. Hansen, Analytica Chimica Acta 78 (1975) 145-157.

S K. Stewart, G.R. Beecher, P.E. Hare, Analytical Biochemistry 70 (1976) 167-173.

*ReC. Prados-Rosales, J.L. Luque-Garcia, M.D. Luque de Castro, Analytica Chimica Acta 480 (2003) 181-192.
10, Ruzicka, E.H. Hansen, Flow Injection Analysis, J.Wiley, New York, 1981.

M, Valcércel, M.D Luque de Castro, Flow Injection Analysis. A practical guide, Elsevier, 1989.
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- No se alcanza el equilibrio fisico (supondria la homogeneizacién de una porcion del
flujo) ni el equilibrio quimico (reaccién completa) cuando se registra la sefial, por lo que
puede enmarcarse dentro de los Métodos Cinéticos de Andlisis, en su modalidad de
medida a tiempo fijo.

- Necesidad de reproducibilidad del tiempo de operacion, ya que las medidas se realizan
en condiciones de no equilibrio, y por tanto pequefias variaciones en el tiempo en el que

se llevan a cabo las operaciones pueden suponer grandes variaciones en los resultados.

2.2. Componentes basicos de un sistema FIA

Un sistema FIA elemental debe estar integrado por una serie de componentes basicos que
proporcionen las condiciones ideales para el analisis. A continuacion se muestra un esquema de estos

componentes (Figura 1.3) y se describen las caracteristicas principales de cada uno.

S'lstemg'de Sistema de
mysccon reaccion
Sistema de
propulsion l

Sistema de
—_ deteccion
Sistema de
transporte

Figura 1.3. Elementos basicos de un sistema FIA

2.2.1. Sistema de propulsion

Establece un flujo de caudal constante y regular en el sistema, ademas de perfectamente
reproducible. Otra caracteristica muy deseable es que proporcione un flujo libre de pulsos. Su
funcion es la de permitir la propulsion de las diferentes disoluciones empleadas en el sistema por
sus correspondientes lineas. Para ello existen diferentes mecanismos: bombas, sistemas de presion
o sistemas de gravedad. El sistema mas utilizado son las bombas peristalticas. La propulsion de las
disoluciones por medio de estas bombas se basa en la presion que ejerce una serie de cilindros

rotatorios, ubicados en la cabeza de un tambor rotatorio, sobre unos tubos de plastico flexible
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(Figura 1.4). El caudal que proporcionan estas bombas viene determinado, entre otros factores, por

la velocidad de giro de los cilindros y por el didmetro interno de los tubos.

AR
/ Rodillos
/ Tambor
Tubos flexibl
ggg l_ ubos flexibles

Figura 1.4. Bomba peristaltica y vista esquematica de su parte superior

2.2.2. Sistema de inyeccion o introduccion de muestra

Debe permitir la introduccion o insercién de un volumen de muestra exactamente medido
en la corriente portadora de forma completamente reproducible, sin crear perturbaciones en el flujo
del portador. Los volimenes deben ser variables en un amplio rango, ya que esto permite un
aumento de la versatilidad del sistema. Estos dispositivos pueden controlarse mediante un motor
eléctrico, y en cualquier caso, su utilizacion debe ser facil, comoda y rapida para ampliar la
frecuencia de muestreo. Los primeros sistemas de inyeccidn utilizados fueron jeringas y agujas
hipodérmicas, asi como el inyector proporcional, pero los mas empleados actualmente son las

valvulas rotatorias, generalmente de seis vias (Figura 1.5).

Bucle Portador

Posicion de llenado Posicion de inyeccion

Figura 1.5. Esquema de una vélvula rotatoria de seis vias

Con estas valvulas de seis puertos los procesos de carga e inyeccion de muestra se efectdian

por desplazamiento de un elemento movil entre dos posiciones fijas, quedando definido el volumen
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de muestra a inyectar por la longitud del bucle de muestra y el volumen interno de la valvula

rotatoria.
2.2.3. Sistema de transporte

Tiene como mision fundamental conectar entre si los diferentes elementos del sistema y
conseguir en el transporte de los fluidos a su través un adecuado grado de dispersién de la muestra con
la corriente portadora. La trayectoria del flujo debe ser facilmente programable para realizar una
amplia variedad de ensayos; ademas, el flujo debe ser totalmente reproducible. Se utilizan tubos de
pequefio diametro (0.1-2 mm) de un material quimicamente inerte y termoestable, siendo los mas

usados el teflon, polietileno y propileno.
2.2.4. Sistema de reaccion

Dentro del sistema FIA se suelen incorporar reactores, que permiten que se den procesos
adicionales (reacciones) simultaneamente con el transporte. Se suelen emplear los mismos tubos que
en el sistema de transporte, encontrdndose en este caso enrrollados en forma helicoidal. Este sistema de
reaccion puede estar calentado por bafios termostatizados 0 mantas eléctricas. Estos tubos a su vez
pueden tener confluencias, camaras de mezcla o reactores en “fase solida” (capilar relleno de un

soporte sélido activo quimicamente).
2.2.5. Sistema de deteccion

Debe permitir la medida continua de una propiedad del analito o de un producto de
reaccion de éste, proporcionando informacion cuantitativa y cualitativa. Para que un detector sea
adecuado como sistema de medida FIA, éste debe de poseer algunos atributos claramente
definidos, tales como: pequefio volumen, bajo ruido, respuesta rapida y lineal en un amplio rango

de concentraciones y alta sensibilidad.

Los sistemas de deteccion FIA pueden medir directamente una propiedad nativa de la
especie disuelta en la muestra inyectada, o bien necesitar una reaccién adicional que origina un
producto de reaccidn detectable. De esta manera el FIA puede aplicarse a especies activas 0

inactivas segln su comportamiento en relacidn con el sistema de deteccién.

Los sistemas de deteccibn mas usados en FIA son los detectores Opticos vy

electroanaliticos, que se comentan a continuacion.
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> Detectores Opticos

Son los sistemas de deteccion mas usados en FIA, debido al gran nimero de especies que
pueden determinarse por este tipo de técnicas, bien por sus propiedades intrinsecas o por las de un
producto de reaccion con un reactivo determinado. Los méas usados son los detectores de absorcion
molecular, seguidos por los de fluorescencia molecular. También se emplea la espectroscopia
vibracional (infrarrojo y raman) y atoémica. En el apartado 4.3.3 de este Capitulo estos sistemas seran

comentados con mayor amplitud.
= Espectrofotometria UV-visible

Es, con diferencia, el método de deteccion mas utilizado en FIA debido al elevado nimero
de especies que absorben en la regién UV-visible o que pueden ser derivatizadas para generar un
producto absorbente. Existe pues un gran nimero de métodos basados en reacciones selectivas

121314 tilizables para todo tipo de compuestos y elementos™, asi como una gran

coloreadas
cantidad de compuestos que presentan bandas representativas en la zona UV del espectro®. Las
cubetas empleadas suelen estar fabricadas con cuarzo o vidrio Optico para medidas en la region

ultravioleta o visible del espectro, respectivamente.
= Luminiscencia Molecular

La espectroscopia de luminiscencia molecular es otra de las técnicas mas empleadas para el
desarrollo de métodos FIA. EI fendmeno de la luminiscencia se basa en la emisién de energia en
forma de radiacion electromagnética (ultravioleta, visible o infrarroja cercana) por parte de
moléculas, atomos o iones, como resultado de la transicion desde un estado electrénicamente
excitado a un estado de menor energia, normalmente el estado fundamental*’. Las dos
manifestaciones mas conocidas de la luminiscencia producida por especies moleculares de utilidad

analitica son la fluorescencia y la fosforescencia™®'®. Hoy en dia numerosos métodos de analisis

12° A Molina-Diaz, I. Ortega-Carmona, M.I. Pascual-Reguera, Talanta 47 (1998) 531-536.

BeE Lépez Pasquali, P. Fernandez Hernando, J.S. Durand Alegria, Analytica Chimica Acta 600 (2007) 177-182.

1% A. Dhaouadi, L. Monser, S. Sadok, N. Adhoum, Analytica Chimica Acta 576 (2006) 270-274.

5 A M\R. Ferreira, J.L.F.C. Lima, A.0.S.S. Rangel, Analusis 24 (1996) 343-346.

VAl Pascual-Reguera, G. Pérez Parras, A. Molina-Diaz, Journal of Pharmaceutical and Biomedical Analysis 35 (2004) 689-695.
7', Kulmala, J. Suomi, Analytica Chimica Acta 500 (2003) 21-69.

8, Kuijt, F. Ariese, U.A.T. Brinkman, C. Gooijer, Analytica Chimica Acta 488 (2003) 135-171.

SN Fernandez-Gutiérrez, S.G. Schulman, Fosforescencia molecular analitica: una aproximacién practica, Universidad de Granada,
2001.
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basados en el fendmeno de la quimioluminiscencia se estan poniendo también a punto®. Por

altimo, aunque menos utilizada es necesario destacar el uso de la LSL.
= Espectroscopia Vibracional

Los mayores inconvenientes del empleo de la espectroscopia infrarroja como forma de
deteccién es la falta de transparencia de los disolventes empleados en la region del espectro
correspondiente al infrarrojo, y la dificultad de montaje y limpieza de las células. El acoplamiento
de la espectroscopia infrarroja con las técnicas de inyeccion en flujo ha hecho que el anélisis
cuantitativo de liquidos por esta técnica vaya ocupando un lugar cada dia mas importante en la

literatura cientifica®****

, aunque la sensibilidad no sea muy elevada. En particular, debido a su alta
velocidad de barrido, se suele emplear la espectroscopia infrarroja mediante transformada de fourier

(FTIR).

La espectroscopia raman también se puede aplicar como sistema de deteccion en los métodos
FIA, tanto para especies inorganicas como organicas. Los espectros raman tienden a ser menos
confusos que los espectros de infrarrojo, por lo que es menos probable la superposicién parcial en
mezclas y las medidas cuantitativas son mas sencillas. Ademas, la instrumentacion raman requiere

pequefios volimenes de muestra y no esta sujeta a la influencia negativa de la humedad.

A pesar de estas ventajas, la sensibilidad obtenida con raman no es muy elevada, lo que se
puede mejorar notablemente con alternativas como la espectroscopia raman sensibilizada en superficie
(SERS)*?#?_ Esta técnica implica la obtencion de los espectros de muestras que se adsorben en la
superficie de particulas metalicas coloidales (normalmente plata, oro o cobre) o sobre superficies

porosas de piezas de estos metales.
= Espectroscopia atomica

La implementacion en sistemas FIA de técnicas de espectroscopia atbmica como método
de deteccion solventa el problema que supone un excesivo consumo de muestra en estas

metodologias. En estos sistemas el portador es continuamente bombeado hacia el nebulizador, y

20 A M. Garcia-Campafia, W.R G. Baeyens, Chemiluminescence in Analytical Chemistry, Marcel Dekker, 2001.

2, Armenta, G. Quintas, J. Moros, S. Garrigues, M. de la Guardia, Analytica Chimica Acta 468 (2002) 81-90.

22 \1.3. Ayora- Cafiada, A. Ruiz-Medina, B. Lendl, Applied Spectroscopy 55 (2001) 356-360.

2Bp Ortega-Barrales, M.J. Ayora-Cafiada, A. Molina-Diaz, S. Garrigues, M. de la Guardia, Analyst 124 (1999) 579-582.
M. Ayora-Cafiada, A. Ruiz-Medina, J. Frank, B. Lendl, Analyst 127 (2002) 1365-1369.

2 S. Lee, J. Choi, L. Chen, B. Park, J.B. Kyong, G.H. Seong, J. Choo, Y. Lee, K.H. Shin, E.K. Lee, S.W. Joo, K.H. Lee, Analytica
Chimica Acta 590 (2007) 139-144.

N Weissenbacher, B. Lendl, J. Frank, H.D. Wanzenbock, B. Mizaikoff, R. Kellner, Journal of Molecular Structure 410-411 (1997)
539-542.



I. Analisis por Inyeccion en Flujo | 25

tras la insercion de muestra en el mismo se produce su nebulizacion. Posteriormente se origina la
atomizacion e ionizacion (en los casos en los que sea necesaria) de la muestra sin necesidad de
célula de flujo. Ademas, esta forma de trabajo favorece la existencia de una baja dispersion, con lo
cual se consiguen bajos limites de deteccion. Las técnicas de espectroscopia atdbmica mas utilizadas
como sistema de deteccion en FIA son: absorcion atémica®” %, fotometria de llama?, fluorescencia

atomica® e ICP3%,

» Detectores Electroquimicos

Los detectores electroquimicos son de gran utilidad en sistemas hidrodinamicos debido a su
selectividad, sensibilidad y linealidad de respuesta en un amplio rango de concentracion. La propia
naturaleza de los procesos electroquimicos, que generalmente ocurren en una superficie en lugar de
hacerlo en el seno de la disolucion, los hace muy atractivos y convenientes para la deteccion
miniaturizada. El principal inconveniente que plantea este tipo de detectores lo constituye el material
del electrodo. El envenenamiento de la superficie en el caso de electrodos sélidos debido a la adsorcion
se manifiesta en una pérdida de estabilidad a causa de la pasivacién y consecuente disminucion de la
sefial. Los detectores electroquimicos en FIA pueden clasificarse atendiendo a la base de la medida, la
situacion de la superficie activa o sensor responsable de la sefial analitica y la posicion del electrodo de

referencia.

A continuacién se comentan las técnicas electroanaliticas mas utilizadas como sistema de

deteccion en FIA.
=  Amperometria

En esta técnica hay que distinguir entre los disefios que implican electrodos sélidos y los de
gotas de mercurio (EGM). Los EGM® tienen la ventaja de una superficie continuamente renovada que
asegura una sensibilidad y un nivel de la linea base estable. EI campo de aplicacion de estos detectores

abarca, fundamentalmente, la determinacion a muy bajas concentraciones de compuestos

2T M. Burguera, J.L. Burguera, M.R. Brunetto, M. de la Guardia, A. Salvador, Analytica Chimica Acta 261 (1992) 105-113.
%8 M.C. Yebra, TrAC-Trends in Analytical Chemistry 19 (2000) 629-641.

®GE Roscoe, R. Miles, C.G. Taylor, Analytica Chimica Acta 234 (1990) 439-444.

O N Semenova, L.O. Leal, R. Forteza, V. Cerda, Analytica Chimica Acta 455 (2002) 277-285.

SN, Yunes, S. Moyano, S. Cerutti, J.A. Gasquez, L.D. Martinez, Talanta 59 (2003) 943-949.

%2 1p. Valles Mota, M.R. Fernandez de la Campa, J.l. Garcia Alonso, A. Sanz-Medel, Journal of Analytical Atomic Spectrometry 14
(1999) 113-120.

%3 1.0 Pedrotti, 1.G.R. Gutz, Talanta 60 (2003) 695-705.
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fisiologicamente activos, como neurotransmisores y sus precursores, y metabolitos****. Han sido
propuestos numerosos disefios de células; sin embargo, la geometria de la célula parece no tener gran

influencia en pardmetros como limites de deteccion y estabilidad del electrodo.
= Potenciometria

Un detector electroquimico en un sistema dinamico recibe el nombre de potenciométrico
cuando la diferencia de potencial entre dos electrodos en condiciones de corriente constante
(generalmente cero) se mide en funcién de los componentes del flujo. La deteccidn potenciométrica
presenta numerosas ventajas, como simplicidad del dispositivo experimental, sensibilidad,
selectividad, rapida respuesta y quimica relativamente simple. Las desventajas mas importantes son
la dificil interpretacion de la medida si el i6n a determinar estd practicamente complejado, y el
hecho de que son sensibles a la actividad idnica solo en la inmediata vecindad de la membrana.

36,37,38

Dentro de esta técnica se distinguen los distintos tipos de medidas que corresponden a:

electrodos redox, electrodo de vidrio, electrodos selectivos de iones y redisolucion potenciométrica.
= Culombimetria

La culombimetria por inyeccion en flujo (FIC) estd basada en la medida de la integral del
pico corriente-tiempo (i-t) obtenido en la inyeccion de un pequefio volumen de disolucion que
contiene especies electroactivas, en un flujo de electrolito-soporte que pasa a través de un detector
que opera en condiciones de transporte de masa limitado®*“*!, Esta técnica es mas efectiva cuando
el electrodo tiene una gran superficie y pequefio volumen interno, llamandose entonces “electrodo
coulométrico”. El aporte de reactivo en esta técnica puede realizarse por generacion electrolitica
externa, lo que tiene un amplio campo de aplicacion, especialmente cuando el reactivo se inyecta

en la disolucidn, o por un proceso de electrolisis continuo.

3% 5. pati, M. Quinto, F. Palmisano, Analytica Chimica Acta 594 (2007) 234-239.

BN Miyanishi, N. Sato, S. Nakakita, W. Sumiyoshi, K. Morimoto, H. Okuma, M. Tokuda, K. Izumori, E. Watanabe, J. Hirabayashi,
Biosensors and Bioelectronics 23 (2008) 1347-1352.

% R. de Marco, B. Pejcic, M. Loan, M. Wilcox, Talanta 57 (2002) 115-121.

3 APS. Paim, C.M.N.V. Almeida, B.F. Reis, R.A.S. Lapa, E.A.G. Zagatto, J.L.F. Costa Lima, Journal of Pharmaceutical and
Biomedical Analysis 28 (2002) 1221-1225.

%8 M.N. Abbas, A.A. Radwan, Talanta 74 (2008) 1113-1121.

%9 R.E. Gyurcsanyi, Z. Fehér, G. Nagy, Talanta 47 (1998) 1021-1031.

V7K. He, B. Fuhrmann, U. Spohn, Analytical Biochemistry 283 (2000) 166-174.

“p Norouzi, S. Shirvani-Arani, P. Daneshgar, M.R. Ganjali, Biosensors and Bioelectronics 22 (2007) 1068-1074.
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=  Conductimetria

La asociacion de la conductimetria con el FIA***® ha dado lugar a un nuevo método de
inyeccién en flujo, donde las muestras se eluyen a través de una célula de conductividad miniaturizada.
Una columna de cambio i6nico reduce la contribucion a la conductividad del acido o la base por
neutralizacion. La conductividad diferencial es, por tanto, proporcional al contenido de &cido o base,

no considerando la sal.

2.3. Caracteristicas analiticas de los métodos FIA

2.3.1. Sensibilidad

En general los métodos FIA son algo menos sensibles que los correspondientes métodos
manuales convencionales por dos razones: cuando se hacen reacciones derivatizadoras, al ser el
tiempo de reaccion corto, se consiguen rendimientos parciales de reaccidn; la segunda razon radica en
el hecho de que al existir una dispersion fisica o dilucién de la muestra en el portador no se alcanza la
méaxima sefial posible (bolo sin diluir). Son muchas las modificaciones que pueden hacerse en los

montajes FIA para paliar esta disminucion en la sensibilidad.

- El empleo de un soporte solido que permita la retencion-preconcentracién del analito, o
una especie derivada del mismo, a partir del bolo de muestra (esta alternativa es la que se
ha elegido para el desarrollo de los sensores descritos en esta Memoria).

- El empleo de sistemas continuos de separacion incorporados a la metodologia FIA puede
mejorar indirectamente la sensibilidad de la determinacion.

- Lainterrupcion del flujo cuando el bolo reaccionante se encuentra en el reactor permite el
desarrollo de la reaccion sin que se produzca dilucion.

- La utilizacién de un punto de confluencia entre un canal de disolvente puro, que recibe al
bolo de muestra, y el canal de reactivo, para conseguir una mezcla méas eficiente entre el

bolo de muestra y el reactivo.
2.3.2. Selectividad

La adaptacion de un método convencional a la metodologia FIA conlleva, en general, una

reduccion mas o menos notable del nimero de especies interferentes y un aumento del nivel de

2y Grudpan, P. Sritharathikhun, J. Jakmunee, Analytica Chimica Acta 363 (1998) 199-202.
Ba, Altiokka, N.O. Can, H.Y. Aboul-Enein, Journal of Liquid Chromatography and Related Technologies 30 (2007) 1333-1341.
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tolerancia. Este hecho se ha constatado en numerosas determinaciones FIA al establecer la
comparacion con el respectivo método manual. EI mayor nivel de selectividad logrado se debe en
muchos casos a que las reacciones paralelas indeseables no se desarrollan en el corto espacio de

tiempo de medida (tiempo de residencia en FIA).

Por otra parte, la introduccion de un soporte sélido en el area de deteccion y la
consiguiente retencion del analito sobre aquel, origina un notable incremento en la selectividad

debido a la exclusién de muchos de los componentes de la matriz.
2.3.3. Precision

A pesar de que en la metodologia FIA concurren aspectos cinéticos, fisicos y quimicos, que
a priori pueden hacer suponer que los resultados no han de caracterizarse por una buena precision,
se alcanzan niveles de reproducibilidad muy notables y perfectamente comparables con los
conseguidos con las metodologias manuales. A pesar de que son varias las causas que pueden
ocasionar fluctuaciones en la sefial FIA (modo de inyeccion, fluctuaciones de la temperatura,
cambios en la concentracion de reactivo o portador, etc.), es sin duda la constancia en el caudal el
factor mas critico. Es importante pues elegir un sistema de propulsién que origine caudales

constantes y reproducibles.
2.3.4. Tiempo de analisis

La frecuencia o velocidad de muestreo en la metodologia FIA es comparablemente superior
con respecto a los métodos convencionales. Es indudable que factores tales como volumen de muestra,
volumen interno del reactor y caudal son decisivos al establecer la velocidad de muestreo, debiendo

elegir en cada caso las condiciones adecuadas a las necesidades.
2.3.5. Sencillez
La metodologia FIA se caracteriza por su gran simplicidad debido a:

- Montajes no sofisticados compuestos por tubos de teflon, conexiones, bifurcaciones, etc.,
de fécil ensamblaje, en contraste con las nuevas metodologias analiticas surgidas en los
Gltimos afios que se basan en instrumentos complicados, dificiles de adquirir, poner a punto

y mantener.

- Fécil manejo. No solo es tarea sencilla el uso de un montaje FIA para andlisis de rutina,
sino que es muy facil también manipular su disefio para conseguir los resultados deseados.

Asi, es facil sustituir algin componente, alargar un reactor, modificar la temperatura, etc.,
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para adaptar el mismo montaje a la determinacion de diversos analitos en diferentes

matrices.
2.3.6. Economia y versatilidad

Al ser el FIA una metodologia sencilla y simple, se caracteriza por su bajo coste, en claro
contraste con otras metodologias automaticas, tanto de flujo continuo segmentado, como de flujo
discontinuo. Ademas, el caracter modular de un sistema FIA permite su facil adaptacion a las
diferentes necesidades. La sustitucién de cualquiera de sus componentes y la incorporacion de otros es
tarea sencilla si se tiene en cuenta la ausencia de altas presiones que complicarian estas operaciones.
La optimizacion de un nuevo montaje preparado en pocos minutos es facil de llevar a cabo a diferencia

de otros sistemas automaticos de analisis
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3. Otras metodologias de analisis por inyeccién en flujo

Hoy en dia los esfuerzos de investigacion dedicados al desarrollo de nuevas metodologias de
analisis en flujo constituyen un area investigadora muy prometedora, la cual se encarga de la puesta a
punto de procedimientos de analisis muy simples y econémicos con notables caracteristicas analiticas.
En este sentido, los métodos de andlisis en flujo que estan tomando protagonismo en los Gltimos afios,
junto con FIA, son SIAy MCFIA.

3.1. Analisis por Inyeccion Secuencial (SIA)

Ruzicka y Marshall introdujeron en 1990 otro tipo de sistemas de flujo no segmentado

diferente al FIA, el SIA*, considerado como la segunda generacion de las técnicas de flujo.

La parte fundamental de un sistema SIA consiste en una valvula de seleccion multi-
posicién, o multivalvula, que es la encargada de controlar la direccion del flujo de las disoluciones
en el sistema. El sistema consta ademas de una jeringa de piston que realiza la funcion de aspirar y
propulsar las distintas disoluciones a través del sistema. Entre la jeringa y uno de los puertos de la
valvula multi-posicion se coloca un bucle (“holding coil”); de igual forma, se conectan tanto el
detector como el resto de las disoluciones a través de los puertos necesarios de dicha valvula. Tanto
el portador como las disoluciones de muestra y/o reactivo/s son aspiradas hacia la jeringa y/o el
“holding coil”, para posteriormente ser impulsadas hacia el detector®“. En el caso de que sea
necesaria una reaccioén, se emplearan los mismos tubos que en el resto del sistema enrollados en
forma helicoidal para constituir un reactor que se coloca justo antes del detector. Como detector
puede emplearse cualquiera de los citados anteriormente en el apartado dedicado a sistemas

FIAY7 48495051 'En 13 Figura 1.6 se muestra el esquema general de un sistema SIA.

# ). Ruzicka, G.D. Marshall, Analytica Chimica Acta 237 (1990) 329-343.

“p Solich, M. Polések, J. Klimundova, J. Ruzicka, TrAC-Trends in Analytical Chemistry 23 (2004) 116-126.
6 A. Economou, TrAC-Trends in Analytical Chemistry 24 (2005) 416-425.

7 S.M.Z. Al Kindy, A. Al Wishahi, F.E.O. Suliman, Talanta 64 (2004) 1343-1350.

B A, Economou, P. Panoutsou, D.G. Themelis, Analytica Chimica Acta 572 (2006) 140-147.

“9H. Lethanh, B. Lendl, Analytica Chimica Acta 422 (2000) 63-69.

% EMG. Santos, A.N. Aratjo, C.M.C.M. Couto, M.C.B.S. Montenegro, A. Kejzlarova, P. Solich, Journal of Pharmaceutical and
Biomedical Analysis 36 (2004) 701-709.

Sy, Thanasarakhan, S. Liawruangrath, S. Wangkarn, B. Liawruangrath, Talanta 71 (2007) 1849-1855.
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Figura 1.6. Esquema general de un sistema SIA

» Comparacion de SIA con FIA

Las ventajas que presenta el empleo de un sistema SIA frente a un sistema FIA son:

La metodologia SIA emplea un sistema mas robusto y sencillo, utilizando s6lo un canal
incluso en el caso de necesitar llevar a cabo reacciones quimicas, mientras que en FIA

serian necesarios canales adicionales al emplear diferentes reactivos.

Las bombas peristalticas multicanal empleadas en FIA son reemplazadas en SIA por

bombas de jeringa, mucho mas precisas y robustas.

El consumo de muestra y reactivos decrece drasticamente al emplear sistemas SIA ya
que, al contrario que en FIA, las disoluciones no estan continuamente circulando a

través del sistema.

La configuracion monocanal en SIA permite usar el mismo sistema para una gran
diversidad de andlisis 0 ensayos analiticos; por tanto, no es necesario modificar

fisicamente el sistema, al contrario de lo que sucede en FIA convencional.

En SIA, el uso de la valvula multiposiciéon proporciona una herramienta para realizar

calibraciones automaticas, sin necesidad de cambiar el bucle de muestra.

En los sistemas SIA todo el proceso es automaticamente controlado por medio de un
software adecuado. De esta forma, es facilmente programable la introduccion de
alicuotas de muestra y/o reactivos para conseguir una mayor homogeneizacién de las

disoluciones en el caso de necesitarse una reaccion quimica en el sistema.

A diferencia de lo que ocurre en FIA, donde para la insercion de volumenes diferentes

de muestra es necesario modificar el bucle de la misma, en SIA se aspiran volumenes
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diferentes de muestra simplemente estableciendo el volumen requerido mediante el

software que controla el sistema.

Como Unica desventaja, podria citarse el mayor tiempo necesario para el andlisis al emplear
SIA, disminuyendo, por consiguiente, la frecuencia de muestreo. Esto es debido a que es necesario

aspirar en primer lugar las disoluciones antes de impulsarlas hacia el detector.

3.2. Multiconmutacion (MCFIA)

Desde la introduccion del FIA se han desarrollado diferentes procedimientos para la
manipulacion de disoluciones y el control de la dispersion de las mismas. Para la ejecucion de estas
tareas, se han disefiado ingeniosos montajes y dispositivos que permiten la introduccion de manera
reproducible de la disolucion de muestra en el sistema en flujo. Estos dispositivos han ido
evolucionando hasta culminar en la valvula rotatoria de seis puertos, actualmente el sistema de
inyeccién mas extendido en la metodologia FIA. Sin embargo, esta valvula es un dispositivo que
condiciona el disefio del montaje FIA, exige un consumo extra de muestra y ademas presenta
dificultades en cuanto a su automatizacion. Estas y otras limitaciones pueden paliarse mediante el
disefio de un sistema de flujo consistente en un conjunto de valvulas solenoide de tres puertos,
actuando cada una de ellas como un conmutador independiente®**,

La versatilidad y aplicabilidad del MCFIA surgen como consecuencia de la mayor
simplicidad y eficacia en el control de la dispersion de muestra y reactivos en comparacion con la
metodologia FIA. La metodologia MCFIA no es solo una manera mas elegante y automatizada de
reproducir las estrategias que el FIA ha desarrollado desde 1975, sino que, bajo esta denominacion

se esconde un nuevo concepto de anélisis en flujo, el cual engloba y amplia al FIA como precursor.
» Valvulas solenoide

Con la valvula rotatoria de seis puertos, utilizada en FIA, s6lo es posible introducir el
volumen de muestra correspondiente al bucle instalado; la introduccion de un volumen distinto
exige reemplazar la longitud del mismo, con la consiguiente interrupcion del flujo y consumo de
tiempo®2°3. Por lo tanto, los volimenes de muestra a inyectar en FIA estan estrictamente limitados:
los volumenes més pequefios insertables corresponden al volumen interno de la valvula, que suele

ser de aproximadamente decenas de microlitros, y para volimenes grandes el perfil de dispersion

%2\, Catala Icardo, J.V. Garcia Mateo, J. Martinez Calatayud, TrAC-Trends in Analytical Chemistry 21 (2002) 366-378.
B ERP. Rocha, B.F. Reis, E.A.G. Zagatto, J.L.F.C. Lima, R.A.S. Lapa, J.L.M. Santos, Analytica Chimica Acta 468 (2002) 119-131.
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impone restricciones, ya que la muestra se dispersa en el medio portador solo a través de los
extremos. Por consiguiente, volimenes grandes no permitiran un mezclado eficiente de la zona
central del bolo de muestra con el portador a menos que se prolonguen los tiempos de residencia
mediante caudales bajos y reactores de gran longitud, siendo necesario un lavado del bucle después
de cada inyeccion con un volumen adicional de muestra para limpiar las paredes del mismo que

han sido bafiadas con la disolucion portadora.

Cuando se trabaja con MCFIA, normalmente se hace uso de vélvulas solenoide®, en donde
el volumen de muestra a introducir se controla por el tiempo y el caudal. Comparado con los
sistemas FIA, se sustituye la medida de los volimenes de insercion por la de tiempos de insercion,
lo que permite desarrollar métodos de muestreo basados en el tiempo y conseguir un sistema de
flujo activo, versatil y de facil reconfiguracién. Por tanto, la incertidumbre asociada a las alicuotas
de volimenes de muestras esta relacionada principalmente con la precision en el control del tiempo

de muestreo, siendo méxima la reproducibilidad si se emplean dispositivos electronicos.

Las vélvulas solenoide no solamente se han utilizado en los sistemas comentados
anteriormente, sino que también se han utilizado en cromatografia de liquidos (HPLC) para la
insercion de muestra, y entrada y salida de disolventes, en cromatografia de gases (GC) para la
entrada o salida de aire, en espectrometria de masas (MS) para la introduccion de disoluciones y en

SIA como interfase entre un horno microondas para la digestion de la muestra y el montaje®.

La implementacion de una valvula de este tipo en un sistema en flujo presenta una

estructura funcional controlada por el ordenador, como se muestra en la Figura 1.7.

% B, Go6mez-Taylor Corominas, Nuevos métodos de analisis en flujo (FIA y multiconmutacién) aplicados a la determinacion por
quimioluminiscencia directa de fenoles y polifenoles, Universidad de Valencia, 2003.

®y. Neira, N. Reyes, J.A. Nobrega, Laboratory Robotics and Automation 12 (2000) 246-252.
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Figura 1.7. Esquema de un sistema de flujo empleando valvulas solenoide de tres vias

En sistemas MCFIA que emplean distintas valvulas solenoide, estas actan como un
conmutador independiente controlado por un ordenador. Cada véalvula puede adoptar dos
posiciones distintas OFF y ON, permaneciendo en todo momento dos de los tres orificios de la
valvula comunicados. En la Figura 1.8 se muestra esquematicamente el funcionamiento de una
valvula solenoide de tres vias para el caso en que esta controle el flujo del portador. En posicion
OFF, el solenoide que estd conectado al generador esta relajado y la armadura es empujada hacia
abajo, circulando el portador hacia el detector. Sin embargo, en posicion ON, se le transmite al
solenoide una cierta cantidad de energia proporcional al pulso eléctrico y la armadura (en forma de
T invertida) es atraida hacia arriba; de esta forma se bloquea la salida del portador hacia el detector,

siendo asi recirculado al recipiente correspondiente.

OFF /9 % jzv
| 0
o I I

P R ;

Portador Recircular Detector Portador Recircular Detector

Figura 1.8. Esquema del funcionamiento de la véalvula solenoide de tres puertos

El volumen de muestra insertado es proporcional a la duracion del pulso y puede
modificarse alterando el perfil de la secuencia de insercién, siendo posible la insercion de un sélo

segmento de muestra o de varios segmentos idénticos o de distintas longitudes alternados con
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disolucién portadora. La muestra es insertada en el sistema durante el tiempo que la vélvula
permanece activa (ON) y no es necesario un consumo adicional en tareas de lavado. Las
microinserciones de pequefios segmentos de muestra “emparedados” entre microsegmentos de
portador favorecen un mezclado intimo de las disoluciones de muestra, portador y reactivos incluso
cuando el volumen insertado es grande. Se trata pues de un sistema versatil que permite la
insercion de volimenes variables de muestra a traves del software y garantiza la insercion
reproducible de volimenes de muestra de unos pocos microlitros mediante el control electronico de

la duracion de los pulsos.

» Comparacion de MCFIA con FIA

El empleo de pequefas redes con nodos en forma de vélvulas solenoide, actuando como
conmutadores y controladas por un ordenador a través de un sencillo software, permite modificar la
configuracion del montaje (ciclos de apertura y cierre) sin necesidad de alterarlo fisicamente ni
manipularlo, ampliando enormemente las posibilidades analiticas del analisis en flujo. Las

principales ventajas de la metodologia MCFIA frente al FIA son:

- Miniaturizacion de los montajes en flujo. El reducido tamafio de las valvulas solenoide
y de las interfases electrénicas permite el desarrollo de equipos integrados de reducido

tamafio y de instrumentacion portéatil para efectuar analisis in situ.

- Disminucién del consumo de muestra y reactivos. Esto es consecuencia de que las

disoluciones no circulan continuamente a través del sistema.

- Aumento de la reproducibilidad. La intervencién del operador es minima (principal
fuente de irreproducibilidad), ya que el proceso de insercion estd controlado por un
ordenador via software. Por tanto, el MCFIA favorece el disefio de métodos de analisis
completamente automaticos. Las configuraciones en MCFIA permiten que tanto la
muestra como los reactivos sean microdispensados de forma muy precisa; volimenes de
unos pocos microlitros, correspondientes a fracciones de segundos de tiempos de

insercion, pueden obtenerse de forma muy reproducible.

- Economia y sencillez. El precio de una valvula solenoide de tres puertos es inferior al
de una véalvula rotatoria convencional de las empleadas en FIA. Ademas el dispositivo
para los ciclos de apertura y cierre de las valvulas solenoide s6lo necesita un impulso

eléctrico (12 V y 100 mA como valores de referencia).
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Versatilidad. A diferencia de la metodologia FIA, la multiconmutacion permite alterar
todas las variables que inciden directamente en los perfiles de dispersion sin necesidad
de modificar fisicamente el montaje (volimenes de muestra insertados, tiempos de
reaccion, etc.). La reconfiguracion del mismo se lleva a cabo mas facilmente que en los
sistemas FIA ya que basta Unicamente con reprogramar la duracién de los impulsos
eléctricos que controlan la apertura y cierre de las valvulas o modificar la secuencia de

conmutacion de las mismas.

Ampliacion de las modalidades de analisis en flujo. El “control electronico” de la
dispersion (mejor control espacio-temporal de la dispersion frente al FIA) y la mayor
versatilidad asociada a los sistemas MCFIA han permitido la implementacion de
modalidades de gradiente (flujo detenido, confluencia de zonas, penetracién de zonas,
muestreo de zonas), de procedimientos automaticos para determinaciones
multiparamétricas y de montajes multicanal complejos que pueden ser manipulados de

forma simple y eficaz.

A pesar de estas importantes ventajas, el MCFIA presenta algunas limitaciones o

desventajas frente al FIA:

Limitaciones en los volimenes de insercion. Si los segmentos de muestra y reactivos
introducidos son muy peguefios se hace necesario sincronizar la unidad de bombeo y las

microinserciones para evitar problemas de irreproducibilidad.

Insercién de muestra y reactivos. Debido a que las valvulas solenoide actGan como un
conmutador entre las posiciones ON-OFF, una de las dos posiciones de entrada o salida
de las valvulas queda cegada, quedando interrumpido el flujo por ese canal; ello obliga
a emplazar en algunas ocasiones la unidad de bombeo después de las valvulas y a
aspirar muestra y reactivos en vez de ser bombeados, aumentando de esta manera la
irreproducibilidad del caudal. No obstante, una sencilla combinacién de las valvulas
solenoide permite el emplazamiento clasico de la bomba antes de los puntos de

insercion.

Comercializacion de equipos. La no disponibilidad comercial de los equipos (interfases
electronicas y software para el control de las valvulas solenoide) se pone de manifiesto
en el hecho de que practicamente la totalidad de los trabajos publicados relacionados
con MCFIA hacen uso de hardware y software de fabricacion propia. No obstante, la
sencillez de ambos elementos permite la posibilidad de desarrollarlos sin excesiva
dificultad.
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Mayor desgaste de la valvula solenoide. En el caso del empleo de un soporte sélido en
el sistema de flujo se produce una cierta sobrepresion, que se hace mas patente al
emplear valvulas solenoide. Esta sobrepresion da lugar a que las valvulas solenoide se
estropeen antes que las valvulas rotatorias, siendo necesario su reemplazo con mas
frecuencia. Aun asi, hay que destacar que el desgaste de las valvulas es minimo, y esta
desventaja es menor aln si cabe al comparar el precio de las valvulas rotatorias con el

de las valvulas solenoide.
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4. Optosensores en flujo continuo

4.1. Integracion de la Espectroscopia en Fase Soélida (SPS) y el Andlisis por Inyeccién
en Flujo (FIA)

La SPS surge como intento de aplicacion al analisis cuantitativo del fundamento de los “resin
spot tests” (ensayos a la gota sobre resinas intercambiadores de iones). Esta técnica consiste en
ensayos cualitativos de observacion visual basados en la aparicion de coloracion en unos granos de
resina de cambio i6nico debido a la fijacién en ella del producto de reaccion del analito con los
reactivos, que debe ser una especie cargada eléctricamente. A pesar de los numerosos trabajos sobre

%657 propusiera la referida técnica de

“resin spot tests” publicados desde que en 1954 Fujimoto
microanalisis cualitativo, en ninguno de ellos se hizo un intento de cuantificacion del analito y tuvieron
que pasar mas de dos décadas hasta que en 1976 Kazuhisa Yoshimura® diera a conocer los primeros
métodos de determinacion cuantitativa basados en la medida directa de la absorbancia de la especie
coloreada sorbida en fase resina, que €l llamé colorimetria de cambio i6nico y que actualmente suele

denominarse SPS.

La SPS es una metodologia relativamente nueva que ha sido aplicada a una gran variedad de

58,59 2,60

analitos organicos™” e inorganicos“™ y que ha mostrado ademas una gran aplicabilidad en el analisis
de muestras reales. Esta metodologia se basa en el uso combinado de un soporte sélido para
preconcentrar el analito (o su producto de reaccién) con la medida directa de la absorcion de
radiacion de la especie de interés retenida sobre el mencionado soporte sélido. Una vez retenida la
especie de interés sobre la fase solida, ésta es separada del resto de la disolucion por filtracion y
trasvasada a una cubeta (generalmente de 1 mm de paso 6ptico) donde se lleva a cabo la deteccion

espectroscopica.

Una gran ventaja de la SPS es la elevada sensibilidad que se consigue, pudiendo aplicarse
al andlisis de elementos traza sin la necesidad de realizar pasos previos de preconcentracion, como
en el caso de la espectroscopia convencional. Por otra parte, es interesante destacar la elevada

selectividad obtenida con esta metodologia, debido a la retencion selectiva del analito (o su

% M. Fujimoto, Bulletin Chemical Society of Japan 27 (1954) 48-50.
%" M. Fujimoto, Bulletin of Chemical Society of Japan 27 (1954) 347-350.

A Ruiz-Medina, M.L. Fernandez-de Cérdova, P. Ortega-Barrales, A. Molina-Diaz, International Journal of Pharmaceutics 216 (2001)
95-104.

¥ A Ruiz-Medina, M.L. Fernandez-de Cérdova, A. Molina-Diaz, Fresenius' Journal of Analytical Chemistry 363 (1999) 265-269.
80, Diaz-Garcia, J.M. Costa-Fernandez, N. Bordel, R. Pereiro, A. Sanz-Medel, Analytica Chimica Acta 486 (2003) 1-10.
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producto de reaccion) sobre el soporte sélido, asi como la sencillez de la técnica y el bajo coste de

la instrumentacion que requiere.

4,61,62,63

Inicialmente la técnica se aplicd a un amplio conjunto de elementos y compuestos Y

mas tarde se expandio el abanico de posibilidades que presenta dicha técnica cuando se introdujo la

6465 posteriormente la SPS se combind con el FIA

fluorimetria como método de deteccion
incorporando el sélido activo a una célula de flujo. Surgen asi los sensores 6pticos en flujo (flow-
through sensors) propuestos por Ruzicka y Hansen®. Estos sistemas también denominados
optosensores en flujo continuo, pueden integrar simultaneamente la deteccion con la reaccion y la
separacion en la propia célula de medida. Se muestra un esquema de la implementacion de ambas

metodologias en la Figura 1.9.

ESPECTROSCOPIA EN FASESOLIDA ANALISIS POR INYECCION EN FLUJO (FIA)
. MUESTRA
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Figura 1.9. Integracidn de la SPS con el FIA: optosensores en flujo continuo

Slca. Heller, R.R. McBride, M.W.A. Ronning, Analytical Chemistry 49 (1977) 2251-2253.

62 p, Ruiz-Medina, M.L. Fernandez-de Cérdova, A. Molina-Diaz, Journal of Pharmaceutical and Biomedical Analysis 20 (1999) 247-
254,

A Molina-Diaz, J.M. Herrador-Mariscal, M.I. Pascual-Reguera, L.F. Capitan-Vallvey, Talanta 40 (1993) 1059-1066.
3L Vilchez, M. del Olmo, R. Avidad, L.F. Capitan-Vallvey, The Analyst 119 (1994) 1211-1214.
%0, Ballesteros, J.L. Vilchez, A. Navalén, Journal of Pharmaceutical and Biomedical Analysis 30 (2002) 1103-1110.
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4.2. Fundamento de los optosensores en flujo continuo

Un sensor quimico (o bioquimico) ideal puede definirse como un dispositivo analitico
(miniaturizado) que responde de manera directa, reversible, continua, rapida, exacta y precisa a los
cambios de concentracion de una (0 mas) especie(s) de una muestra®. Consta de una microzona
sensora, donde tiene lugar una reaccion quimica (o bioquimica) y/o un proceso de separacion, que
estd conectada con (o integrada en) un transductor, que en el caso de los optosensores se trata de un
transductor Optico. La amplia variedad existente de sensores hace dificil describir su
comportamiento en términos generales; no obstante, establecer sus propiedades genéricas,
indispensables unas, deseables otras, resulta mucho més facil. Algunas de ellas coinciden con
caracteristicas esenciales de la metodologia FIA, como son exactitud, precision, sensibilidad y
selectividad; otras, se refieren al tipo de funcionamiento: reversibilidad y reutilizabilidad en
procesos irreversibles o regenerables. Otras caracteristicas basicas son aquellas relacionadas con el
tiempo: respuesta lo mas préxima posible a tiempo real y rapidez en los procesos reversibles y en
los de regeneracion y estabilidad (duracién y tiempo de vida operacional). También cabe destacar
su simplicidad de construccion y operacién, robustez, bajo coste y posibilidad de utilizacion con

muestras complejas o sistemas en evolucion.

Los optosensores en flujo continuo son compatibles con detectores espectroscopicos
moleculares. El bolo de muestra es insertado en la corriente de portador y la radiacion interacciona
directamente con la zona sensora integrada en el area de deteccion. Estos sistemas proporcionan
una respuesta rapida, reversible y continua que es transducida via un detector espectroscopico

molecular no destructivo.
4.2.1. Sefial analitica en optosensores espectrofotométricos

La sefial analitica medida en los optosensores en flujo continuo estd directamente
relacionada con la concentracion de analito de la muestra inyectada. La absorbancia (en realidad

atenuacion) A, medida sobre el soporte sélido consta de varios componentes®’:
A = Ap+Ag+As 1)

donde,

A, = absorbancia del analito o su derivado retenido en el solido.

86\, Valcarcel, M.D. Luque de Castro, The Analyst 118 (1993) 593-600.

%7 A. Molina-Diaz, A. Ruiz-Medina, M.L. Fernandez-de Cérdova, Journal of Pharmaceutical and Biomedical Analysis 28 (2002) 399-
419,
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Ag = absorbancia del sélido (soporte sélido + reactivo, si lo hay).

As = absorbancia de la solucion intersticial entre las particulas del solido (puede ser

despreciada, generalmente, frente a los otros términos).

El empaquetamiento de las particulas del s6lido activo afecta a los valores de los términos
del segundo miembro de la ecuacion (1). Sin embargo, cuando el flujo esta circulando unos cuantos
segundos, el empaquetamiento es fijo (constante) y la linea base muestra un valor constante, igual a
Ar + As = Ag. Por tanto el pico obtenido al paso del analito A corresponde a la diferencia entre el
valor experimental medido Ay Ar + As. De esta forma, la sefial analitica de estos sistemas puede
obtenerse directamente midiendo a una sola longitud de onda, y pueden llevarse a cabo reiteradas
medidas sobre el mismo empaquetamiento del sélido. Sin embargo, en SPS en modo discontinuo,
cada medida se efectia sobre diferentes lotes de sélido empaquetado en la célula, con lo que el
empaguetamiento es diferente en cada caso, lo que origina valores de A no reproducibles si se
mide a una sola longitud de onda. Por ello, en SPS manual se necesita efectuar las medidas a dos
longitudes de onda (una en el maximo de absorcidn y otra donde solo el soporte sélido absorbe luz)

para eliminar el efecto de la variabilidad en el empaquetamiento.

La absorbancia neta del analito viene dada por
AA = &r IR CR
donde

gr = absortividad molar aparente del analito en la fase solida tal como se observa en el

sistema de flujo (kg mol™ cm™).
Ir = longitud media de paso 6ptico (cm).
Cr = concentracion de analito en la fase sélida (mol kg™).

Cuando se inyectan en el sistema V (L) de una muestra conteniendo una concentracién Co

(mol L™ de analito, la concentracién sobre la fase sélida (Cg, mol kg™) sera:
CR = Co V/ my

(m, = masa de soporte solido, kg) suponiendo un valor alto del coeficiente de distribucion

(como suele ser lo habitual). Por tanto,

AA=8RIRVCO/mr
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Por consiguiente, manteniendo V constante, existe una relacion lineal entre la sefial
analitica y la concentracion inicial, Co, del analito en la solucion de muestra inyectada, siendo &g Ir
V/ m, la pendiente de la recta de calibracion. De esta ecuacion se desprende una importante
caracteristica de estos optosensores en flujo: manteniendo C, constante, A crece conforme crece
V. Por tanto, cabe esperar una relacion lineal entre A,y el volumen de muestra inyectado, es decir,
la sensibilidad es proporcional al volumen de muestra usado para el andlisis y, por tanto, puede
incrementarse aumentando éste. Esto se cumple en un intervalo de valores de V (hasta,

generalmente, unos 1500-2000 uL), por encima del cual la sefial tiende a estabilizarse.

Ademas, la cantidad de soporte sélido a usar, m,, debe ser la minima posible que permita la
geometria de la célula y el disefio del haz del detector, pues la sefial, de acuerdo con las ecuaciones
anteriores, es inversamente proporcional a la cantidad de soporte sélido empleado.

4.2.2. Sefial analitica en optosensores luminiscentes

En el caso de los optosensores fluorimétricos puede encontrarse una relacion similar entre
la sefial analitica y la concentracion de analito en la solucion problema a la obtenida en los
optosensores espectrofotométricos. La sefial de fluorescencia, I, de la especie de interés retenida en

el soporte s6lido viene dada por la siguiente expresion®’:

I = 2,303[(1/1+Sb)]®¢ lp e Ir Cr
@ = rendimiento cuantico de fluorescencia.
I, = intensidad del haz de excitacion.
¢r Ir Cr se definen del mismo modo que en optosensores espectrofotométricos.

S = coeficiente de dispersion (fraccion de radiacion dispersada por unidad de espesor del

soporte sélido).
b = espesor del soporte.
Por tanto, 1 =2,303[(1/1+Sb)]®k lyer IrV Co/ M,

De esta ecuacidn, se puede deducir que la sefial de fluorescencia y la concentracion de la
especie de interés también estan directamente relacionadas y el efecto del volumen de muestra es
similar al caso de los optosensores espectrofotométricos. De forma anéloga, la sefial analitica es

inversamente proporcional a la cantidad de soporte sélido utilizado.

Relaciones similares de proporcionalidad entre la sefial y la concentracion de la especie de

interés pueden encontrarse para optosensores basados en fosforescencia, CL y LSL.
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4.3. Componentes de los optosensores en flujo continuo

Los elementos de estos dispositivos son los propios de un sistema FIA (sistemas de
propulsion, inyeccién, transporte, y deteccidn). La Unica diferencia, en principio, con respecto a un
sistema FIA convencional, es la presencia de soporte sélido en la célula de flujo, donde se llevan a
cabo las medidas espectroscépicas. Estos dos elementos, junto con las técnicas de deteccion, seran

explicados a continuacion.

4.3.1. Soportes sdlidos

El soporte sélido constituye una parte esencial en un optosensor en flujo continuo, ya que
sobre la superficie del mismo se va a producir la integracién de reaccion y/o retencion y la
deteccidn. Un aspecto importante en el que difiere de la SPS llevada a cabo en modo batch es la
reutilizacién sucesiva del soporte solido durante amplio nimero de medidas. Unos pocos
miligramos de particulas se pueden reutilizar cientos de veces, disminuyendo ademas drasticamente
la cantidad de soporte sélido por determinacion. No obstante, algunas veces se hace necesario
remplazarlo después de un cierto nimero de analisis debido a la desactivacion de la superficie
sensora tras su uso repetido (por ejemplo en matrices complejas), reduciendo de esta manera su

tiempo de vida.

El soporte sdlido empleado debe reunir ciertos requisitos:

El tamafio de las particulas debe ser adecuado (entre 40 y 120 um generalmente), ya que

tamafios de particula menores podrian generar sobrepresiones en el sistema.

- El material escogido debe ser quimicamente inerte a los componentes de las soluciones
del flujo y resistente al flujo continuo, garantizando reproducibilidad en la respuesta del

sensor.
- El proceso de retencion/elucién debe ser suficientemente rapido.

- Debe ser compatible con el sistema de deteccion usado (por ejemplo, en los sensores
fotométricos, la absorcién de fondo debe ser suficientemente baja para permitir realizar

las medidas sin saturar el detector).
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Los tres tipos de materiales mas usados son:
= Polimeros de intercambio i6nico

Polimeros de matriz aromética hidrofébica (estireno/divinilbenceno) y polimeros de
polidextrano suelen ser los mas utilizados. Los segundos son mas transparentes y permiten medir
en la region ultravioleta, mientras los de matriz aromatica poseen fondos de absorcién muy altos en
la region ultravioleta y sélo pueden usarse en la region visible. Las resinas Dowex (Figura 1.10)
son las mas representativas de los primeros y los geles Sephadex (QAE A-25, CMC-25 y SPC-25)

de los segundos (Figura 1.11). El proceso de retencion es por intercambio idnico.

Hz
\/\/

/\/

3 Hz

Figura 1.10. Estructura basica de las resinas de tipo Dowex.
—0

OH o)

OH

Figura 1.11. Esquema del esqueleto de polisacarido de los polimeros de dextrano

= Polimeros adsorbentes sin grupos funcionales

Son resinas adsorbentes contituidas por cadenas de poliestireno entrecruzadas mediante
moléculas de divinilbenceno (al igual que las resinas tipo Dowex), pero carentes de grupos
funcionales cambiadores de iones. En este grupo se incluyen las resinas macroporosas tipo

Amberlita XAD. Son capaces de retener gran cantidad de reactivos aromaticos por adsorcion; de
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este modo los grupos activos de dichos reactivos quedan libres y no pierden su capacidad de
complejacion. Generalmente se emplean en los sensores luminiscentes, dada su alta absorcion de

fondo tanto en el visible como en el ultravioleta.

= Sélidos adsorbentes no polares

Son soportes constituidos por microesferas de silice que poseen cadenas lineales
hidrocarbonadas enlazadas a los grupos silanol exteriores. La cadena suele ser de 2, 8 6 18 4&tomos
de carbono. Son materiales no porosos por lo que presentan gran resistencia a los cambios fisico-
quimicos del medio. Uno de los soportes solidos mas utilizados es el gel de silice Cyg, de naturaleza

hidrofoba, que presenta un mecanismo de naturaleza adsortiva.

Son soportes extremadamente Utiles para la retencion de compuestos organicos, ya que los
retienen débilmente en medio acuoso o hidro-organico, y la elucién puede conseguirse facilmente
aumentando el porcentaje de disolvente organico del medio. No obstante, hay que tener en cuenta

gue son menos selectivos que los cambiadores idnicos.
= Otras fases sensoras

Ademas de estos soportes sélidos se han descrito optosensores con otro tipo de fases
sensoras como ciclodextrinas inmovilizadas en gel de silice®, vidrio de tamafio de poro controlado

(GPC)®, materiales de procesos sol-gel ™ y polimeros de impresién molecular (MIPs)™.

Los MIPs son materiales macroporosos con puntos de union selectivos capaces de
reconocer a una determinada molécula. Son diversos los usos que se han dado hasta ahora a estos
polimeros. Estos materiales son capaces de simular, en términos de afinidad y selectividad, los
anticuerpos y/o enzimas sintetizados por los sistemas bioldgicos. ElI uso de MIPs en sensores
Opticos estd aun en su infancia a pesar de la creciente atencion que viene recibiendo en los Gltimos

afios’™"2,

8z Gong, Z. Zhang, Fresenius' Journal of Analytical Chemistry 360 (1998) 138-140.
% p van Zoonen, D.A. Kamminga, C. Gooijer, N.H. Velthorst, R.W. Frei, G. Gubitz, Analytica Chimica Acta 174 (1985) 151-161.
70 J M. Costa-Fernandez, M.E. Diaz-Garcia, A. Sanz-Medel, Analytica Chimica Acta 360 (1998) 17-26.

. Séanchez-Barragan, K. Karim, J.M. Costa-Fernandez, S.A. Piletsky, A. Sanz-Medel, Sensors and Actuators, B: Chemical 123 (2007)
798-804.

25 Al Kindy, R. Badia, J.L. Suarez-Rodriguez, M.E. Diaz-Garcia, Critical Reviews in Analytical Chemistry 30 (2000) 291-309.
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4.3.2. Células de flujo

La célula de flujo es una parte esencial en el disefio de optosensores en flujo continuo,
puesto que contendra la fase solida en la que se produce la preconcentracion y separacion de los
analitos, integrada con la deteccion. Una caracteristica importante es el paso Optico que tiene que
recorrer la radiacion para atravesar dicha célula y que como norma general, no debe ser superior a 2
mm para evitar que la intensidad relativa de luminiscencia de la linea base sea demasiado alta. Por
otra parte, el depoésito interno de la célula de flujo, que ha de albergar el soporte sensor, debe ser lo
menor posible con objeto de incrementar la sensibilidad, puesto que una gran cantidad de soporte
solido reduce la preconcentracién de los analitos aumentando ademas el tiempo de elucion. De
igual forma, es importante tener en cuenta el sistema de deteccién que se va a emplear en cada

caso, lo que condicionara la estructura geométrica de la célula de flujo.

Por otra parte el nivel de so6lido en la célula es una variable clave. La célula debe llenarse
hasta una altura tal que el haz de luz incida completamente sobre el soporte sélido y sin que éste
apenas llegue a exceder el limite superior del haz de luz; pues alturas crecientes a partir de este
limite originan la fijacion de la especie de interés por encima del haz (fuera de la zona de
deteccidn) o bien una dispersion del bolo de muestra a lo largo de una mayor cantidad de sélido,
con pérdida de sensibilidad y disminucién de frecuencia de muestreo. Niveles mas bajos del
indicado producen una disminucién de la sefal, pues la luz pasa total o parcialmente a través del
flujo de solucion. En definitiva, la parte superior del sdlido debe mantenerse tan proxima al limite

superior del haz como sea posible, pero por encima de él.

4.3.3. Técnicas de deteccion

En los optosensores en flujo continuo se han empleado distintas técnicas de deteccion. A

continuacion, se comentan las mas empleadas.

= Espectrofotometria UV-visible

Constituye una de las técnicas mas empleadas para el desarrollo de optosensores en flujo.
Los primeros optosensores en flujo descritos estaban basados en espectrofotometria visible, y
fueron aplicados a la determinacion de metales mediante la formacién y retencion de complejos
coloreados. Posteriormente, se desarrollaron optosensores en flujo de este tipo para el analisis de
compuestos organicos. Existe un gran nimero de ejemplos de aplicaciones de optosensores UV

especialmente para el analisis de principios activos en productos farmacéuticos®’.
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Aungue la espectrofotometria UV-visible adolece de escasa selectividad en el caso de su
uso convencional en disoluciones homogéneas, el empleo de un soporte sélido activo para la

retencion de la especie de interés mejora sensiblemente aquella selectividad.

= |_uminiscencia molecular
v’ Fluorescencia Molecular

La fluorescencia molecular es la fotoluminiscencia de tiempo de vida corto procedente de
un singlete excitado. La deteccion fluorescente presenta muchas ventajas, como alta selectividad y
sensibilidad, bajo limite de deteccion, capacidad para la miniaturizacién y bajo coste, por lo que ha
sido ampliamente utilizada y aplicada al desarrollo de optosensores®””*"*. Uno de sus inconvenientes
es el pequefio nimero de especies que manifiesta efecto fluorescente”, aunque puede ampliarse el
campo de aplicaciéon mediante el uso de reacciones quimicas sencillas’® o de PIF'""®. Esta dltima
técnica esti basada en la conversion de analitos no fluorescentes o débilmente fluorescentes en
fotoproductos fuertemente fluorescentes mediante el empleo de fotones, no siendo necesario un
sistema de mezcla. Por tanto el sistema de inyeccion en flujo se simplifica, ya que el montaje que
se requiere para desarrollar este tipo de reacciones es muy sencillo y se reduce el consumo de

reactivos.

Para que se produzca una fotorreaccion en la que se generen compuestos fluorescentes a

partir de analitos que no lo son, o lo son débilmente, se deben cumplir una serie de requisitos:

- El analito debe absorber fuertemente en la regién UV para iniciar la reaccién

fotoquimica.

- La radiacion absorbida debe ser de una longitud de onda que no sea absorbida

significativamente por el (los) fotoproducto(s).

- Deberd haber un aumento de la rigidez estructural o de la aromaticidad de los
fotoproductos que de lugar a un aumento del coeficiente de absorcion y a un

rendimiento cuantico de fluorescencia mayores que los del analito.

A Dominguez-Vidal, P. Ortega-Barrales, A. Molina-Diaz, Talanta 56 (2002) 1005-1013.

" IF. Garcia-Reyes, P. Ortega-Barrales, A. Molina-Diaz, Journal of Agricultural and Food Chemistry 52 (2004) 2197-2202.

p, Solich, C.K. Polydorou, M.A. Koupparis, C.E. Efstathiou, Analytica Chimica Acta 438 (2001) 131-136.

T Pérez-Ruiz, C. Martinez-Lozano, A. Sanz, A. Guillén, Journal of Pharmaceutical and Biomedical Analysis 34 (2004) 551-557.
"M Sanchez Pefia, F. Salinas, M.C. Mahedero, J.J. Aaron, Journal of Pharmaceutical and Biomedical Analysis 10 (1992) 805-808.
g, Laassis, J.J. Aaron, M.C. Mahedero, Analytica Chimica Acta 290 (1994) 27-33.
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- Estabilidad quimica y térmica (en los casos en los que se lleve a cabo a una temperatura
mayor que la ambiente) de los fotoproductos, al menos en el intervalo de tiempo

necesario para su medida.

- Es deseable que el proceso de fotoconversion sea muy eficiente y tener un alto

rendimiento fotoquimico.

La implementacion del PIF en sistemas de flujo data de 1991, cuando Chen y col.”*®

desarrollaron dos métodos para andlisis de fenotiazinas en farmacos. Sin embargo, la técnica PIF
fue implementada por primera vez en un optosensor en flujo para la determinacién de tiamina en
presencia del resto de vitaminas del complejo B®. Desde entonces se han propuesto varios
optosensores en flujo para la determinacion de principios activos en farmacos, alimentos y fluidos

biolégicos y pesticidas en aguas y alimentos®83848,

v" Fosforescencia

Se caracteriza por ser una fotoluminiscencia de tiempo de vida largo procedente de un
triplete excitado, formado por la absorcion de radiacion ultravioleta, visible o infrarroja cercana. Su
empleo no es tan habitual como el de otras técnicas luminiscentes ya que se requieren condiciones
muy concretas (trabajo a muy bajas temperaturas, medios organizados, metales pesados, lantanidos,

etc) para su aplicacion. A pesar de ello dicha técnica ha sido acoplada a sistemas FIA®,

Se han descrito optosensores en flujo que emplean deteccidn fosforescente para una gran
variedad de analitos (contaminantes organicos, iones metalicos, sensores de humedad y pH,

etc.)0%.

v" Luminiscencia sensibilizada con lantanidos

La LSL est4 basada en las propiedades luminiscentes de iones lantanidos (Tb (111) y Eu
(111, normalmente), que se ven incrementadas cuando interaccionan con distintas especies

guimicas organicas (farmacos, pesticidas, etc.). Los mencionados iones pueden formar quelatos o

" b, Chen, A. Rios, M.D. Luque de Castro, M. Valcércel, Analyst 116 (1991) 171-176.

80p, Chen, A. Rios, M.D. Luque de Castro, M. Valcéarcel, Talanta 38 (1991) 1227-1233.

8. Lopez-Flores, M.L. Fernandez-de Cérdova, A. Molina-Diaz, Analytica Chimica Acta 535 (2005) 161-168.

8, Lopez- Flores, M.L. Fernandez-de Cérdova, A. Molina Diaz, Analytica Chimica Acta 600 (2007) 164-171.

8, Lopez- Flores, A. Molina-Diaz, M.L. Fernandez-de Cérdova, Analytica Chimica Acta 585 (2007) 185-191.

8, Lopez-Flores, M.L. Fernandez-de Cérdova, A. Molina-Diaz, Analytical and Bioanalytical Chemistry 388 (2007) 1771-1777.
8 Lopez Flores, M.L. Fernandez-de Cérdova, A. Molina Diaz, Journal of Environmental Monitoring 11 (2009) 1080-1085.

8 A Salinas-Castillo, J.F. Fernandez-Sanchez, A. Segura-Carretero, A. Fernandez-Gutiérrez, Pest Management Science 61 (2005) 816-
820.

8 Sanchez-Barragan, J.M. Costa-Fernandez, R. Pereiro, A. Sanz-Medel, A. Salinas, A. Segura, A. Fernandez-Gutiérrez, A.

Ballesteros, J.M. Gonzalez, Analytical Chemistry 77 (2005) 7005-7011.
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complejos con ligandos organicos y producir transferencia de energia intramolecular a través del
estado triplete del ligando a niveles de emisién del ion lantanido; es decir, la excitacion se produce
a la longitud de onda caracteristica del compuesto organico (el analito) y la emision se produce a la

longitud de onda caracteristica del lantanido®®® (Figura 1.12).
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Figura 1.12. Mecanismo de transferencia de energia LSL

Las principales ventajas de este proceso son un gran desplazamiento de Stokes, bandas de
emision muy estrechas y larga vida media de luminiscencia (lo que permite las medidas en el

espectrofluorimetro en modo fosforescencia).

Esta mejora de la intensidad luminiscente que se consigue al formar este tipo de quelatos,
permite el desarrollo de métodos muy sensibles. Por otro lado, el pequefio nimero de compuestos
gue pueden complejarse con los iones lantanidos hace que la selectividad de los métodos basados
en este tipo de deteccion sea mayor que la correspondiente a medidas fluorimétricas

convencionales.

Son bastante escasos los optosensores de este tipo encontrados en bibliografia, habiendo

sido aplicados a la determinacién de farmacos como tetraciclinas y antraciclinas mediante la

monitorizacién de la emisién luminiscente de sus complejos con Eu (111)%°*%2,

8\ Arnaud, J. Georges, Analyst 124 (1999) 1075-1078.

8 M.p. Aguilar-Caballos, A. Gémez-Hens, D. Pérez-Bendito, Analyst 124 (1999) 1079-1084.

0p Alava-Moreno, M.E. Diaz-Garcia, A. Sanz-Medel, Analytica Chimica Acta 281 (1993) 637-644.
e Alava-Moreno, M.J. Valencia-Gonzalez, M.E. Diaz-Garcia, Analyst 123 (1998) 151-154.
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v Quimioluminiscencia

Es una técnica en la que la energia radiante que se produce es resultado de la relajacion
electronica de un estado excitado a otro de menor energia (generalmente a un estado fundamental)
tras una reaccién quimica. Este fendmeno no es muy habitual, ya que la energia producida en una
reaccion quimica no suele ser tan elevada como para que este proceso tenga lugar, y la energia se
disipa habitualmente en forma no radiante. Al igual que sucede en el caso de la fluorescencia y la
fosforescencia, el proceso es el mismo, pero no es necesario el uso de fuentes de excitacion, por lo
gue la instrumentacién empleada se simplifica. Existe un nimero elevado de aplicaciones de
|93,

métodos quimioluminiscentes en distintos campos, como el medioambienta clinico™ y

farmacoldgico®.

El uso analitico de la CL esta experimentando un creciente interés en los Ultimos afios,
gracias a su elevada sensibilidad y selectividad, bajos limites de deteccion e intervalos dindmicos
amplios. En 1985 fue descrito el primer optosensor en flujo con deteccién quimioluminiscente®,
basado en el empleo de luminol inmovilizado en un soporte sélido de vidrio de tamafio de poro
controlado. A partir de entonces, se han desarrollado varios optosensores de este tipo

principalmente para el analisis de farmacos®®“"%,

= Espectroscopia IR y Raman

La espectroscopia vibracional es otra de las técnicas que se han implementado en el
desarrollo de optosensores en flujo continuo, aunque su uso con fines analiticos cuantitativos es
muy escaso. Solamente hay algunos ejemplos en la literatura que describen el empleo de
espectroscopia NIR®, MIR%®010! v SERS*192  Estas técnicas de deteccion pueden aportar
informacidn estructural de grupos especificos y caracteristicos de los compuestos estudiados, y esto

ha sido ya explorado en el estudio de azucares, hidratos de carbono, &cidos organicos, etc. También

ZRM. Cuenca-Trujillo, M. Ayora-Cafiada, A. Molina-Diaz, Journal of AOAC International 85 (2002) 1268-1272.

% Huertas-Pérez, L. Gamiz-Gracia, A.M. Garcia-Campafia, A. Gonzélez-Casado, J.L. Martinez Vidal, Talanta 65 (2005) 980-985.

%L Gamiz-Gracia, A.M. Garcia-Campafia, F. Alés Barrero, L. Cuadros Rodriguez, Analytical and Bioanalytical Chemistry 377 (2003)
281-286.

%y Cui, C.G. Xie, C.Z. Lai, Luminescence 18 (2003) 318-323.
%\, Qin, Analytical Letters 35 (2002) 2207-2220.
%7 7. Zhang, S. Zhang, X. Zhang, Analytica Chimica Acta 541 (2005) 37-47.

By. Xiong, H. Zhou, Z. Zhang, D. He, C. He, Spectrochimica Acta - Part A: Molecular and Biomolecular Spectroscopy 66 (2007) 341-
346.

O, Haberkorn, P. Hinsmann, B. Lendl, Analyst 127 (2002) 109-113.

100 A perez-Ponce, B. Lendl, Applied Spectroscopy 54 (2000) 676-680.

ot g Lendl, R. Schindler, Vibrational Spectroscopy 19 (1999) 1-10.

1oz, Weissenbacher, B. Lendl, J. Frank, H.D. Wanzenbock, R. Kellner, Analyst 123 (1998) 1057-1060.
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se ha desarrollado un optosensor con deteccién por espectroscopia Raman para el analisis de

antibioticos del grupo de las sulfonamidas'®.

4.4, Desarrollo de optosensores en flujo continuo: optimizacién de variables

experimentales

En este apartado se describiran las distintas etapas y los distintos factores y variables que se

tienen en cuenta a la hora de estudiar y desarrollar un optosensor en flujo continuo.

4.4.1. Variables de la unidad de retencidn/deteccion

El punto de partida en SPS es la eleccion de un soporte s6lido adecuado donde fijar el/los
compuesto/s de interés. La eleccion del soporte entre la gran variedad de materiales sintéticos y
naturales que pueden emplearse constituye una parte esencial del disefio del sensor. Para la
eleccion de este soporte hay que considerar la naturaleza, estructura y propiedades fisicas y
quimicas de los analitos, reactivos o productos de reaccion que vayamos a fijar en él, ademas de la
transparencia del mismo en la zona del espectro en la que se trabaje, ya que no debe originarse una

linea base demasiado alta.

En general, se suelen usar resinas de intercambio i6nico cuando el analito (o producto de
reaccion) presenta un equilibrio &cido-base que permita que pueda estar cargado en un intervalo de
pH determinado en funcién del valor de su pK,. En el caso de que la molécula sea apolar o no
presente grupos funcionales que permitan su retencién en un intercambiador de iones, se usan
soportes sélidos sin grupos funcionales donde la retencidn de la especie de interés se lleva a cabo
mediante un mecanismo principalmente de adsorcidon. Por tanto, a la hora de seleccionar el soporte
solido es necesario prestar especial atencion a variables quimicas tales como el pH de la muestra o
del portador, ya que pueden tener gran influencia en el comportamiento del analito en la fase
solida. A la hora de seleccionar un soporte sélido de entre varios que permiten la retencion del
analito (o especie de interés) se elegira aquel que proporcione una mayor sefial analitica y una facil

regeneracion del mismo.

En el caso de los sensores monoparametro solo interesa la retencion de un analito, por lo
gue se elegird un soporte sélido de acuerdo con la naturaleza del mismo. Sin embargo, en los
sensores multiparametro serd necesario seleccionar un soporte sélido que permita la retencién todos

los analitos.

103\ g, Ruedas-Rama, M. Lopez-Sanchez, A. Ruiz-Medina, A. Molina-Diaz, M.J. Ayora-Cafada, Analyst 130 (2005) 1617-1623.
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Como ya se dijo anteriormente, el soporte soélido debe cubrir completamente el area
irradiada del detector. En ocasiones, una cantidad adicional de soporte sélido en la célula de flujo
permite el desarrollo de optosensores para la determinacion de varios analitos de forma simultanea

mediante la separacion de éstos en la propia célula de flujo.

Una vez seleccionado el soporte solido se realizan los espectros de luminiscencia
correspondientes al/los analito/s. Estos se llevan a cabo tanto en disolucion como en fase sélida. De
esta forma se pueden establecer sus caracteristicas espectrales y seleccionar las longitudes de onda

de excitacion y emision dptimas para la medida.
4.4.2. Variables instrumentales

Debido a la presencia del soporte sdlido en el detector, el ruido de fondo en los
optosensores en flujo es generalmente alto, por lo que la optimizacién de las variables
instrumentales es fundamental para poder medir el analito en un amplio rango de concentraciones.
En optosensores con deteccion luminiscente las variables instrumentales a optimizar son la anchura
de las rendijas de excitacién y emision y el voltaje del tubo fotomultiplicador. En el caso de
deteccion empleando LSL, es necesario optimizar el “delay time” o tiempo de retardo y el “gate
time” o tiempo de medida. El tiempo de retardo es el tiempo que tarda el equipo en comenzar a
adquirir la sefial de emision tras producirse la excitacién; esta variable nos proporciona la
condicién necesaria para que no se adquiera sefial de fluorescencia, sino sélo sefial de
luminiscencia retardada. Por otra parte, el tiempo de medida es el tiempo durante el cual el equipo

adquiere la sefial analitica.
4.4.3. Variables quimicas

Entre las variables quimicas a estudiar se incluyen: la naturaleza, concentracion y pH de la
disolucion de muestra, la naturaleza, concentracién y pH del portador y eluyente (si lo hay) y la
concentracién y volumen de reactivos (en los casos donde sea necesaria una reaccion
derivatizadora). Todas ellas, en mayor o menor medida influyen en la retencién/elucion de los
analitos y, por lo tanto, en la sefial analitica y en la separacion de los diferentes componentes en el

caso de mezclas de dos 0 mas especies.

La naturaleza, concentracion y pH de la muestra es una variable critica cuando se trabaja
con resinas de intercambio i6nico. El pH tiene influencia especialmente en las especies que poseen
comportamiento acido—base, provocando su ionizacion y permitiendo asi la fijacion o no de éstas
en la resina. Sin embargo, generalmente carece de efecto significativo cuando el analito no sufre

equilibrios protoliticos. ElI pH y la naturaleza de la disolucién portadora también deben ser
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investigados ya que pueden influir en la sefial en sentido similar al de la muestra. Cuando el soporte
solido utilizado sea una resina de intercambio idnico, lo mas apropiado es utilizar disoluciones de
portador acuosas, mientras que cuando el soporte solido utilizado sea un gel adsorbente no polar,

los portadores méas adecuados son de naturaleza alcoholica.

Tras la medida, la zona sensora tiene que ser regenerada para la siguiente determinacion,
haciendo asi que el sensor sea reutilizable. Llevar a cabo este paso de regeneracion es un requisito
clave e importante ya que va a determinar la rapidez, sencillez del montaje, reproducibilidad, vida
media del soporte solido, etc. Dependiendo del tipo de analito y de sus propiedades fisicas y
guimicas (polaridad, equilibrios acido-base, grupos funcionales caracteristicos, mecanismo de
retencion del soporte solido elegido, etc.) se optara por una determinada estrategia para llevar a

cabo la elucidn del analito y proceder a otra nueva determinacién. Las estrategias a seguir son:

- El procedimiento méas simple de regeneracion se da en aquellos casos en los que la
propia disolucién portadora actia como eluyente. En este caso, el proceso de
regeneracién comienza justo en el momento en el que el extremo posterior del bolo de
muestra alcanza el soporte sdlido. La concentracion creciente de la solucion
portador/eluyente suele actuar disminuyendo la respuesta analitica del sensor, en el caso
de cambiadores idnicos, pues los iones del eluyente compiten con la especie de interés
por su fijacion en la zona sensora. Es el procedimiento mas sencillo y permite
frecuencias de muestreo altas y asegura una mayor duracion del soporte cuando éste es

una resina de intercambio iénico.

- En los casos en los que no es posible la regeneracién del sensor con el propio portador
se emplea una solucién eluyente adicional, que se hace llegar a la zona sensora
mediante la insercién de un volumen definido en el sistema. Se consigue una mayor
sensibilidad al no haber elucion simultanea al proceso de retencion, siendo la
preconcentracion mas efectiva. No obstante, el uso de un eluyente da lugar a una menor
frecuencia de muestreo y acorta la vida del sensor si el soporte es una resina de
intercambio ionico. Los agentes utilizados en la regeneracion de sensores varian en
funcion de la naturaleza de las especies retenidas y del tipo de interaccion entre dichas
especies y el soporte sélido. Pueden utilizarse, entre otros, agentes oxidantes o reductores,
tensioactivos, agentes complejantes y disoluciones &cidas, basicas y salinas. En el caso de
utilizar gel de silice C13 como soporte s6lido suelen emplearse soluciones metandlicas
de diferente concentracién. Sin embargo, no siempre es posible la elucion de este analito o
su producto de reaccion. En estos casos se justifica el uso de la renovacién de la superficie
sensora mediante inyeccion en flujo, que evita la necesidad de un mecanismo de

funcionamiento reversible del sensor. Esta metodologia estd basada en el concepto de
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espectroscopia con inyeccion de particulas o microesferas (“bead injection

spectroscopy”) 104,105

4.4.4. Variables del sistema de flujo
En este caso cabe distinguir entre el caudal, tiempo de irradiacién y volumen de muestra.
v’ Caudal

La influencia del caudal es dependiente de la rapidez del proceso de retencion en la zona
sensora. Cuando la cinética de retencion del analito es muy rapida se originan sefiales apenas
afectadas por el caudal, dentro de los valores permitidos para éste. En cambio, cuando la cinética
de retencion es lenta se obtienen sefiales analiticas que decrecen al aumentar el caudal, lo que
conlleva una disminucién en la sensibilidad, aunque por otro lado aumenta la frecuencia de
muestreo. Por lo tanto, hay que adoptar una solucion de compromiso entre sensibilidad y rapidez de

andlisis.
v Tiempo de irradiacion

El tiempo de irradiacion es un factor crucial en aquellos optosensores que estan basados en
PIF y viene determinado por la longitud del fotorreactor y el caudal. El tiempo de irradiacion
optimo es aquel para el cual se obtiene la méxima sefial analitica, esto es, se obtiene la méaxima
cantidad de fotoproducto que se monitorizara a posteriori. A valores de tiempo inferiores al tiempo
de irradiacion 6ptimo existe una cierta cantidad de analito inicial susceptible de ser fotoconvertido,
aunque esto todavia no ha tenido lugar. A valores de tiempo superiores a este tiempo de irradiacion
optimo, la intensidad de sefial disminuye debido a que el fotoproducto generado es a su vez

fotodegradado en el medio de reaccion en el que se encuentra.

v" Volumen de muestra

Una de las caracteristicas mas destacables de los sensores en flujo continuo es la
posibilidad de incrementar sustancialmente la sensibilidad incrementando el volumen de muestra
insertado, como consecuencia del incremento de la cantidad de analito retenido en la zona de
deteccidn. Cuando el coeficiente de distribucion es alto, la dependencia de la sefial con el volumen
de muestra es lineal. Esto dota a estos sensores de una gran versatilidad para trabajar en un amplio

rango de concentraciones, simplemente cambiando el volumen de muestra insertado. Es necesario

104 . Ruedas-Rama, A. Ruiz-Medina, A. Molina-Diaz, Analytica Chimica Acta 482 (2003) 209-217.
105\, Ruedas-Rama, A. Ruiz Medina, A. Molina Diaz, Journal of Pharmaceutical and Biomedical Analysis 35 (2004) 1027-1034.
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tener en cuenta que en los sensores basados en la metodologias FIA y SIA se habla de volumen de
muestra, mientras que en los sensores basados en MCFIA hay que hablar de tiempo de insercion de

muestra (conocido el tiempo de insercion y el caudal se puede calcular el volumen insertado).
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5. Los analitos y su determinacion

Los analitos seleccionados en la realizacion de esta Memoria de Tesis Doctoral, para los
que se han desarrollado optosensores en flujo, son especies de interés en el campo agroalimentario,
clinico y farmacologico. A continuacion se realizara una breve introduccion de cada uno de ellos,

asi como de las técnicas de analisis descritas previamente en bibliografia para su determinacion.

5.1. Principios activos
5.1.1. Cromolin

El cromoglicato disédico (SCG), conocido también como cromolin (Figura 1.13), es un
potente anti-alérgico que puede ser inhalado o bien aplicado a nivel local. Esta practicamente libre de
efectos secundarios y es altamente soluble en agua. Es eficaz para tratar el asma y la rinitis alérgica'®.
Después de su administracion oral solo una porcion muy pequefia (aproximadamente 1-3%) es
absorbida por el tracto gastrointestinal. Sin embargo después de la inhalacion, el farmaco es bien
absorbido por el epitelio respiratorio en el sistema circulatorio. En ambos casos la mayor parte es
eliminada de manera inalterada y en proporciones aproximadamente iguales en la orina y la bilis. Por
lo tanto la determinacién de la droga en la excrecion urinaria es un indicador de la dosis absorbida por

el cuerpo.

NaOOC (0] (0] COONa

OH
O— CH,CHCH, —O

Figura 1.13. Estructura del cromolin

Para su determinacion se han establecido métodos tales como la cromatografia en capa fina
con deteccion densiométrica'®, radioinmunoensayo'® o voltamperometria de redisolucion

catédica'®, aunque los métodos més recientes desarrollados para su determinacién se basan en

106 75, Lin, R. Abbas, L.M. Rusch, L. Shum, Journal of Chromatography B: Analytical Technologies in the Biomedical and Life
Sciences 788 (2003) 159-166.

w7y, Kocic-Pesic, D. Radulovic, D. Pecanac, L. Zivanovic, Farmaco 47 (1992) 1563-1567.
108 1. Brown, J.J. Gardner, W.J.S. Lockley, Annals of Clinical Biochemistry 20 (1983) 31-36.
109 £ . Pereira, A.G. Fogg, M.V.B. Zanoni, Talanta 60 (2003) 1023-1032.
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HPLC®M%M  Sin  embargo, existe una clara y completa ausencia de metodologias
espectroscopicas para la determinacion de SCG, no solo en fluidos bioldgicos, sino también en

farmacos, como alternativa a los métodos cromatograficos.
5.1.2. Cefadroxilo

El cefadroxilo monohidrato (CFD) es un antibidtico semisintético de la familia de
las cefalosporinas (Figura 1.14). Presenta un eficaz efecto contra las infecciones bacterianas gram-
positivas y gram-negativas. Concretamente es usado para el tratamiento de infecciones graves
causadas por cepas susceptibles de microorganismos en las siguientes enfermedades: infecciones
respiratorias de las vias bajas, infecciones genitourinarias (especies de E.coli, P.mirabilis y
Klebsiella), infecciones ginecoldgicas, infecciones de la piel (Estafilococos y/o Estreptococos),
faringitis y/o amigdalitis (Estreptococos pyogenes y Estreptococos del grupo A beta-hemolitico) e
infecciones del sistema nervioso central*?. Este farmaco es una buena alternativa para el

tratamiento de infecciones que son resistentes a los derivados de la penicilina.
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Figura 1.14. Estructura del cefadroxilo

Se han descrito diferentes metodologias analiticas para la determinacién de CFD en

farmacos y fluidos bioldgicos. La mayoria de los métodos desarrollados hasta la fecha se basan en

113,114,115

la espectrofotometria UV-visible , fluorimetria''®*’ y 8119120121

, aungue se han

propuesto también otros que hacen uso de HPLC'?'® con deteccién espectrofotométrica, e

Mg A, Aswania, S.A. Corlett, H. Chrystyn, Journal of Chromatography B: Biomedical Applications 690 (1997) 373-378.

Moy Ozoux, J. Girault, J.M. Malgouyat, O. Pasquier, Journal of Chromatography B: Biomedical Sciences and Applications 765
(2001) 179-185.

12 5 Makehit, S. Upalee, C. Thongpoon, B. Liawruangrath, S. Liawruangrath, Analytical Sciences 22 (2006) 591-597.

13 5 A. Saleh, H.F. Askal, M.F. Radwan, M.A. Omar, Talanta 54 (2001) 1205-1215.

14 A F.M. EIl Walily, A.A K. Gazy, S.F. Belal, E.F. Khamis, Spectroscopy Letters 33 (2000) 931-948.

1% 5 Hesham, Analytica Chimica Acta 515 (2004) 333-341.

18 AF. EI Walily, A. Abdel-Kader Gazy, S.F. Belal, E.F. Khamis, Journal of Pharmaceutical and Biomedical Analysis 20 (1999) 643-
653.

1w, Hefnawy, Y. El Shabrawy, F. Belal, Journal of Pharmaceutical and Biomedical Analysis 21 (1999) 703-707.

M8 L AL Aly, N.A. Alarfaffj, A.A. Alwarthan, Talanta 47 (1998) 471-478.

Wga Ozkan, N. Erk, B. Uslu, N. Yilmaz, I. Biryol, Journal of Pharmaceutical and Biomedical Analysis 23 (2000) 263-273.

120 v "sun, Y. Tang, H. Yao, X. Zheng, Talanta 64 (2004) 156-150.

2e Thongpoon, B. Liawruangrath, S. Liawruangrath, R.A. Wheatley, A. Townshend, Analytica Chimica Acta 553 (2005) 123-133.
122 p El Gindy, A.F.M. El Walily, M.F. Bedair, Journal of Pharmaceutical and Biomedical Analysis 23 (2000) 341-352.

128 vk, Samanidou, A.S. loannou, I.N. Papadoyannis, Journal of Chromatography B: Analytical Technologies in the Biomedical and
Life Sciences 809 (2004) 175-182.
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incluso un método voltamperométrico™®. La mayoria de estas metodologias hacen uso de reactivos

adicionales para aumentar la sensibilidad de la determinacion.
5.1.3. Indometacina

La indometacina (INM) (Figura 1.15) es un medicamento tradicional del tipo
antiinflamatorio no esteroideo perteneciente a la familia de derivados del acido indolacético. Con
propiedades analgésicas y antipiréticas se usa principalmente en el tratamiento de las enfermedades
reumaticas, aunque otros usos son el alivio del dolor agudo de articulaciones y columna vertebral y
el tratamiento de enfermedades degenerativas de las articulaciones y ligamentos, como la artritis

reumatoide y la osteoartritis™?*.

/ CHj;

OH
HO

Figura 1.15. Estructura de la Indometacina

Se han desarrollado numerosos métodos para la determinacion de INM en diferentes

matrices farmacoldgicas o de interés biomedicinal. Los métodos espectroscépicos creados para tal

fin hacen uso de los siguientes tipos de deteccion: espectrofotometria UV-visible!?®*%

fluorimetria'®’?® y CL'®. Ademés también se ha empleado la cromatografia de gases (GC)*®,

HPLC3132133134 y alectroforesis capilar de zona (ZCE)™***. Por Gltimo, se han propuesto técnicas

124 Czech drug database, AISLP-Automated information system of pharmaceuticals preparations (2009), http:/www.aislp.cz/en.
125\ stolarczyk, J. Krzek, W. Rzeszutko, Journal of AOAC International 87 (2004) 592-595.

126 Aman, F. Naureen, A.A. Kazi, I.U. Khan, M.A. Kashmiri, Analytical Letters 35 (2002) 1007-1020.

1216 ¢ A.G. Pinto, M.L.M.F. Saraiva, J.L.M. Santos, J.L.F.C. Lima, Analytica Chimica Acta 539 (2005) 173-179.

128 csp. Sastry, D.S. Mangala, K. Ekambareswara Rao, Analyst 111 (1986) 323-325.

129 Mervartova, M. Polések, J.M. Calatayud, Analytica Chimica Acta 600 (2007) 114-121.

180 g Nishioka, T. Harimoto, I. Umeda, S. Yamamoto, N. Oi, Journal of Chromatography - Biomedical Applications 526 (1990) 210-
214.

131 M.A. Al Za“abi, G.H. Dehghanzadeh, R.L.G. Norris, B.G. Charles, Journal of Chromatography B 830 (2006) 364-367.

182 g Grippa, L. Santini, G. Castellano, M.T. Gatto, M.G. Leone, L. Saso, Journal of Chromatography B: Biomedical Sciences and
Applications 738 (2000) 17-25.

18, Loffler, T.A. Ternes, Journal of Chromatography A 1021 (2003) 133-144.

134 \W.F. Bayne, T. East, D. Dye, Journal of Pharmaceutical Sciences 70 (1981) 458-459.

135y L. Chen, S.M. Wu, Analytical and Bioanalytical Chemistry 381 (2005) 907-912.

136 1. Makino, T. Yano, T. Maiguma, D. Teshima, T. Sendo, Y. Itoh, R. Qishi, Therapeutic Drug Monitoring 25 (2003) 574-580.
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137,138

electroanaliticas como la voltamperometria de redisolucién adsortiva y la potenciometria™®

para su determinacion.

5.2. Compuestos de interés en alimentos y bebidas
5.2.1. Constituyentes naturales
5.2.1.1. Resveratrol

Numerosos estudios resaltan los beneficios que aporta una dieta rica en frutas y vegetales,
siendo este efecto atribuido a su contenido en polifenoles, que constituyen una familia de
compuestos cuyas propiedades antioxidantes estan ampliamente documentadas'*®***. En la Gltima
década muchos han sido los investigadores que han volcado su atencién, mas concretamente, en el
resveratrol (3,5,4 -trihidroxiestilbeno) (RVT) (Figura 1.16), un compuesto perteneciente a este
grupo y que posee una amplia e interesante actividad biologica: propiedades antioxidantes,
anticarcinogénicas, antimutagénicas, antihistaminicas, cardioprotectoras, neuroprotectoras y

142,143,144,145,146

antiinflamatorias Sus propiedades beneficiosas estan asociadas incluso con la

reduccion de la diabetes y la enfermedad del Alzheimer'#2147:148149.150
El RVT es un compuesto polifendlico perteneciente a la familia de los estilbenoides que
puede actuar como una fitoalexina. Las fitoalexinas son compuestos antimicrobianos que se

acumulan de manera natural en algunas plantas en altas concentraciones, como respuesta a

137 ¢. Reguera, M. Julia Arcos, M. Cruz Ortiz, Talanta 46 (1998) 1493-1505.

138 G.B. El Hefnawy, |.S. El Hallag, E.M. Ghoneim, M.M. Ghoneim, Analytical and Bioanalytical Chemistry 376 (2003) 220-225.
g Aubeck, C. Brauchle, N. Hampp, Analyst 116 (1991) 811-814.

140 3. Marnett, Carcinogenesis 21 (2000) 361-370.

141 £ Menat, Phytotherapie 4 (2006) HS40-HS45.

192 AAE. Bertelli, L. Giovannini, D. Giannessi, M. Migliori, W. Bernini, M. Fregoni, A. Bertelli, International Journal of Tissue
Reactions 17 (1995) 1-3.

143 E N. Frankel, A.L. Waterhouse, J.E. Kinsella, Lancet 341 (1993) 1103-1104.

144, Nakagawa, Y. Kiyozuka, Y. Uemura, H. Senzaki, N. Shikata, K. Hioki, A. Tsubura, Journal of Cancer Research and Clinical
Oncology, Supplement 127 (2001) 258-264.

1451 Frémont, Life Sciences 66 (2000) 663-673.

146 M.E. Ferrero, M. Corsi, L. Giovannini, C. Bonfrate, R. De Caterina, J.P. Tillement, A.A.E. Bertelli, A. Bertelli, International Journal
of Tissue Reactions 19 (1997) 121-124.

147 H.J. Um, J.H. Bae, J.W. Park, H. Suh, N.Y. Jeong, Y.H. Yoo, T.K. Kwon, International Journal of Oncology 36 (2010) 1007-1013.
g, Karuppagounder, J.T. Pinto, H. Xu, H.L. Chen, M.F. Beal, G.E. Gibson, Neurochemistry International 54 (2009) 111-118.

W4 Ates, S.R. Cayli, N. Yucel, E. Altinoz, A. Kocak, M.A. Durak, Y. Turkoz, S. Yologlu, Journal of Clinical Neuroscience 14 (2007)
256-260.

Bogp, Lee, H.J. Park, J.L. Kang, H.S. Kim, Y.H. Chong, Journal of Neurochemistry 112 (2010) 1477-1488.
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infecciones bacterianas o fungicas y que ayudan a limitar la dispersion del patégeno™.

Concretamente esta fitoalexina puede aparecer en dos formas isémeras, cis y trans'>

. Aunque
ambas aparecen de manera natural, la mayoria de los beneficios saludables antes mencionados son
atribuidos a la forma trans. Entre las distintas fuentes en las que el RVT estd presente podemos

154155 v frutos secos como los cacahuetes™® y los

destacar las uvas™, y por consiguiente el vino
pistachos™’. Otra interesante fuente de RVT es el ldpulo, utilizado por los cerveceros para

proporcionar a la cerveza su sabor amargo caracteristico asi como una proteccién microbiana®*®,

OH HO
hv A
—
HO \

OH OH

Figura 1.16. Estructura del trans-resveratrol y cis-resveratrol

Dado el gran impacto generado por este compuesto en los Gltimos afios, el desarrollo de
nuevas metodologias para su determinacion esta siendo objetivo de muchas investigaciones. Para la
determinacion de RVT en muestras liquidas como el vino o el plasma se han empleado diferentes
técnicas como la ZCE™® GC™, GC-MS*? y HPLC-MS*@ o HPLC con otras técnicas de

deteccién tales como diodo-array™®, electroquimica™®, CL*® y fluorescencia'®’**®*®. En cuanto a

Blg, Pezet, V. Pont, P. Cuenat, Journal of Chromatography A 663 (1994) 191-197.

152 5 M. Goldberg, E. Ng, A. Karumanchiri, J. Yan, E.P. Diamandis, G.J. Soleas, Journal of Chromatography A 708 (1995) 89-98.
138 | angcake, R.J. Pryce, Phytochemistry 16 (1977) 1193-1196.

Bipm. Lamuela-Raventés, A.L. Waterhouse, Journal of Agricultural and Food Chemistry 41 (1993) 521-523.

135 B Halliwell, G.P. Walsh, The Lancet 341 (1993) 1538.

1%y s, Sobolev, R.J. Cole, Journal of Agricultural and Food Chemistry 47 (1999) 1435-1439.

157 &, Tokusoglu, M.K. Unal, F. Yemis, Journal of Agricultural and Food Chemistry 53 (2005) 5003-5009.

18 p, Callemien, V. Jerkovic, R. Rozenberg, S. Collin, Journal of Agricultural and Food Chemistry 53 (2005) 424-429.

1%\ Spanild, J. Pazourek, M. Farkova, J. Havel, Journal of Chromatography A 1084 (2005) 180-185.

160 . Gu, Q. Chu, M. O'Dwyer, M. Zeece, Journal of Chromatography A 881 (2000) 471-481.

181 A, Antonelli, C. Fabbri, G. Lercker, Chromatographia 42 (1996) 469-472.

162 p Vifas, N. Campillo, N. Martinez-Castillo, M. Herndndez-Cérdoba, Journal of Chromatography A 1216 (2009) 1279-1284.
183 Vlase, B. Kiss, S.E. Leucuta, S. Gocan, Journal of Liquid Chromatography and Related Technologies 32 (2009) 2105-2121.
164 M.E. Juan, R.M. Lamuela-Raventés, M.C. Torre-Boronat, J.M. Planas, Analytical Chemistry 71 (1999) 747-750.

185 k p. McMurtrey, J. Minn, K. Pobanz, T.P. Schultz, Journal of Agricultural and Food Chemistry 42 (1994) 2077-2080.
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métodos espectroscopicos, solo se ha desarrollado hasta la fecha un método que hace uso del PIF

(22 derivada) para analisis de RVT en vinos'”.

Para la determinacion de RVT en cerveza, hasta la fecha solamente se han desarrollado dos
métodos cromatogréaficos, sin embargo las concentraciones encontradas en muestras reales se
encuentran por debajo de los limites de cuantificacion de los métodos propuestos*™*. Por lo tanto, su

determinacion plantea como reto el desarrollo de nuevos métodos analiticos mas sensibles.
5.2.1.2. Piceido

El Piceido (3,5,4 -trihidroxiestilbeno-3-B-D-gluocoside) (PCD) es la forma glucosilada del
RVT y posee propiedades biomedicinales similares a las mencionadas anteriormente para el
mismo*>". Este polifenol aparece de manera natural en una serie de familias de plantas y puede
hacerlo también en sus dos formas isémeras cis y trans (Figura 1.17), siendo la forma trans la que
predomina. Se ha demostrado que los isdmeros del PCD también presentan actividad inhibiendo la
sintesis de eicosanoides'™ y reduciendo los altos niveles de lipidos'”. El trans-PCD inhibe también

176

la oxidacion de la lipoproteina de baja densidad (LDL)®y la agregacion plaquetaria®’’, y actia

ademas como inhibidor tumoral y de metastasis®’.
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Figura 1.17. Estructua del trans-piceido y cis-piceido
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181 158

El PCD ha sido determinado en vinos'’, arandanos'®®, cacahuetes'™, Itpulo™® y en una
hierba tradicional medicinal llamada Polygonum cuspidatum'®?>, Como ya se ha mencionado
anteriormente, el RVT y su glucésido PCD estan presentes en la dieta, siendo las uvas y sus

derivados una de sus fuentes principales'®

. Concretamente se encuentran en la semilla y la piel de
la uva, de ahi que estén presentes en el mosto y en el vino. Sus concentraciones varian desde pocos
ng L™ a varios mg L™. La uva de manera natural genera los isomeros “trans” de RVT y PCD, sin
embargo durante el proceso de produccion del vino éstos se isomerizan parcialmente a la forma
“cis”. Por lo tanto, en el vino podemos encontrar los dos isomeros de ambos compuestos. Las
concentraciones de trans-RVT y trans-PCD en vino blanco son menores que las que aparecen en el
vino tinto, ya que normalmente durante el proceso de produccién del vino tinto la piel de las uvas
es macerada junto con el mosto. La fluorescencia ha sido propuesta para la determinacion de PCD
en vinos, existiendo hasta la fecha tres métodos basados en PIF y fluorescencia sincrénica a
temperatura ambiente'’**#18_ Ademés, recientemente, se ha detectado la presencia de trans-PCD

en chocolate y extractos de cacao™®**

, el cudl proviene de las semillas de Theobroma cacao L.
(Sterculiaceae), una especie bien conocida por su alto contenido en polifenoles*®. Hasta la fecha,
para el andlisis de trans-PCD en productos que contienen cacao, solamente se ha propuesto un

método HPLC-MS™ y otro método HPLC con deteccion con diodo-array*®’.

Por otro lado, solamente existen en la literatura métodos cromatograficos para la
determinacion simultanea de ambos estilbenos. Estos se basan usualmente en la medida del
isdbmero trans de ambos compuestos, aungue hay algunos métodos en los que también se determina
el isdbmero cis. Existe un problema en este Gltimo caso y es que el isdmero cis no esta

comercialmente disponible. Esto conlleva el tener que obtenerlo a partir del isémero trans bien por
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exposicion a la luz del sol o a radiacién ultravioleta™, lo que implica un estricto control de las

condiciones experimentales'®.
5.2.2. Contaminantes
5.2.2.1. Aflatoxina B,

Las aflatoxinas son micotoxinas producidas por especies del género de hongos Aspergillus,
los mas notables Aspergillus flavus, Aspergillus niger y Aspergillus parasiticus*®*. Pero también
pueden ser producidas por hongos del género Penicillium, como P. verrucosum. Son los principales
metabolitos secundarios de dichas especies y son muy tdxicas. Este tipo de hongo aparece en los
alimentos cuando las condiciones de humedad y temperatura son favorables. Poseen efectos
perjudiciales para la salud como son la actividad mutagénica, carcinogénica, teratogénica y el
efecto hepatotéxico'®. La aflatoxina mas toxica es la aflatoxina B; (AFB,) (Figura 1.18),
clasificada por la Agencia Internacional de Investigacion sobre el Cancer (IARC) como Grupo | de
carcinégeno humano®®, estando la Dosis Letal Media (LDs;) comprendida entre valores de 0.3 a
0.9 mg kg™ de peso corporal. El contenido en alimentos de esta micotoxina esta regulado por la
Legislacion Europea*®, siendo el maximo permitido para el consumo directo humano 2 ng g™. La
aparicion de aflatoxinas en alimentos puede producirse tanto por una contaminacién directa a
través de los productos de granos y cereales (antes de la cosecha o durante el almacenaje) o por el
“arrastre” de estos compuestos y sus metabolitos en los tejidos animales, leche y carne después de
la ingesta de alimentos contaminados. La AFB; aparece normalmente en el grano (maiz, trigo,
avena), asi como en el cacahuete, la semilla de algodon, la nuez, la almendra, el higo, frutas y

especias'®.
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Figura 1.18. Estructura de la Aflatoxina B1

Para la determinacion de la AFB; se precisa de métodos fiables y sensibles, dada la
complejidad de las matrices en las que aparece y su baja concentracién. Con este objetivo se han
desarrollado métodos tales como electroforesis capilar (CE)'*, TLC*', HPLC*® y ensayo de
inmunoabsorcion con enzimas ligadas (ELISA)™.

Aungue la AFB; presenta fluorescencia nativa, su determinacion por fluorimetria es dificil
debido a la complejidad de las matrices en las que se encuentra y a la existencia en las mismas de
una gran variedad de componentes naturales fluorescentes. Es por ello que se han utilizado
diferentes estrategias para evitar este inconveniente e incrementar la fluorescencia exhibida, tales

como el uso de B-ciclodextrinas o la modificacién de su molécula con cloro o bromo®®?%!, Hasta la

fecha, no se ha descrito ningin sensor éptico para el analisis de esta micotoxina.
5.2.2.2. Bisfenol A

El Bisfenol A (2,2-bis(4-hidroxifenil)propano), conocido como BPA (Figura 1.19), es un
polifenol que se utiliza ampliamente en la industria como producto intermedio en la produccion de
plasticos de policarbonato (PC) y resinas epoxi, y también es usado como antioxidante en los
plasticos de PVC?*?3, Las resinas epoxi se usan como revestimiento de la superficie interior de los
contenedores de alimentos y bebidas, y de las latas, con el fin de proteger los alimentos del
contacto directo con los metales. Por otro lado, los PC se utilizan en los envases para alimentos,

tales como botellas de agua y biberones. Por lo tanto el BPA, inevitablemente, puede migrar de
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200\, Mably, M. Mankotia, P. Cavlovic, J. Tam, L. Wong, P. Pantazopoulos, P. Calway, P.M. Scott, Food Additives and Contaminants
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202 European Directive 2002/72/EC, Amendment 2004/19/EC.
203 gcjentific Committee on Food, Opinion of the Scientific Committee on Food on Bisphenol A, SCF/CS/PM/3936, Brussel, 2002.
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estos envases Yy latas hasta los alimentos y bebidas que contienen en su interior. De hecho, se han
detectado residuos de BPA en vino, agua mineral, leche y diferentes comestibles. La exposicion a
dosis mucho menores que el limite de 5 pg Kg™ de peso corporal al dia puede suponer ciertos
riesgos para la salud®®. EI BPA interfiere potencialmente con el sistema endocrino tanto de la vida
silvestre como de la humana, aumenta la tasa de cancer, reduce la funcion inmunoldgica y pone en
peligro la reproduccion®®. Su accién estrogénica ha sido demostrada en experimentos tanto in vitro

como in vivo®®,

CHs
HO OH
CHs

Figura 1.19. Estructura del Bisfenol A

Dado que el BPA aparece normalmente a nivel de trazas es com(n realizar una etapa previa
de preconcentracion y/o limpieza (antes de llevar a cabo su analisis). Se han propuesto varias
técnicas para ello tales como cromatografia capilar electrocinética micelar (MECC), extraccién en
fase sélida con polimeros generados por impresion molecular (MISPE), dispersion de matriz en
fase solida (MSPD)?°"-2082%9 y, SpE210,

Las técnicas GC?#? y HPLC?3%* ambas acopladas con MS, han sido hasta la fecha las
més utilizadas para la determinacién del BPA. También se han propuesto métodos luminiscentes®™

216 5 electroanaliticos®’. En el caso concreto de la determinacion de BPA en leche, hasta la fecha
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solo se han propuesto métodos cromatograficos, no habiendo sido explotada la medida de su

fluorescencia nativa.



CAPITULO I
Discusion conjunta de resultados







I1. Discusion conjunta de resultados | 69

Discusion conjunta de resultados

En este capitulo se va a describir de forma conjunta y resumida la puesta a punto y
aplicaciones de los optosensores desarrollados en esta Memoria. El trabajo experimental a seguir en
todos los casos tiene una base comun en el orden de ejecucién de los estudios necesarios, en cuanto
a las variables y otros parametros a optimizar en los sistemas propuestos. Se seguira una discusion
que describa los reactivos e instrumentacion empleados, la optimizacion de las variables de la
unidad de retencién/deteccion, la configuracion de los sistemas de flujo y los procedimientos, la
optimizacion de las variables quimicas y variables del sistema de flujo, los parametros analiticos

mas relevantes, el estudio de posibles especies interferentes y las aplicaciones analiticas.

Para la descripcién completa de la optimizacion de las variables de la unidad de
retencion/deteccion, configuracién del sistema y variables quimicas y del sistema de flujo que
afectan a los sistemas propuestos, se han seleccionado cuatro de los ocho optosensores
desarrollados (SCG, CFD, RVT/PCD y BPA), que abarcan tanto las distintas metodologias de flujo
como las diferentes técnicas de deteccion empleadas en esta Memoria, de forma que su descripcion
permita una visién completa del trabajo desarrollado. Las variables optimizadas para los otros
cuatro optosensores (RVT, PCD, INM y AFB;) se presentan de forma resumida en tablas que

recogen los resultados obtenidos para todos los optosensores.
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1. Reactivos e Instrumentacién
1.1. Reactivos

Para todos los experimentos realizados se usaron reactivos de calidad “para analisis”,
disolventes puros y agua desionizada. Las disoluciones estandar de los analitos fueron preparadas
disolviendo una cantidad apropiada en metanol, etanol o agua desionizada segun las caracteristicas
concretas de cada analito. De igual forma, siempre se emplearon precisiones de 0.1 mg en la pesada
y material de vidrio volumétrico para la preparacién de todas las disoluciones, siendo éstas
almacenadas finalmente a 4° C. En los casos en los que fue necesario, las disoluciones se

protegieron de la luz con papel de aluminio.

En aquellos sistemas desarrollados mediante el uso de PIF, las disoluciones estandar de
los analitos, una vez preparadas, se protegieron de la luz con papel de aluminio para evitar

cualquier tipo de fotodegradacion debido a la luz natural.

1.2. Instrumentacion

La instrumentacion y aparatos utilizados en los sistemas propuestos son los que
habitualmente se requieren para el desarrollo de métodos de analisis basados en sistemas de flujo
continuo SIA y MCFIA y que ya han sido mencionados en capitulos anteriores. Se describen a

continuacion.
1.2.1. Sistema de propulsion
* MCFIA

En todos los métodos desarrollados con sistemas de valvulas solenoides se empled una
bomba peristaltica de cuatro canales “Gilson Minipuls 3” (Villiers Le Bel (Francia)), que consta de
un tambor y una serie de rodillos que comprimen unos tubos flexibles a través de los cuales circula
el flujo del sistema (Figura I1.1.). Esta bomba tiene control de velocidad para seleccionar el flujo

de los canales y proporciona un flujo libre de pulsos.
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Figura I1.1. Bomba peristaltica Gilson Minipuls-3

=SIA

Para los métodos SIA desarrollados se us6 una bomba Cavro XP 3000 (Cavro Scientific
Instrument, Sunnyvale, California, USA) compuesta por un pistén y una jeringa con una capacidad
de 5 mL. Por medio del pistén se aspiraban o impulsaban las disoluciones requeridas, mientras que
los procesos se controlaban por ordenador mediante el software Sagittarius version 3.0.25 (bajo
sistema Windows), desarrollado en la Universidad Técnica de Viena.

1.2.2. Sistema de insercion de muestra y seleccién/manipulacion de reactivos

= MCFIA

En el caso de los sistemas basados en multiconmutacion, la insercion de muestra y
manipulacion de reactivos se llevo a cabo mediante el empleo de valvulas solenoide de tres vias
NResearch 161T031 Standard 3w (Neptuno Research, MA, USA) que estaban conectadas de forma
apropiada para llevar a cabo las distintas etapas establecidas en el método (insercion de muestra,

elucion de la especie de interés, re-acondicionamiento de la zona sensora, etc).
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Figura 11.2. Valvulas solenoides de tres vias

Estas valvulas de tres vias (Figura 11.2) tienen dos posiciones: “ON” y “OFF”. Segln las
disoluciones se aspiren o impulsen, las valvulas presentaran dos entradas y una salida o una entrada
y dos salidas, respectivamente. El esquema del funcionamiento de las valvulas usado en el
desarrollo de todos los sistemas aqui descritos puede observarse en la Figura 1.8. Las valvulas se
controlan mediante un software a través de una interfase RS232 via puerto paralelo. Dicha interfase
permite el control de hasta 8 valvulas, merced a un circuito integrado ULM 2803. La corriente de
alimentacion de cada valvula (100 mA) es proporcionada por una pequefia fuente de alimentacion
de corriente continua de 12 V' 'y 1 A. El ciclo de apertura y cierre de las valvulas solenoide que se
emplean en cada sistema es programado a través de un software (Figura 11.3) elaborado por nuestro

grupo de investigacion.
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&

Nueva programacion

Abrirvélvula 3 3] alos | 17013 segundos y mantenerlaabieta | 20(3] segundos

-~

Programaciones
Apertura Valvula Duracién
00 1 200
00 2 200
170.0 1 100
170.0 2 10.0
170.0 3 200
Transcurso del tiempo...
Tiempo transcurrido Tiempo restante
Comenzar

Copyright 2004 Javier Molina Magaria. Todos los derechos reservados

Figura 11.3. Interfaz de usuario del software empleado para la programacion de valvulas solenoide

=SIA

En el caso de los sistemas SIA desarrollados, se uso una valvula multiposicion de 10 vias
(Valco Instruments Co. Inc., Houston, Texas, USA). En la Figura Il1.4 puede observarse una

fotografia de dicha valvula junto con la bomba de pistén Cavro XP 3000.

Figura 11.4. Sistema SIA: valvula multiposicidn y bomba de piston
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1.2.3. Sistema de transporte

En todas las configuraciones se usaron tubos de teflon de 0.8 mm de didmetro interno como
sistema de transporte. Las uniones se realizaron con conectores tipo Omnifit. Los tubos de bomba
de silicona utilizados son de dos tipos, dependiendo del tipo de disolucién portadora empleada. En
los casos en los que los portadores eran disoluciones acuosas, se utilizaron tubos Kendall de
diametro interno 0.051 pulgadas. Sin embargo, cuando se emplearon disolventes organicos como
portador se utilizaron tubos de teflon Elkay con el mismo didmetro interno. Como puntos de
confluencia entre las distintas disoluciones se usaron conexiones de metacrilato elaboradas

manualmente.
1.2.4. Sistema de reaccion

Al igual que en el sistema de transporte, los reactores utilizados cuando han sido necesarios
eran tubos de teflén de 0.8 mm de diametro, encontrandose en este caso enrollados en forma

helicoidal.

En los optosensores basados en PIF se necesita un fotorreactor para la generacion de los
fotoproductos a partir de los analitos. Este fue construido en nuestro laboratorio y consistia en una
caja fabricada de aluminio que albergaba en su interior una lampara germicida de mercurio a baja
presion (15 W). Enrollado alrededor de dicha lampara en forma helicoidal, se encontraba el reactor,
consistente en un tubo de teflén cuya longitud era diferente en cada caso (Figura 11.5). Este se
cubria con papel de aluminio y la caja se cerraba completamente. De esta forma se conseguia una
reflexion méaxima de la luz y la disipacién del calor, evitando asi el uso de sistemas de

enfriamiento.

Fig. 11.5. Fotorreactor preparado para su implementacion en sistemas en flujo
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1.2.5. Sistema para separacion de analitos: minicolumna

En el sensor bipardmetro desarrollado para la determinacion de RVT y PCD se usé una
minicolumna, empaquetada con un soporte sélido, para la separacion on-line de los fotoproductos
generados a partir de los analitos. La columna era de vidrio, con 6 mm de didmetro interno y 6 cm
de longitud (Figura 11.6). Para evitar el desplazamiento del soporte sélido se colocé lana de vidrio

en uno de sus extremos.

Minicolumna de vidrio

\

Flujo Flujo
— U U ]‘ )\—>. |
Lana de vidrio

Soporte sdlido

Figura I1.6. Esquema de una minicolumna de vidrio para la separacién on-line de mezclas de analitos

1.2.6. Sistema de deteccién

Aunque en todos los sensores desarrollados en esta Memoria se ha utilizado deteccién

luminiscente hay que distinguir, en funcién del tipo, entre instrumentos diferentes:

v' Para deteccion LSL y deteccion fluorescente (fluorescencia nativa y PIF), se empled un
espectrofluorimetro “Varian Cary Eclipse” (Mulgrave, Australia) con lampara de descarga de
Xenon de 75 kW, monocromadores Czerny-Turner y tubo fotomultiplicador R-928 (Figura 11.7).
El equipo esta controlado mediante software “Cary Eclipse” para sistemas Windows 95/98/NT. El
espectrofluorimetro se caracteriza por poseer una velocidad de barrido espectral muy elevada (hasta
24000 nm min™), lo que permite llevar a cabo medidas de fluorescencia con gran rapidez e incluso
monitorizar hasta 5 pares de longitudes de onda de excitacion/emision de forma “cuasi” simultanea

en el modo “multi-A”.
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Figura 11.7. Espectrofluorimetro “Varian Cary Eclipse” e interfaz de usuario del software correspondiente

Con el uso de este equipo la cubeta empleada fue una célula de flujo “Hellma 176.052-QS”
para fluorimetria, de 25 pL de volumen interno y con un paso éptico de 1.5 mm, colocada dentro
del compartimento de deteccion. La célula es un prisma rectangular de base cuadrada para
posibilitar la emision en un &ngulo de 90° respecto a la radiacion de excitacion incidente (Figura
11.8).
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entrada salida

Tipo de deteccion | - Fluorescencia

| lanade -LSL
vidrio _PIE
Célula Hellma 176.052 QS
Paso 6ptico 1.5mm

Emision
Volumen interno 25 uL

Figura 11.8. Célula empleada para deteccidn de fluorescencia

v" En el caso de detecciéon quimioluminiscente, se emple6 un lumindmetro desarrollado
en nuestro laboratorio. El mddulo fotosensor, H8249-101, se obtuvo de Hamamatsu
(sales.hamamatsu.com) y consistia en un tubo fotomultiplicador de 28 mm de didmetro, un circuito
de alimentacién de alto voltaje y un amplificador de bajo ruido con una respuesta espectral entre
185 y 900 nm. Los datos se registraron utilizando el software VI Data Logging (Nacional
Software). En este caso se emple6 una célula de flujo Hellma 138-QS (Figura 11.9) adherida al
maodulo fotosensor de 50 puL de volumen interno y con un paso optico de 1.0 mm. Tanto el médulo
fotosensor como la célula de flujo se econtraban encerrados en el interior de una caja opaca a la luz
y envuelta con tela negra construida de manera casera en nuestro propio laboratorio. La célula
estaba colocada delante de la ventana del médulo fotosensor, con un area efectiva de 4 x 20 mm.
Un pequefio espejo era colocado en la parte posterior de la célula con el fin de recoger toda la luz

emitida.

entrada
Tipo de deteccién CL

' ,

! Célula Hellma 138 QS
25mm i ) -

i | y Salida Paso Optico 1.0mm

(S t’}gz:e Volumen interno 50 L
Haz deluz

Figura 11.9. Célula empleada para deteccion quimioluminiscente
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2. Optimizacion de las variables de la unidad de retencion/deteccion
2.1. Eleccidn del soporte solido

Primeramente, se realizd una serie de estudios preliminares ensayando diferentes soportes
solidos, de acuerdo a la naturaleza de la especie a determinar, y se escogieron los que originaban
una mayor sefial analitica en cada caso. En los optosensores basados en PIF, en algunos casos se
desconocia la naturaleza del fotoproducto o fotoproductos generados y, por tanto, lo apropiado era
ensayar soportes solidos de diferente naturaleza. En el resto de optosensores, en los que si se
conocia la naturaleza y carga del analito (en su caso), era posible a priori prever el tipo de soporte a
ensayar. A continuacion se discutird la optimizacion para el caso de los cuatro optosensores

seleccionados.
= Cromolin

Este analito se determind mediante LSL con Tb (I11). En esta técnica la energia transferida
entre el analito (ligando) y el io6n lantanido viene determinada por la naturaleza de ambos, del
enlace ligando-i6n y del disolvente. La diferencia energética entre el nivel excitado y el nivel
fundamental del ion lantanido y la rigidez de la estructura molecular contribuyen a un aumento de
la intensidad de luminiscencia del sistema. Por lo tanto, era fundamental una buena eleccion del
soporte sélido utilizado para la retencion del complejo Th(l11)-SCG con el fin de proporcionar la
rigidez necesaria al sistema, evitando asi el uso de surfactantes. Se ensayaron tres soportes solidos
de intercambio catiénico (Sephadex SPC-25, Sephadex CM C-25 and Chelex-100), uno de
intercambio anionico (Sephadex QAE A-25) y uno de naturaleza no ionica (gel de silice Cyg) y sélo
se obtuvo sefial en el caso de los de intercambio cati6nico, siendo la mayor sefial la obtenida

usando Chelex-100. Por consiguiente, este Gltimo soporte fue elegido como zona sensora.
= Cefadroxilo

En este caso la determinacién del CFD estaba basada en la medida de CL generada tras su
reaccion con permanganato en medio acido. A fin de reducir el consumo de reactivos, la reaccién
entre CFD y permanganato para la generacion de CL tenia lugar sobre un soporte solido colocado
en la célula de flujo y por ello era necesaria la retencién de ambos compuestos sobre el mismo. El
estudio del soporte sélido se llevo a cabo haciendo uso de una disolucion 0.4 M de acido sulfurico
como disolucién portadora, ya que era necesario un medio &cido para obtener la reaccion
guimioluminiscente. Se probaron diferentes soportes solidos introduciendo las disoluciones de
CFD y permanganato en diferente orden en el sistema. Las resinas de intercambio catiénico

(Sephadex SP C-25) y de naturaleza no ionica (gel de silice Cig) no proporcionaron sefial
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independientemente del orden de insercion de las disoluciones. Como era de esperar, en el caso de
los soportes de intercambio anionico (Sephadex QAE A-25 y DEAE A-25) se obtuvieron buenas
sefiales analiticas aunque s6lo cuando el permanganato se introducia en el sistema en primer lugar.
Esto puede explicarse teniendo en cuenta la carga del ién permanganato que hace que éste sea
fuertemente retenido sobre intercambiadores anionicos, mientras que el CFD es retenido
débilmente. De los dos soportes sdlidos de intercambio anidnico probados el que mayor
sensibilidad proporcion6d fue Sephadex QAE A-25 respecto al de Sephadex DEAE A-25 (un

incremento del 25%), siendo por lo tanto elegido para el desarrollo del sensor.
= Resveratrol/Piceido

En el caso de la determinacién simultanea de RVT y PCD se hacia necesaria su separacion
on-line antes de la llegada a la zona de deteccion. Con este propdsito se empled como estrategia el

uso de una minicolumna rellena con un soporte sélido adecuado.

Como se comentd previamente en en la Introduccién (apartado 6.2.1), tanto el RVT como
el PCD se encuentran en las muestras reales en forma de isémeros cis y trans, siendo ambos
débilmente fluorescentes. No obstante, la determinacién de estos compuestos por fluorimetria
convencional no es posible debido a la imposibilidad de distinguir entre ambos isémeros. Por otra
parte, la irradiacién UV intensa de disoluciones etandlicas o hidroetandlicas de trans-RVT y trans-
PCD origina su fotoconversion primero en los correspondientes isdmeros cis y posteriormente en
fotoproductos fuertemente fluorescentes'”, siendo por tanto posible la determinacion total de RVT
y PCD (isébmero cis mas isomero trans) mediante PIF. Esta fue por tanto la técnica de deteccion

seleccionada tanto para su determinacion conjunta como individual en esta Memoria.

Se realiz6 un amplio estudio de la retencion de ambos compuestos y sus fotoproductos
sobre diferentes tipos de soportes sélidos, colocando la minicolumna antes o después del
fotorreactor. Se probd con resinas de intercambio anidnico (Sephadex QAE A-25 y Sephadex
DEAE A-25), de intercambio catidnico (Sephadex SP C-25 y Sephadex CM C-25) y de naturaleza
no iénica (gel de silice Cig). Los ensayos mostraron que la retencion de trans-RVT, trans-PCD y
sus fotoproductos era posible tanto en resinas de intercambio anidénico como en gel de silice Cyg,
aunque solo en este Gltimo caso se observd diferencia en el comportamiento cinético de
retencion/elucién de las distintas especies. Ademas, Unicamente en el caso de los fotoproductos
esta diferencia en el comportamiento cinético era suficiente como para permitir su llegada
secuencial a la zona de deteccidn. Con este propdsito se estudio la cantidad de gel de silice Cyg
optima para rellenar la minicolumna, seleccionando la minima cantidad de éste que permitiese la

separacion completa de los fotoproductos. Cantidades superiores originarian un aumento en el
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tiempo de pico, disminuyendo por tanto la frecuencia de muestreo. A continuacién se muestra el

diagrama correspondiente al estudio de esta variable (Figura 11.10).
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Figura 11.10. Fiagrama del estudio de la influencia de la cantidad de Cyg silica gel ubicada en la minicolumna, sobre la
separacion de PCD y RVT (1 ug mL™). (1) 25 mg; (2) 60 mg; (3) 120 mg; (4) PCD sin minicolumna; (5) RVT sin
minicolumna. En 1, 2 y 3 el primer y segundo pico corresponden a PCD y RVT, respectivamente.

La cantidad de soporte solido elegido fue 120 mg. Como puede observarse en la Figura
11.10, para cantidades menores a ésta se producia un solapamiento de las sefiales analiticas de los
fotoproductos de RVT y PCD.

Puesto que el soporte sélido gel de silice Cig era el que proporcionaba una mayor
discriminacion para las dos especies monitorizadas, este fue el utilizado también en la zona de

deteccion.

Con la estrategia utilizada, los fotoproductos fluorescentes generados on-line eran retenidos
transitoriamente sobre gel de silice Cyg en la minicolumna pero el fotoproducto del trans-PCD
alcanzaba el detector antes que el fotoproducto del trans-RVT, lo que hacia posible la

determinacion simultanea de ambos compuestos con una sola inyeccién de muestra.

= Bisfenol A

Este analito fue determinado mediante la medida de su fluorescencia nativa. Teniendo en
cuenta su estructura, se llevaron a cabo en primer lugar estudios de retencion del BPA sobres
resinas de intercambio catidnico (Sephadex SP C-25 y Chelex-100) y anidnico (Sephadex QAE A-

25 y Sephadex DEAE A-25) a diferentes valores de pH. En el caso de las resinas catidnicas, la
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sefial analitica obtenida fue muy baja debido a que su retencién era muy débil. Sin embargo, el
BPA pudo ser ionizado y retenido en ambas resinas de intercambio aniénico a través de sus grupos
hidroxilo a valores elevados de pH, ya que presenta un pk, de 10.3. No obstante, el pH necesario
para la retencion era demasiado alto y se encontraba tan cerca del limite de trabajo de las resinas de
este tipo (alrededor de 11.0) que fue imposible llevar a cabo la retencion y hubo que descartar su
uso. Se procedio por tanto a ensayar la retencion del analito sobre gel de silice Cyg, observandose la
retencion y posterior elucion del mismo. Dicho soporte fue finalmente elegido para el desarrollo

del sensor.

A continuacion se muestra una tabla que incluye el soporte sélido y el tipo de célula

utilizado para cada uno de los ocho optosensores puestos a punto en esta Memoria.

Tabla I1.1. Soportes solidos y tipos de células de flujo empleados para cada optosensor

Chelex 100 Hellma 176.052 QS
Sephadex QAE A-25 Hellma 138 QS
Sephadex QAE A-25 Hellma 176.052 QS
Sephadex QAE A-25 Hellma 176.052 QS
Sephadex QAE A-25 Hellma 176.052 QS

Gel de silice Cyg Hellma 176.052 QS
Gel de silice Cyg Hellma 176.052 QS
Gel de silice Cyg Hellma 176.052 QS

2.2. Caracteristicas espectrales

Se estudiaron a continuacion las caracteristicas espectrales de las especies a monitorizar
una vez retenidas en el soporte solido. Para estudiar los espectros de excitacién y emision de
fluorescencia en fase sélida se insertd en el sistema de flujo una disolucion estandar del analito v,

una vez que la sefial de fluorescencia monitorizada fue maxima, se detuvo el flujo.

= Cromolin

Se realizaron los espectros de excitacion y emision para el complejo formado por el analito

y el i6n Tb (111) una vez retenido sobre el soporte sdlido, Chelex-100. Las medidas analiticas se
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realizaron con un tiempo de retardo de 0.1 ms. En LSL la emisién es producida por el ion Tb (111)
una vez que se une al analito; las tres bandas caracteristicas de emision se observan a 490, 545 y
590 nm, correspondiendo a las transiciones °D4 > 'Fg, °Ds > 'F5 y D4y > 'F4, respectivamente. La
segunda transicion, es decir, la correspondiente a 545 nm, es la mas intensa y, por tanto, es

usualmente la elegida para este tipo de deteccion.

En la Figura 11.11 se puede observar que el complejo Th (I11)-SCG tiene dos bandas de
excitacion. La banda situada a 336 nm no solo es mas intensa que la correspondiente a 230 nm sino
gue ademas, la sefial neta (sefial del complejo menos sefial del blanco), es mayor escogiendo dicha
longitud de onda. Por lo tanto, las longitudes de onda de medida seleccionadas fueron 336 y 545
nm (Aex/Aem).

A) EXCITACION B) EmisION
800 - @ 800 -
700 4 SN 700
- L\ - 1.2mg L1SCG +
x 600 / \ x 600 6x10° M terbio (I11)
= =
E 500 E 5004
B 400 B 400
2 2,
£ 300] £ 300
200 ] 200 -
6x10° M terbio (I1l)
100 100 -
0 0 (1)
200 250 300 350 400 450 500 550 600 650
Longitud de onda (nm) Longitud de onda (nm)

Figura I1.11. Espectros de luminiscencia de SCG sobre Chelex-100: A. Excitacion (Aem=545 nm): (1) Tbh (1I1) y (2)
complejo Tb (111)-SCG; B. Emision (Ae,=336 nm): (1) Tb (l11) y (2) complejo Tb (111)-SCG.

Cuando se trabaja en LSL, normalmente se requiere del uso de reactivos surfactantes para
mejorar la rigidez del sistema y completar la esfera de coordinacion del Th (111). Sin embargo, en
nuestro caso, el uso de un soporte sélido permite obtener una sensibilidad similar evitando el uso
de estos compuestos adicionales. Concretamente, con el uso de Chelex-100 como soporte sélido se
consiguié un aumento en la sensibilidad cercano al 80% en comparacion con la sefial analitica
obtenida en disolucion.

= Cefadroxilo

Dado que en CL no se lleva a cabo la excitacién del analito mediante radiacion
electromagnética sino que esta se produce por la energia generada mediante una reaccion quimica,
no fue necesario realizar los espectros de excitacion y emision. La respuesta espectral se midié en
un rango de 185-900 nm.
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=  Resveratrol/Piceido

En la Figura 11.12 se muestran los espectros de los fotoproductos del trans-RVT y trans-
PCD en disolucién acuosa y retenidos en Cyg silica gel. Las longitudes de onda de medida 6ptimas
son 257/382 nm (hex/Aem) para el fotoproducto del trans-PCD y 277/382 nm (Aex/Aem) para el
fotoproducto del trans-RVT. Como puede observarse, el solapamiento espectral hacia imposible su

determinacion simultanea sin una previa separacion.
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Figura 11.12. Espectros de fluorescencia de excitacion y de emision en disolucion acuosa (linea continua) y en Cigsilica
gel (linea discontinua) de los fotoproductos de: (A) trans-RVT y (B) trans-PCD.

Teniendo en cuenta que la sensibilidad para la determinacién de PCD era menor que para
el RVT, se eligieron como longitudes de onda de trabajo las 6ptimas para la determinacién de PCD
(257/382 nm). En ambos casos la retencion de los fotoproductos en el soporte sélido proporcionaba
un incremento importante en la sefial analitica cuando se comparaba con los espectros obtenidos en
disolucion acuosa bajo las mismas condiciones (8 y 12 veces mayor para trans-PCD y trans-RVT,
respectivamente).

= Bisfenol A

Se registraron los espectros de excitacion y emision del BPA tanto en disolucién acuosa
como en fase sélida (Cyg silica gel) (Figura 11.13). El espectro de fluorescencia, en ambos casos,
muestra dos maximos de excitacion (221 y 271 nm) y un maximo de emisién a 305 nm, siendo la
intensidad de fluorescencia del analito retenido en el soporte sélido muy superior a la
correspondiente en disolucion acuosa para Aex= 271 nm. Para una longitud de onda de excitacion de
221 nm la sefial de fondo generada por el soporte sélido era tan alta que impedia llevar a cabo las

medidas analiticas. Se seleccionaron por tanto como longitudes de onda de medida 271/305 nm
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(Aex/Aem), Obteniéndose un incremento en la sefial analitica de 33 veces en comparacion con los

espectros registrados en disolucion.
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Figura 11.13. Espectros de fluorescencia del BPA: (A.1) excitacion en disolucion (Aem=305 nm); (A.2) emision en
disolucion (Ae,=221y 271 nm, linea discontinua y linea continua, respectivamente); (B) emision (Ag=271 nm) en
disolucidn (linea continua) y retenido en Cyg silica gel (linea discontinua).

A continuacion se muestra una tabla que resume las longitudes de onda de excitacién y de

emision elegidas para la medida de la sefial analitica en los ocho optosensores desarrollados en esta

Memoria.

Optosensor

RVT/PCD

SCG
CFD
INM
RVT
PCD

AFB1

BPA

283
277
257
257
353
271

Tabla 11.2. Aexcrem €5COgidas para cada optosensor

545

185-900
371
382
382
382
424
305
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3. Optimizacion de las variables instrumentales

Dado que los optosensores desarrollados en esta Memoria se basan en deteccion
luminiscente, es necesario optimizar variables instrumentales tales como la anchura de las rendijas
de excitacion y emision, el voltaje del tubo fotomultiplicador y los tiempos de retardo y de medida
(en el caso de LSL).

El estudio de la influencia de la anchura de las rendijas de excitacion y emision sobre la
sefial analitica se llevo a cabo, en todos los casos excepto en el sensor para la determinacion de
CFD, dado que en éste se emple6 CL como técnica de deteccion. Para ello se inyect6 un volumen
de analito en el sistema, y se estudié la intensidad de la sefial obtenida a distintos valores de
anchura de rendijas. Para estudiar la influencia de la anchura de las rendijas en la sefial analitica, se
establecié un valor fijo (5, 10 6 20 nm) para la rendija de excitacién y se fue variando la apertura
de la rendija de emision (5, 10 y 20 nm). Para todos los pares de valores experimentados se
mantuvo un mismo valor de emisién del soporte sélido, lo cual fue posible estableciendo el valor
de voltaje necesario en cada caso para tal fin. El criterio utilizado para seleccionar una pareja de
valores de rendijas de excitacion/emision fue que la relacion entre el valor de la sefial de
fluorescencia y el de la sefial de fondo fuera el méas alto posible, sin que el valor del fondo
sobrepasara las 250 unidades de fluorescencia (midiendo entre 0 y 1000). De este modo habria un
rango amplio que permitiera medir la luminiscencia debida exclusivamente al analito (o producto

de reaccién).

La influencia del voltaje del tubo fotomultiplicador es una variable critica en todos los
sensores desarrollados. Como norma general al aumentar el voltaje se produce un aumento en la
sefial luminiscente en todos los casos (para un mismo valor de rendijas). Finalmente se llegé a una
situacion de compromiso entre voltaje y anchura de rendijas, escogiendo aquellos valores que
proporcionaban la mayor sefial neta. A modo de ejemplo, se muestra en la tabla Tabla 11.3 los

valores ensayados para el caso de la determinacion de BPA.

En el caso de usar deteccion quimioluminiscente, el aumento de la ganancia del tubo
fotomultiplicador no influye en la sefial producida por el soporte sélido, pero si que produce una
disminucidn en la repetitividad del sistema. Por consiguiente, se escogera la maxima ganancia

posible (para aumentar la sefial debido al analito) que nos permita una buena repetitividad.

En el caso de LSL se emplea como tiempo de retardo 0.1 ms, tiempo suficiente para
eliminar la sefial de fluorescencia y, a la vez, obtener la méxima sefial analitica, puesto que
conforme pasa el tiempo la sefial de luminiscencia va disminuyendo. Por otro lado, se observaba el

méaximo de sefial de luminiscencia empleando un tiempo de medida de 3 6 4 ms.
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En la tabla siguiente se muestran, a modo de ejemplo, los resultados obtenidos en la

optimizacion de las variables instrumentales en el sensor para la determinacion de BPA.

Tabla 11.3. Estudio conjunto de rendijas y voltaje para el BPA

Rem (10 nm) Rem (20 nm)

L IRF: Intensidad relativa de fluorescencia para BPA

Finalmente, en la Tabla 1.4 se recogen los valores optimizados para las variables
instrumentales de los ocho optosensores desarrollados en esta Memoria.

Tabla 11.4 Resumen de variables instrumentales optimizadas en cada optosensor

Tiempo de retardo;

Optsensor Rexe/ Rem

Tiempo de medida

SCG 0.1 ms; 3 ms 600-650
CFD - - 0.85%
INM 10/20 - 625-650
RVT 20/20 - 590
PCD 10/10 - 670

RVT/PCD 10/10 - 590
AFB,; 10/20 - 630

BPA 20/10 - 720

1 Vpur: Voltaje del tubo fotomultiplicador (V)
2 Ganancia del tubo fotomultiplicador



1. Configuracion del sistema de flujo y procedimiento general | 87

4. Configuracién del sistema de flujo y procedimiento general

En esta seccion se describe la configuracion de los sistemas de flujo de los cuatro sensores
seleccionados asi como el procedimiento general llevado a cabo en cada uno de ellos. La
configuracion del sistema viene determinada por las particularidades de cada sensor, que vienen
definidas a su vez por factores tales como técnica de deteccion, nimero de analitos a determinar,

proceso de elucidn, reaccion derivatizadora, etc.

Los sistemas de flujo utilizados para el desarrollo de los cuatro sensores, que se muestran a
continuacion, estan basados en SIA (SCG) y en MCFIA (BPA, CFD y RVT/PCD).

= Cromolin

A continuacién se describe la configuracion del sistema empleado para la determinacion
de SCG (Figura 11.14).

Para el desarrollo de este sensor se hizo uso de una disolucion de Tb (I11) y una disolucion
de eluyente adicionales a la propia disolucién de la muestra. Como portador se usé una disolucién
de 0.05 M de tampdn de NaAc/HAc(pH 5,9).

Se experimentaron varios procedimientos para la formacién del complejo entre el Th(lll) y
el analito: (a) formacion on-line por aspiracién secuencial de Th(lll) y la disolucién de muestra; (b)
formacidn on-line por aspiracion de ambas disoluciones en modo de sandwich y (c) formacion off-
line por adicion directa de Th(lll) a la disolucién de muestra. Finalmente, se escogié como éptimo
el segundo de los casos, ya que era el mas rapido y el que mejores sefiales analiticas proporcionaba
debido esto Gltimo a una mejor mezcla entre ambas disoluciones y por lo tanto una mas eficiente

formacion de complejo.

En primer lugar se aspiraban de manera secuencial, en modo de doble sandwich, dos
alicuotas de la disolucién de muestra y dos alicuotas de la disolucién de Th (111) (6x10°M). El
volumen de muestra de las alicuotas era el mismo (75 pL para muestras de farmacos y 400 pL para
muestras de orina). Seguidamente se aspiraban 1000 pL de la disolucion portadora (0.05 M
NaAc/HAc, pH 5,9). Después la mezcla era impulsada hacia la célula de flujo pasando,
previamente, por el bucle. Una vez que el complejo Th(111)-SCG llegaba a la zona sensora (Chelex-
100), se registraba la sefial analitica correspondiente (336/545 nm). El complejo formado era
fuertemente retenido sobre el soporte sélido y por lo tanto fue necesario, para regenerar el mismo,
emplear 1 mL de una disolucion eluyente de 0.05 M EDTA vy, posteriormente, 1 mL de la

disolucion portadora.
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Figura 11.14. Sistema SIA empleado para la determinacion de SCG. Caudales de aspiracion e inyeccion:
5y 1.2 mL min™, respectivamente

A continuacion se muestra un fiagrama obtenido con este optosensor (Figura 11.15).
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Figura 11.15. Fiagrama de calibrado para la determinacién de SCG. Concentraciones, 0.5, 1,2y 4 mg L™,
Volumen inyectado 150 pL

= Cefadroxilo

Como se comentd anteriormente, la determinacién de CFD se llevé a cabo mediante su
oxidacion con permanganato en medio &cido en el propio soporte solido (Sephadex QAE A-25) y
medida de la CL generada. Para ello, el permanganato era inmovilizado previamente en el soporte

solido. La configuracion utilizada se muestra en la Figura 11.16.
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Figura 11.16. Sistema MCFIA empleado para la determinacién de CFD (caudal 1.3 mL min’%).
Esquema de tiempo de las valvulas solenoides de tres vias

En el sistema inicialmente todas las valvulas se encuentran desactivadas y la
disolucion portadora (0.4 M H,SO,) fluye hacia la célula de flujo, mientras que las otras
disoluciones son recirculadas hacia sus recipientes. Después las valvulas V1, V, y V, son activadas
durante 10, 10 y 20 s, respectivamente, con el propdsito de limpiar la porcion de tubo comprendida
entre los puntos A y B con la nueva disolucién de muestra. Seguidamente se introduce la
disolucién de permanganato (2x10™* M) en el sistema por activacion de las valvulas V; y Vs durante
70 s. Durante los siguientes 10 s todas las valvulas permanecen desactivadas de nuevo para permitir
fluir la disolucion portadora hasta el detector, con el objetivo de eliminar el exceso de
permanganato del sistema y de que no se produzca una mezcla entre éste y el CFD antes la llegada
de este Gltimo a la zona de deteccion. A continuacion se activan las valvulas V; y V, durante 70 s,
de manera que la disolucién de muestra fluye a través del sistema y se dirige hacia la zona de
deteccién, donde el CFD reacciona con el permanganato retenido en el soporte soélido,
obteniéndose la sefial analitica. Finalmente, cuando las vélvulas vuelven a desactivarse, el soporte

solido es regenerado por la propia disolucion portadora.
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= Resveratrol y Piceido

Puesto que se trata de un sensor en el que se determinan dos analitos con una sola
inyeccién de muestra y los fotoproductos generados on-line muestran un alto solapamiento
espectral, fue necesario llevar a cabo su separacion en el propio sistema de flujo (Figura 11.17), tal

y como se describid anteriormente.
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Figura 11.17. Sistema MCFIA empleado para la determinacion simultanea de RVT y PCD (caudal, 1.1 mL min™).
Esquema de tiempo de las valvulas solenoides de tres vias

Inicialmente todas las valvulas se encuentran desactivadas y el fotorreactor y la bomba
peristaltica conectados, de manera que la disolucion portadora 1 (20 % MeOH:H,0 (v/v)) fluye a
través del sistema hacia el detector, mientras que las disoluciones de muestra y portador 2 (45 %
MeOH:H,O (v/v)) son recirculadas hacia sus correspondientes recipientes, hasta obtener una linea

base estable. Se distinguen las siguientes etapas sucesivas:

- FEtapa 12 (de 0 a 125 s): las valvulas V4, V, y V, son activadas durante 125, 125y 15 s,
respectivamente. De esta manera la disolucion de muestra fluye hacia el desecho a través de V,
durante los primeros 15 s, limpiando la porcion de tubo comprendida entre V, y V,. Durante los
110 s restantes la disolucién de muestra fluye a través de V,, atraviesa el fotorreactor y alcanza la

minicolumna, donde los fotoproductos del RVT y PCD son retenidos transitoriamente.

- Etapa 22 (de 125 a 380 s): todas las valvulas permanecen desactivadas durante este
periodo de tiempo y por lo tanto la disolucién portadora 1 vuelve a fluir a través del sistema. Dicha

disolucion impulsa a la disolucion de muestra a través de la minicolumna y la transporta hacia el
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detector. Dado que el fotoproducto del PCD es retenido méas débilmente que el del RVT de manera
transitoria en la minicolumna, alcanza la zona de deteccion y es monitorizado (257/352 nm).

Mientras tanto, el fotoproducto del RVT permanece adn retenido en la minicolumna.

- FEtapa 32 (de 380 a 700 s): se activan V; y V3 durante 320 s permitiendo de esta manera
la circulacion de la solucién portadora 2 a través del sistema. Durante los primeros 70 s, esta
disolucion fluye directamente hacia el detector, contribuyendo a la rapida elucién del fotoproducto
del PCD. Durante los restantes 250, por activacion de Vs, la disolucion portadora 2 circula a través
de la minicolumna, originando asi una rapida elucién del fotoproducto del RVT de la misma, su

llegada a la zona de deteccidn y su monitorizacion.

A continuacién se muestra un fiagrama obtenido con este optosensor.
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Figura 11.18. Fiagrama de calibrado para la determinacién simultdnea de PCD y RVT. Concentraciones, 0.125, 0.25,
0.50, 0.7y 1 pg mL™. Volumen de insercion de muestra 2146 L.

= Bisfenol A

El sensor propuesto para la determinacién de BPA responde al tipo de optosensor en flujo
fluorescente méas simple que se puede desarrollar: el propio portador acta como eluyente y la sefial
analitica se obtiene mediante medida de la fluorescencia nativa del analito. En la Figura 11.19 se

muestra el sistema empleado.
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Figura 11.19. Sistema MCFIA empleado para la determinacién de BPA (caudal, 1.7 mL min).
Esquema de tiempo de las valvulas solenoides de tres vias

La disolucion de muestra es insertada en el sistema tras activar durante 125 s las valvulas
V:y V,, de modo que circula a través del sistema mientras que la disolucién portadora (60%
MeOH:H,0O (v/v)) se recircula hacia su recipiente. La valvula V; es activada simultdneamente con
V. y V, durante los primeros 15 s, de modo que el bolo de muestra es dirigido durante este tiempo
hacia el desecho a través de dicha véalvula. De esta forma se limpia con la nueva muestra la porcion
de tubo que une la valvula V; con la valvula V3. Durante los restantes 110 s el bolo de muestra es
transportado hacia la zona de deteccion, donde el BPA es retenido de manera transitoria en el
soporte sélido (Cig gel de silice) y monitorizado. El sistema queda preparado entonces para la

préxima insercion de muestra.

A continuacién se muestra un fiagrama obtenido con este optosensor:
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Figura 11.20. Fiagrama obtenido en la determinacién de BPA para tiempos crecientes de insercion de muestra (20-120 s).
4 ng mL™ BPA.
= Indometacina, Resveratrol, Piceido y Aflatoxina B,

A continuacion se muestra la configuracion del resto de optosensores desarrollados en esta
Memoria y ciertas consideraciones importantes de cada uno de ellos:
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Figura 11.21. Sistema SIA empleado para la determinacién de INM. Caudales de aspiracion e inyeccion:
5y 1.5mL min?, respectivamente
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Figura 11.22. Sistema MCFIA empleado para la determinacién de RVT (caudal, 2.2 mL min™).
Esquema de tiempo de las valvulas solenoides de tres vias
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Figura 11.23. Sistema MCFIA empleado para la determinacion de PCD (caudal, 1.9 mL min™).
Esquema de tiempo de las valvulas solenoides de tres vias
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Figura 11.24. Sistema MCFIA empleado para la determinacion de AFB; (caudal, 2 mL min®).
Esquema de tiempo de las véalvulas solenoides de tres vias

Para el desarrollo del optosensor de INM (Figura 11.21) fue necesario llevar a cabo una
reaccion derivatizadora del analito ya que éste no presenta fluorescencia nativa. Dicha reaccion
consistio en una hidrolisis alcalina. Una vez formado el producto de reaccion éste fue insertado en
el sistema, retenido sobre un soporte solido (Sephadex QAE A-25) en la zona de deteccién y

monitorizado.

En el caso de los otros tres optosensores (RVT, PCD y AFB;) se hizo uso de PIF y para
ello se llevo a cabo la fotodegradacién on-line de los analitos sometiéndolos a irradiacion UV. Con
este propasito fue necesario colocar un fotorreactor justo antes del detector tal y como muestran las
Figuras 11.22, 11.23 y 11.24. Una vez formados los fotoproductos eran retenidos sobre el soporte

solido correspondiente en la zona de deteccion y monitorizados.
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5. Optimizacion de las variables quimicas

Una vez estudiadas las variables de la unidad de retencion/deteccion y disefiada la
configuracion del sistema de flujo, se procedid a optimizar la variables quimicas que afectaban a cada

Sensor.
= Cromolin

Ya que en este sensor se empled LSL con Tb (I11), hubo que optimizar el rango de pH de la
disolucion portadora que favorece tanto la formacion del complejo como la retencion del mismo en el
soporte sélido. Teniendo en cuenta el pk, del grupo hidroxilo del SCG, 1.9, valores de pH mas bajos
impedirian la formacion del complejo Tb (I11)-SCG debido a que el grupo hidroxilo no estaria
desprotonado. Por otra parte, se comprobd que para valores de pH superiores a 8.0 se producia la
hidrolisis del Th (lII) y su consecuente precipitacién. Por consiguiente, el pH de la disolucién
portadora fue investigada en el rango de pH entre 2.0 y 8.0. La sefial analitica maxima se obtuvo en el
intervalo comprendido entre 5.0 y 6.5 (Figura 11.25), por lo que se ensayaron a continuacion
disoluciones tampdn de acetato y fosfato en este rango de pH y a diferentes concentraciones (0.01-0.2
M). Para los dos tipos de disoluciones amortiguadoras se observo que un aumento en la concentracion
provocaba una disminucion en la sefial analitica a partir de una concentracion de 0.05 M, debido a que
la fuerza iénica era mayor y esto daba lugar a una menor retencidn del complejo en el soporte sélido.
Los mejores resultados se obtuvieron con la disolucién NaAc/HAc, probablemente debido a que la
interaccion entre los iones fosfato y el Th (111) dificultaba la formacion del complejo Tb (111)-SCG.
Finalmente, una disolucién tampon 0.05 M de NaAc/HAc (pH 5.9) fue elegida como 6ptima.
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Figura 11.25. Influencia del pH de la disolucién portadora para la determinacion de SCG



. Optimizacion de las variables quimicas | 97

La disolucion portadora por si misma causaba una lenta elucion del complejo Th (111)-SCG no
consiguiéndose una total elucion del mismo en un tiempo apropiado. Por ello fue necesario hacer uso
de una disolucion eluyente con objeto de conseguir una rapida regeneracion del soporte sélido después
de la medida analitica. Con este propdésito se opté por la elucion con EDTA-Na,, que forma un
complejo ternario, probablemente de naturaleza aniénica®®, con Tb (I1l) y SCG, que se eluye
facilmente del soporte sélido. Se probaron diferentes volimenes y concentraciones de EDTA-Na; y
finalmente se eligieron como valores 6ptimos 1000 pL de disolucion 0.05 M, ya que daban lugar a una

completa regeneracion de la zona sensora.

El estudio del pH de la disolucién de muestra se llevé a cabo del mismo modo que se ha
descrito anteriormente para la disolucion de portador. La sefial maxima obtenida se encontraba
aproximadamente dentro del rango de pH 4.0-7.5 (Figura 11.26). No fue necesario ajustar el pH de la

disolucion de las muestras ya que este se encontraba siempre dentro de este rango.
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Figura 11.26. Influencia del pH de la muestra para la determinacion de SCG

La concentracién de la disolucidn de Tb (I11) era un factor critico en este sensor, por lo que se
llevé a cabo el estudio de su influencia en la sefial analitica. Se probaron concentraciones
comprendidas entre 5x10”° y 8x10° M, observandose que la sefial neta de luminiscencia aumentaba
con la concentracion de Tb (IIl) hasta un valor de 6x10° M, manteniéndose constante para
concentraciones superiores (Figura 11.27). Por consiguiente, ésta fue la concentracion escogida como
Optima.

218 p, Ruiz-Medina, E.J. Llorent-Martinez, P. Ortega-Barrales, M.L. Fernandez-de Cérdova, Applied Spectroscopy Reviews 46 (2011) 561-
580.
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Figura 11.27. Influencia de la concentracion de Th (111) para la determinacion de SCG

= Cefadroxilo

La reaccion quimioluminiscente entre CFD y permanganato requiere medio &cido®®. Se
comprob6 que el acido que proporcionaba los mejores resultados en cuanto a sensibilidad y
repetibilidad era el H,SO4, en comparacion con otros acidos como el HNO; y el HCI. Para ello se
ensayaron disoluciones 0.5 M de estos acidos. Posteriormente se ensayd la concentracion de H,SO,4 en
el rango de 0.2-0.8 M y se observd que la sefial analitica aumentaba hasta una concentracién de H,SO,4
0.4 M, permaneciendo luego précticamente constante hasta 0.5 M. Como puede observarse en la
Figura 11.28, para concentraciones mayores a 0.5 M la sefial analitica decrecia, debido a la existencia
de una alta fuerza iénica que impedia la retencién del analito en el soporte s6lido y por tanto su
reaccion con el permanganato. En consecuencia, una disolucién 0.4 M de H,SO, fue elegida como

disoluci6n portadora.

Esta disolucion originaba la recuperacion completa del soporte sélido por lo que no fue

necesario el empleo de una disolucion eluyente adicional.

29,1 Adcock, P.S. Francis, N.W. Barnett, Analytica Chimica Acta 601 (2007) 36-67.
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Figura 11.28. Influencia de la concentracion de H,SO, en la disolucion portador/eluyente para la determinacion de CFD

De igual forma que para el caso del portador, la disolucién de la muestra también requeria de
medio &cido, obteniéndose un 25% de incremento en la sefial analitica cuando el CFD era disuelto en
una disolucidn ligeramente acida en lugar de en agua desionizada. Utilizando H,SO, para establecer el
medio acido, se comprob6 que la sefial era préacticamente constante entre 0.1 y 0. 3 M, escogiendo
finalmente una concentracion 0.1 M de H,SO, como Optima, ya que proporcionaba una mejor

repetibilidad al método.

Se procedio a continuacion a la optimizacion de la concentracion de permanganato. Con las
condiciones de portador y disolucién de muestra ya optimizadas y empleando una disolucién de CFD
110 uM, se vario la concentracién del reactivo y se observo un incremento de la sefial analitica hasta
una concentracién de éste de 2x10“ M, permaneciendo practicamente constante hasta 4x10* M

(Figura 11.29). En consecuencia, se seleccion6 una disolucion 2x10™ M de permanganato.
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Figura 11.29. Influencia de la concentracion de permanganato para la determinacion de CFD.
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= Resveratrol y Piceido

Puesto que la resolucién de la mezcla RVT-PCD se llevé a cabo on-line mediante la llegada
secuencial de sus fotoproductos a la zona sensora, era necesario discriminar suficientemente en el
tiempo las sefiales analiticas de éstos. Por tanto el estudio de la naturaleza de la disolucion portadora
era un factor clave. Dada la naturaleza no polar del soporte sélido, se probaron disoluciones con
diferentes proporciones MeOH:H,O (v/v) con el objeto de ver la influencia de las mismas sobre la
cinética de retencion/elucion de los fotoproductos. Para tal fin, se estableci6 como parametro de
comparacion el tiempo que transcurria desde que se insertaba el analito en el sistema hasta que
aparecia la sefial analitica de su fotoproducto (tiempo de arrangue). Como puede observase en la
Figura 11.30, para ambos fotoproductos un aumento en la concentracion de MeOH en el portador
causa una disminucion en el tiempo de arranque. Ademas, el tiempo de arranque para porcentajes de
MeOH inferiores al 40% es mayor para el fotoproducto del trans-RVT. A partir de esta concentracion,

el tiempo de arranque es practicamente el mismo para los fotoproductos de trans-RVT y trans-PCD.

Por otra parte, la diferencia entre los tiempos de arranque de las sefiales analiticas de ambos
fotoproductos es constante para disoluciones con una concentracion de MeOH del 25% o inferiores a

ésta, alcanzandose una mayor frecuencia de muestreo para disoluciones con un 25y 20% de MeOH.
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Figura 11.30. Influencia del porcentaje de MeOH en la disolucidn portadora sobre el tiempo de arranque de las sefiales
analiticas del fotoproducto del trans-PCD (linea discontinua) y del trans-RVT (linea continua). Minicolumna: 120 mg de gel
de silice Cyg. [trans-PCD]= 1 pg mL?; [trans-RVT]= 1 pg mL™*

Se estudio a continuacién también la influencia del porcentaje de MeOH de la disolucion

portadora sobre la intensidad de fluorescencia (Figura 11.31).
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Figura 11.31. Influencia del porcentaje de MeOH en la disolucién portadora sobre la intensidad de fluorescencia (sefial
medida a 380 s después de la inyeccion de muestra) del trans-PCD (linea discontinua) y del trans-RVT (linea continua).
Minicolumna: 120 mg de gel de silice Cyg. [trans-PCD]= 1 pug mL?; [trans-RVT]= 1 pg mL™

Para realizar esta experiencia, la sefial analitica se midié una vez transcurridos 380 s tras la
inyeccion de muestra. Este tiempo, determinado en la experiencia anterior (Figura 11.30) correspondia
al momento en el que el pico FIA del fotoproducto del trans-PCD alcanzaba su méximo cuando se
utilizaba como portador una disolucion del 20 6 25% de MeOH. Como se observa en la Figura 11.31,
disoluciones portadoras con un 20 6 25% MeOH originan la méxima sefial fluorescente para el
fotoproducto del trans-PCD, decreciendo ésta para concentraciones inferiores y superiores.

Finalmente, se eligi6 una disolucién portadora 20% MeOH:H,0 (v:v).

Sin embargo, la elucién del fotoproducto que era monitorizado en primer lugar, del trans-
PCD, no era suficientemente rapida como para que se recuperara la linea base antes de la llegada del
fotoproducto del trans-RVT a la zona de deteccion, produciéndose un solapamiento de ambas sefiales
(Figura 11.32.A). Por ello, fue necesario el uso de una segunda disolucién portadora, 45% MeOH:H,0
(v:v), que originaba una elucién més réapida del fotoproducto del trans-PCD vy la separacion de las
sefiales analiticas de éste y del fotoproducto del trans-RVT. EI momento para la insercion de esta
disolucion en el sistema fue estudiado en el rango 345-395 s y se selecciond un tiempo de 380 s
después de la inyeccion de muestra. Esta disolucion circulaba primero durante 70 s directamente hasta
el detector sin pasar por la minicolumna, eluyendo rapidamente el fotoproducto del trans-PCD. Esto
era posible conectando la valvula V3 del sistema de flujo (ver Figura 11.17). Después, mediante la
conexioén de la valvula Vs, la disolucion 45% MeOH:H,O (v:v) circulaba hasta el detector pasando
primero a través de la minicolumna. Ello originaba la elucion del fotoproducto del trans-RVT que aln
estaba retenido en esta Gltima, su transporte hasta la zona de deteccion y el desarrollo de una sefial

transitoria (Figura 11.32.B).
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Figura 11.32. Sefial analitica registrada para los fotoproductos del trans-PCD y del trans-RVT: (A) con una disolucién
portadora de 20% MeOH y (B) con una disolucién portadora de 20% MeOH e insertando después una disolucién portadora
de 45% MeOH a los 380 s tras la inyecién. 120 mg de gel de silice Cyg; [trans-PCD]= 1 ug mL™; [trans-RVT]= 1 pug mL*

Puesto que el pH de la muestra es una variable critica para la generaciéon de fotoproductos,
dicha variable fue estudiada. No se observaron variaciones significativas en las sefiales fluorescentes
de los fotoproductos en el rango de pH ensayado (2.0-7.0). Este resultado era de prever ya que, como
previamente se ha descrito en bibliografia'™® **, las especies neutras del trans-RVT y trans-PCD son
las predominantes en medios &cido y neutro y no se observan cambios en sus espectros UV. Por otra
parte, se comprobd que para valores de pH superiores a 7.0 se producia un drastico decrecimiento de
la sefial de fluorescencia. Ya que la diferencia entre los tiempos de arranque de ambos fotoproductos
era ligeramente mayor para un pH igual a 5.5, éste fue elegido como éptimo. Se ensayaron diferentes
disoluciones tampon para establecer el pH (NaAc/HAc, 4cido citrico/citrato sddico y
NaH,PO,/Na,HPQO,) y la que mejores resultados proporciono resultd ser la de NaAc/HAc. Se estudid
su concentracion en el rango 0.005-0.06 M y se escogi6 finalmente una disolucién 0.04 M ya que
proporcionaba un incremento en la intensidad de fluorescencia de un 20% y 30% para las
determinaciones de trans-PCD y trans-RVT, respectivamente, cuando se comparaba con el uso de

disoluciones acuosas.
= Bisfenol A

Dada la naturaleza no polar del soporte sélido empleado en el desarrollo de este sensor, gel de
silice Cyg, se ensayaron como portador disoluciones de MeOH de diferente concentracion (10-80%) y
se escogid como Optima una disolucién 60% MeOH:H,O (v:v). Se observé que para concentraciones
de MeOH inferiores al 60% no se producia la completa elucion del analito en un tiempo apropiado,

mientras que para concentraciones superiores se obtenia una ligera disminucion en la sefial de
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fluorescencia (Figura 11.33). Puesto que la disolucion portadora seleccionada actuaba ademas como

eluyente, no se necesito una disolucion adicional para la regeneracion del soporte sélido.
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Figura 11.33. Influencia de la concentracion de MeOH en la disolucion portador/eluyente para la determinacion de BPA

En este caso, el pH de la muestra se estudié en un amplio intervalo (valores comprendidos
entre 2.0 y 9.0), no observandose una variacion significativa en la sefial fluorescente en dicho rango.
Se selecciond entonces un valor de pH igual a 6.0 puesto que era muy cercano al de las muestras a
analizar (leche). Se probaron diferentes disoluciones tampon a pH 6.0 (&acido citrico/hidroxido sodico,
NaH,PO4/Na,HPO,y NaAc/HAC) y se selecciond una disolucion 0.08 M de NaAc/HAc, ya que fue la

que permitio una mayor sefial analitica (Figura 11.34).
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Figura 11.34. Influencia de la concentracion NaAc/HAc en la muestra para la determinacion de BPA

A continuacion se muestra una tabla que resume las variables quimicas optimizadas para cada

uno de los ocho optosensores desarrollados en esta Memoria.
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Tabla I1.5. Resumen de las variables quimicas optimizadas para cada optosensor

Condiciones Disolucion Disoluciones
Optosensor Eluyente

de la muestra portadora adicionales

0.05 M NaAc/HAc 0.05M EDTA
Agua desionizada 6x10° M Th (I11)
(pH =5.9)
0.1 M H,SO,4 0.4 M H,SO, - 2x10*M MnO,
0.08 M NaCl
0.01 M NaOH - -
(pH=7.0)

0.01 M NaAc/HAc  0.06 M NaCl/0.001 M HNO;
(pH =6.0) (pH=3.0)
0.02 M NaAc/HAc ~ 0.06 M NaCl/0.001 M HNO;

(pH =5.5) (pH=3.0)
0.04 M NaAc/HAc
RVT/PCD 20% MeOH 45% MeOH -
(pH =5.5)
AFB; Agua desionizada 25% MeOH - -

0.08 M NaAc/HAc
BPA 60% MeOH - -
(pH =6.0)
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6. Optimizacion de las variables del sistema de flujo

En estas variables se incluye el caudal y el volumen de muestra. A la hora de optimizarlas, hay
que considerar las diferencias entre los métodos desarrollados por MCFIA o SIA. Trabajando a un
caudal fijo, la cantidad de muestra introducida en el sistema se controla variando el volumen de ésta,
en SIA, o el tiempo de insercidn, en MCFIA, mediante el software. En ambos casos, la sefial analitica
aumentard proporcionalmente con la cantidad de muestra introducida en el sistema. No obstante,
también se producira una disminucién en la frecuencia de muestreo, por lo que sera necesario llegar a

un valor de compromiso entre ésta y la sefial analitica.

En cuanto al caudal, en los sistemas SIA se establece mediante el software que controla el
piston de la bomba de jeringa. Puesto que es necesario fijar ademas el valor del volumen de muestra a
introducir, es posible variar el caudal sin que varie la cantidad de muestra introducida en el sistema.
En los sistemas MCFIA el caudal se establece a traves de la bomba peristaltica, pero en este caso al
variar éste aumentara la cantidad de muestra insertada en el sistema si no se varia a la vez el tiempo de
insercion. Por ello, en estos sistemas se estableci6 el caudal maximo posible, sin que se produjeran
sobrepresiones, y se estudio después la influencia del volumen de muestra variando para ello el tiempo

de insercién.

Por otra parte, en los optosensores desarrollados usando PIF como técnica de deteccion es
necesario tener en cuenta que el tiempo de irradiacion es una variable critica a optimizar, que se
establece a través de la longitud del fotorreactor y del caudal. Por ello, aunque el tiempo de irradiacion
podria considerarse una variable quimica, dada su estrecha relacion con el caudal se va a discutir en
esta Seccion. Su optimizacion se ha llevado a cabo en todos los casos del modo siguiente: (1) estando
la lampara UV apagada, se inyectaba un determinado volumen de disolucién de analito en el sistema;
(2) se detenia el flujo cuando todo el bolo de muestra se encontraba dentro del fotorreactor y se
conectaba la ldmpara UV durante diferentes tiempos, y (3) se restablecia el flujo y se registraba la

sefial analitica.
A continuacién se describe la optimizacion de las variables del sistema de flujo.
= Cromolin

En este sistema, el caudal fue investigado desde 0.4 hasta 1.8 mL min™ (usando una disolucion
de SCG de 1 mg L™). Se observé que conforme aumentaba el caudal se producia un aumento en la
frecuencia de muestreo, y paralelamente una disminucion de la sefial analitica. Esta Gltima era muy

pequefia hasta un valor de 1.2 mL min™, por lo que éste fue el elegido para la introduccion de muestra
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y reactivos en el sistema, como compromiso entre sensibilidad y frecuencia de muestreo. Por otro
lado, el caudal empleado para la aspiracion de las disoluciones en la bomba de jeringa y el reactor fue

5 mL min™.

En cuanto al volumen de muestra, se ensay0 en el intervalo 100-1200 uL y se observd que
conforme aumentaba también lo hacia la sefial analitica hasta un valor de 800 pL, debido a la
retencion de una mayor cantidad del complejo SCG-Tb (l1l) en la resina (Figura 11.35). Se eligieron
dos volimenes de muestra en funcion del tipo de muestra al que aplicar el sensor, 150 y 800 uL, para
preparados farmacéuticas y orina, respectivamente. Ambos proporcionaban la sensibilidad necesaria
asi como una frecuencia de muestro apropiada. Como se comentd anteriormente, la insercién en el
sistema de la muestra y el Th (I1l) se llevd a cabo insertando alicuotas iguales de ambos en modo
“doble sandwich” (SCG-Tb (I11)-SCG-Tb (111)).

Se estudiaron también los volumenes de disolucion portadora y de EDTA necesarios para el
transporte del complejo SCG-Th (l11) hasta la zona de deteccién y la regeneracion del soporte sélido,

respectivamente, y se selecciono un volumen de 1000 pL para ambas disoluciones.
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Figura 11.35. Influencia del volumen de muestra para la determinacién de SCG. [SCG]=1mg L™

= Cefadroxilo

Se establecio el caudal mas alto que permitia el sistema sin llegar a producir sobrepresiones en

el mismo, 1.3 mL min™.

En el estudio del tiempo de inserciéon (10-100 s), tanto para la disolucion de muestra como
para la disolucién de permanganato, se encontré que la sefial analitica aumentaba hasta los 70 s y

después permanecia constante. Por lo tanto, se selecciond este valor para la insercion de ambas
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disoluciones. En la Figura 11.36 se muestra la influencia del tiempo de insercion de muestra en la sefial
analitica. Es necesario tener en cuenta que, en el caso de la aplicacion del sensor a la determinacion de
CFD en farmacos, es posible reducir sensiblemente el tiempo de insercion de muestra a fin de
aumentar la frecuencia de muestreo, a pesar de la reduccion de la sensibilidad del método que se

produciria.

0,35
0,3 4
0,25 ~

o
N
Il

0,15 ~

Voltaje (V)

o
[y
1

0,05 ~
O T T T
15 35 55 75 95

Tiempo insercién muestra (s)

\,

Figura 11.36. Influencia del tiempo de insercidn de muestra para la determinacion de CFD. [CFD]= 30 uM

= Resveratrol y Piceido

El tiempo 6ptimo de irradiacion resultd ser de 20 y 25 s para trans-RVT y trans-PCD,
respectivamente. Teniendo en cuenta la menor sensibilidad del método para la determinacién de PCD,
se eligio un valor de 25 s (Figura 11.37). Como se coment6 previamente, el tiempo de irradiacion se
establece variando la longitud del fotorreactor y el caudal. EI volumen del fotorreactor puede ser

calculado a partir de la siguiente expresion:
V=rr’l; t=VIQ==nrl/Q

donde:
V: volumen del fotorreactor (tubo de tefl6n enrollado en la lampara, mL);
r: radio del tubo del fotorreactor (0.08 cm);
I: longitud del tubo del fotorreactor (cm);
t: tiempo de irradiacion (s) y

Q: caudal (mL min™)

Por tanto, se pueden establecer diferentes combinaciones de Q y | para obtener el tiempo de

irradiacion optimo. En principio, se establecid el tiempo de irradiacion seleccionado, 25 s, mediante
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combinacién del mayor caudal permitido por el sistema (1.1 mL min™) con un fotorreactor de 92 cm.
Adicionalmente, se probaron fotorreactores de mayor y de menor longitud, aumentando y
disminuyendo el flujo respectivamente. Se observd que caudales inferiores al seleccionado
ocasionaban frecuencias de muestreo inferiores sin originar un aumento apreciable en la sefial

analitica. Caudales mayores originaban sobrepresiones en el sistema.
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Figura 11.37. Influencia del tiempo de irradiacion para la determinacion simultanea de RVT y PCD. Longitud del
fotorreactor, 460 cm; tiempo de insercién, 125 s; [trans-RVT]= 1 ug mL™ (linea continua); [trans-PCD]= 1 pg mL™* (linea
discontinua)

El estudio de tiempo de insercion de muestra se llevd a cabo en un rango comprendido entre
60 y 140 s. En ambos casos se observé un incremento en la sefial analitica hasta 125 s, permaneciendo
constante para tiempos superiores. Este valor fue el escogido como 6ptimo, el cuél se corresponde con
un volumen de 2146 pL (Figura 11.38).
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Figura 11.38. Influencia del tiempo de insercion para la determinacién simultanea de RVT y PCD. Longitud del fotorreactor,
92 cm; caudal, 1.1 mL min’%; [trans-RVT]= 1 pg mL™? (Iinea continua); [trans-PCD]= 1 pg mL* (linea discontinua)
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= Bisfenol A

Del estudio de la influencia del caudal, se seleccioné un valor 6ptimo de 1.7 mL min™. En lo
que respecta al tiempo de insercion de muestra, éste fue estudiado en el intervalo de 10-120 s,
observandose un aumento lineal de la sefial analitica con el tiempo hasta un valor de 110 s (Figura
11.39), que fue seleccionado para el desarrollo del sensor. Valores superiores a éste, ademéas de no
proporcionar un incremento significativo en la sefial originaban una disminucion en la frecuencia de

muestreo.
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Figura 11.39. Influencia del tiempo de insercién para la determinacién de BPA. [BPA] = 4 ng mL™ ; caudal, 1.7 mL min™.

A continuacién se muestra una tabla que resume las variables del sistema de flujo optimizadas

para cada uno de los ocho optosensores desarrollados en esta Memoria.
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Tabla I11.6. Resumen de las variables del sistema de flujo optimizadas para cada optosensor

Volumen/Tiempo

: - Tiempo de Longitud del -
Optosensor de inserccion de Caudal (mL min™)

irradiacion (s) fotorreactor (cm)
muestra

SCG 100-8002

CFD 10-70v - - 1.3
LY 100-10002 - - 1.5
RVT 10-80° 15 110 22
PCD 5-90p 30 189 1.9
RVT/PCD 60-125P 25 92 11
AFB; 10-60v 120 400 2.0

BPA 10-110v - - 1.7

%intervalo lineal del volumen (uL)
®intervalo lineal del tiempo de insercién (s)
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7. Calibracion de los sensores. Parametros analiticos

En todos los optosensores desarrollados en esta Memoria se ha empleado calibracion
univariante y se han ajustado los datos mediante regresion lineal por minimos cuadrados. Para
construir las funciones de calibrado de cada uno de los optosensores, siguiendo el procedimiento
previamente propuesto se insertaron por triplicado en el sistema de flujo volimenes iguales de
disoluciones patron de los analitos a niveles crecientes de concentracion y se registraron las
correspondientes sefiales analiticas. En todos los casos se utilizo la altura del pico correspondiente

a la sefal analitica.

En cada uno de los optosensores se determinaron los siguientes parametros analiticos:
intervalo dinamico lineal, repetitividad, limites de deteccion y cuantificacion y frecuencia de
muestreo. A continuacion se describe el procedimiento utilizado para la determinacién de cada uno

de ellos.

v"Intervalo dindmico lineal

Se puede definir como el intervalo en el cual la sefal registrada es proporcional a la
concentracién mediante la ecuacion de una linea recta (y = ax+b), donde y es la sefial analitica, x es
la concentracidn, a es la pendiente y b es la ordenada en el origen. El limite inferior del intervalo
dinamico lineal coincide con el limite de cuantificacion, mientras que el limite superior marca el
valor maximo de concentracion que puede introducirse en el sistema para poder ser relacionada con
la sefial que origina, siendo necesario diluir la muestra o inyectar una menor cantidad de la misma

para valores superiores.

v" Repetitividad

Con objeto de evaluar la repetitividad del método propuesto, se realizaron diez inserciones
sucesivas en el sistema de flujo de disoluciones del analito con la misma concentracién, midiendo
su correspondiente sefial analitica. Un analisis estadistico de los datos proporciono la desviacion

estandar relativa (RSD).
v’ Limite de deteccion y cuantificacién

Por el término limite de deteccion de una magnitud se entiende al valor minimo de la
misma que puede afirmarse que es distinto de cero. En nuestro caso la magnitud medida es la sefial
analitica Y. Denominaremos Y, al limite de deteccion de esta magnitud, el cual corresponde a la

incertidumbre sobre el valor de Y cuando ésta tiende a cero. Segun el caso, Y, es igual bien al limite
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de sensibilidad del aparato de medida, bien a la incertidumbre sobre los errores sistematicos, o

bien, a la incertidumbre sobre la precision de los resultados.

Cuando Y es igual a Yy, es decir cuando el error absoluto sobre la medida se iguala a la

magnitud a determinar, entonces el valor obtenido Y cumple:
0<Y<Ypy+ 30
donde:

Yp: sefial analitica media obtenida para el blanco

o: desviacion estandar para el blanco
Se admite como limite de deteccion el valor?2;
Y=Y, + 30

El limite de detecciéon en términos de concentracion, c., se obtendra usando la funcién de

calibrado:
cL= (Y-Yp)/m = 3o/m
siendo m la pendiente de la recta de calibrado.

Conforme la sefial analitica Y crece por encima del limite de deteccion crece la
concentracion aparente del analito. Como criterio minimo, la region de cuantificacion debe estar

claramente por encima del limite de deteccion.
Por otro lado, se admite igualmente la siguiente definicion?":
Yo=Yy + 100
donde:

Yq: sefial analitica correspondiente al limite de cuantificacion

Yp: sefial analitica obtenida para el blanco

220 IUPAC, Nomenclature, symbols, units and their usage in spectrochemical analysis I, Spectrochimica Acta B 33B (1978) 241-245.

22! Guidelines for Data Acquisition and Data Quality Evaluation in Environmental Chemistry, Analytical Chemistry 52 (1980) 2242-
2249.
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o: desviacién estandar para el blanco

El limite de cuantificacion en términos de concentracion, cq, Se obtendra a partir de la

funcion de calibrado:
Co = (YQ—Yb)/m= 10c/m
donde m es la pendiente de la recta de calibrado.

Para la determinacion del limite de deteccién y cuantificacion se insert6 en el sistema diez
veces sucesivas el blanco de cada sensor, es decir, la disolucion acondicionadora de la muestra
registrandose las correspondientes sefiales analiticas. Esto se llevé a cabo para cada uno de los

volimenes de muestra previamente seleccionados.
v Frecuencia de muestreo

La frecuencia de muestreo da una idea de la velocidad de andlisis, indicando el nimero de
muestras que se pueden analizar con los sensores propuestos en una hora. Las variables
hidrodinamicas del sistema del flujo (caudal y volumen/tiempo de insercidn) influyen en este
pardmetro, de forma que cuanto mayor sea el caudal y menor el volumen o tiempo de insercion de

la muestra, mayor sera la frecuencia de muestreo.

En las Tablas 11.7, 11.8 y 11.9 se resumen los parametros analiticos obtenidos para los ocho

optosensores desarrollados en esta Memoria.

Tabla I1.7. Parametros analiticos de los optosensores desarrollados para la determinacion de principios
activos

150 pL 800 pL 100 pL 1000 pL

0.2-4mg/L  0.05-2mg/L  2.7-110 yM  5-150 ng/mL 0.5-6.5 ng/mL

0.2 mg/L 0.05 mg/L 2.7 uM 5 ng/mL 0.5 ng/mL
0.06 mg/L 0.015 mg/L 0.8 uM 1.5 ng/mL 0.15 ng/mL
1.8 (1)° 1.6 (0.4)° 3.3(55)" 2.1 (75)° 3.9 3.5)
12 11 16 14 11

 Nivel de concentracion en mg/L
® Nivel de concentracién en uM
¢ Nivel de concentracion en ng/mL
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Tabla I11.8. Pardmetros analiticos de los optosensores desarrollados para la determinacion de constituyentes
naturales en alimentos y bebidas

, RVT/PCD
Parametro

Rango dinamico lineal 33100 pg/L  15-120 pg/L  0.03-1pg/mL  0.04-1 pg/mL

Limite de cuantificacion 3.3 ug/L 3.5 pg/L 31 pg/L 42 pg/L
Limite de deteccion 1.0 pg/L 1.0 pg/L 9.3 pg/L 12.6 pg/L
R.S.D. (%) (n= 10) 1.8 (40)? 2.1 (50) 4.1 (0.5)° 3.8(0.5)°

Frecuencia de muestreo / ht 12 20 5 5

 Nivel de concentracion en ng/mL
®Nivel de concentracion en pug/mL

Tabla I11.9. Parametros analiticos de los optosensores desarrollados para la determinacién de contaminantes
en alimentos y bebidas

Parametro

Rango dindmico lineal 0.09-12 pg/L 0.2-5.0 pg/L

Limite de cuantificacion 0.09 pg/L 0.2 ng/L
Limite de deteccion 0.029 pg/L 0.06 pg/L
R.S.D. (%) (n= 10) 1.4 (5)° 3.4 (4)?

Frecuencia de muestreo / h 10 30

 Nivel de concentracion en pg/L

A continuacién se muestran, a modo de ejemplo, las graficas y funciones de calibracion
correspondientes a dos de los optosensores desarrollados en esta Memoria (Figuras 11.40 y 11.41).
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Figura 11.40. Gréfica y funcidn de calibracion del sensor desarrollado para la determinacion de CFD
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Figura 11.41. Gréafica y funcién de calibracion del sensor desarrollado para la determinacion de BPA
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8. Estudio del efecto de posibles especies interferentes

Una vez realizadas las experiencias necesarias para la optimizacién de las variables
experimentales y la calibracién de cada sensor, se pasé al estudio de la selectividad de los sensores

para los analitos objetos de estudio.

Es necesario poner de manifiesto el hecho de que la presencia del soporte sélido en el area
de deteccion ya supone un considerable aumento en la selectividad del sistema, debido a que el
analito (o especie monitorizada) se retiene selectivamente sobre dicho soporte y queda separado de
este modo del resto de la matriz. No obstante, es posible que sean retenidas también otras especies

gue posean un comportamiento muy similar al del analito frente al soporte sélido.

Por otra parte, también es posible afirmar que, en general, los optosensores que utilizan PIF
0 CL como método de deteccion presentan una mayor selectividad que aquellos en los que se mide
la fluorescencia nativa u obtenida tras una derivatizacion quimica, debido al escaso grupo de
sustancias que presentan estas propiedades. En PIF es a veces incluso posible la discriminacion de
sustancias pertenecientes a la misma familia de compuestos con una estructura quimica muy
similar, siempre y cuando los grupos funcionales implicados en la reaccion de fotodegradacion
difieran. Ademas, es necesario tener en cuenta que las condiciones Optimas para la fotodegradacion
de cada analito estdn muy bien definidas, pudiendo ser muy distintas respecto a otros compuestos

de la misma familia en términos de naturaleza del fotoproducto, tiempo de irradiacion, pH, etc.

Para el estudio en cuestion, se seleccionaron como posibles interferentes aquellas especies
gue mas frecuentemente acompafian a los analitos en las muestras reales a las que se va a aplicar
cada sensor desarrollado. A continuacion se resumen los resultados obtenidos en cada estudio,

discutiendo los resultados mas relevantes obtenidos en cada caso.

8.1. Sensores para la determinacion de principios activos

Puesto que los sensores aqui incluidos se utilizaron para la determinacién de principios
activos tanto en farmacos como en orina, se estudiaron como posibles interferentes especies

orgénicas e inorgénicas que podian aparecer junto con el analito en estas muestras.

Para llevar a cabo este estudio, se analizaron disoluciones que contenian una cantidad
constante del analito correspondiente y cantidades crecientes de la especie cuyo efecto se pretendia

determinar. Comparando la sefial analitica que producian estas disoluciones y la obtenida para una
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disolucién conteniendo solo el analito, se determind la tolerancia del sensor a cada una de estas

especies.

Se considerd que una especie extrafia no interferia si ésta producia un error menor de + 2¢
en la sefial analitica, siendo o la desviacion estandar. La tolerancia se expresa en cada caso como la

relacion especie extrafia/analito, en masa (m/m).

En el caso del SCG, se probaron excipientes que contenian los farmacos, tales como
lactosa, sacarosa, glucosa y almiddn y se obtuvo en todos los casos una tolerancia superior a 1000.
Se ensayaron también especies organicas e inorganicas de la orina, y se encontré que la tolerancia
era también superior a 1000 para los iones Na‘, K, NH,", CI, I' y NOs. En la Tabla 11.10 se

muestra la tolerancia al resto de componentes de la orina ensayados.

Tabla 11.10. Estudio de especies interferentes para SCG

500
100
90

? Para una concentracién de SCG de 400 ng mL™

En todos los casos, las concentraciones toleradas de especies extrafias eran mayores que las
encontradas habitualmente en las muestras reales. Cu*" y Fe®* fueron las especies que tuvieron un
mayor efecto interferente, sin embargo su concentracion en orina esta por debajo de la tolerada, lo
cual hace posible la determinacidn de SCG en dicha matriz con el método propuesto. Se determin6
también la tolerancia del método a la presencia de Cu®* y Fe®" en disolucién homogénea (sin
soporte sélido) y esta resulto ser 100 veces inferior. Por tanto, la determinacion de SCG en orina en

el modo convencional no seria posible sin la previa eliminacién de estas especies interferentes.

En el sensor desarrollado para la determinacion de CFD en farmacos y orina, se observo
una alta tolerancia a la presencia de todas las especies interferentes estudiadas, lo que es
consecuencia directa del uso de un soporte so6lido y de la deteccién por CL (Tabla I1.11). La menor
tolerancia a la presencia del i6n Fe** puede ser explicada por el caracter oxidante que presenta

dicho cation que hace que interfiera en la reaccion quimioluminiscente.
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Tabla I1.11. Estudio de especies interferentes para CFD

Tolerancia (interferente/analito)

(m/m)?

Especies extrafas

Lactosa, sacarosa, glucosa, almiddn
Na‘, K*, CI', I, NOy, COs*, PO,*
Urea, Mg*

Acido urico, Ca*, Cu*

Fe3+

& Para una concentracién de CFD de 30 uM
® Maxima relacion ensayada

En general, los resultados obtenidos en el sensor de INM mostraron que el método
propuesto es altamente selectivo en su aplicacion al analisis de farmacos y orina (Tabla 11.12). El
estudio fue realizado empleando el volumen de muestra mas bajo, 100 pL.

Tabla 11.12. Estudio de especies interferentes para INM

Tolerancia (interferente/analito)

Especies extrafias
(m/m)?

Lactosa, sacarosa, glucosa, almidén,
Na*, K*, CI, I', SO, é&cido urico,
creatinina

Ca2+

NO;’

Urea

COs*

MgZ+

PO,*
Cu2+

Fe®

3 para una concentracion de INM de 70 ng mL™
® Maxima relacion ensayada
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Los iones Cu®* y Fe*" fueron los interferentes mas importantes. Sin embargo, los niveles de
tolerancia son suficientes para la determinacion INM en orina. Ademas, se comprobd que estos
niveles pueden verse incrementados hasta veinte veces afiadiendo a la disolucion portadora una
concentracion de EDTA 2.68 x 10 M.

8.2. Sensores para la determinacion de compuestos de interés en alimentos y bebidas

Dada la naturaleza de las muestras, en este caso la realizacion de un estudio de interferentes
tal y como se llevo a cabo para farmacos y orina no fue posible. En todos los casos fue necesario un
pretratamiento de la muestra con objeto de extraer el analito y eliminar posibles especies
interferentes. En el caso concreto de los sensores desarrollados para la determinacion de RVT o
PCD, fue necesario incluir en ese pretratamiento la eliminacion del PCD o RVT, respectivamente.

Este aspecto sera desarrollado en el apartado 9 de este Capitulo.
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9. Aplicaciones analiticas

Para comprobar la aplicabilidad de los métodos propuestos, éstos fueron aplicados a la
determinacion de los diferentes analitos en muestras reales mediante los procedimientos ya descritos.
Puesto que las muestras eran de naturaleza muy diversa requirieron un tratamiento distinto en cada
caso, mas o menos laborioso en funcion de la complejidad de la muestra. Algunos de los métodos de
tratamiento de muestra fueron desarrollados por primera vez en esta Memoria y otros fueron

modificados a partir de procedimientos previamente descritos en bibliografia.

Las muestras a las que fueron aplicadas cada sensor se muestran en la Tabla 11.13.

Tabla 11.13. Aplicaciones para cada sensor desarrollado

Farmacos; Orina
Farmacos; Orina
Farmacos; Orina
Cerveza
Cacao y productos derivados
Vino
Cerveza

Leche

A continuacién se discutira la preparacion de la muestra analizada, los resultados obtenidos en

las aplicaciones y las particularidades mas relevantes de cada optosensor.
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9.1. Sensores para la determinacion de principios activos
9.1.1. Preparacién de muestra
v Farmacos

Todos los farmacos analizados se encontraban recogidos en la Farmacopea Espafiola y poseian

diversas formas de presentacion: capsulas, colirios, jarabes y soluciones.

Las capsulas se molturaron (10 unidades), se homogeneizaron, se pesé una cantidad apropiada
y se disolvio, siempre que fue posible, en agua desionizada. S6lo en el caso de capsulas que contenian
INM éstas fueron disueltas en MeOH:H,O (60:40, v/v) y posteriormente filtradas a través de un filtro
de membrana de 0.45 um de didmetro de poro para eliminar las particulas insolubles. Finalmente,
todas las disoluciones obtenidas fueron diluidas en el medio optimizado para la muestra: 0.1 M H,SO,
para CFD, 0.01 M NaOH para INM y agua desionizada para SCG.

Las soluciones, colirios y jarabes se disolvieron directamente en agua desionizada y, al igual

que las capsulas, se diluyeron en el medio correspondiente.
v Orina

Las muestras de orina se tomaron de voluntarios sanos. No se requiso en ninguno de los casos
un pretratamiento de muestra complejo. En el caso de la determinacion de SCG, las muestras (ya
fortificadas) eran simplemente diluidas con agua desionizada; solo en el caso de que se observara
turbidez, eran previamente filtradas. En la determinacion de CFD e INM, las muestras fueron
fortificadas y se les afiadié acetonitrilo (2 mL/4 mL orina). La mezcla se homogeneizd bien y se
centrifugd posteriormente durante 10 6 15 min. Se filtrd luego a través de un filtro con didmetro de
poro de 0.45 um vy, finalmente, al igual que para los farmacos, las disoluciones obtenidas fueron

diluidas con el medio optimizado para la muestra.
9.1.2. Andlisis de muestra

Cada una de las muestras fue analizada por triplicado siguiendo el procedimiento previamente

descrito.

En la determinacién de CFD, INM y SGC en farmacos se observé que los resultados obtenidos

estaban en todos los casos en concordancia con los proporcionados por el fabricante. Se Ilev6 a cabo
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ademas un estudio de recuperacion a tres niveles de concentracion, obteniéndose porcentajes de

recuperacion comprendidos entre 94y 104 % (Tabla 11.14).

Tabla 11.14. Aplicaciones analiticas en farmacos

Concentracion Recuperacion

Optosensor Farmacos analizados
P encontrada (%)

Cusicrom fuerte (Ltd. Cusi)® 42 mg/mL

Frenal Compositum (Ltd. Sigma-tau)® 21 mg/cépsula 97-104
Cusicrom fuerte (Ltd. Alcén)® 39 mg/mL

Duracef (Ldt. Juste)® 494 mg/cépsula

Duracef (Ldt. Juste)® 235 mg/5 mL 96-104
Cefadroxilo Sabater (Generfarma S.L.)" 490 mg/capsula

Inacid (Ldt. Merck Sharp Dohme)® 25 mg/capsula

Flogoter (Ldt. Estedi)" 26 mg/capsula 94-104
Indonilo (Ldt. Sigma TAU)' 50 mg/capsula

Concentracion del principio activo en el farmaco: 40 mg/mL; ® 20 mg/capsula; 40 mg/mL; 500 mg/capsula;
®250 mg/5 mL; 500 mg/capsula; ¢ 25 mg/capsula; " 25 mg/capsula; ' 50 mg/capsula

En el caso de las muestras de orina, una vez comprobado que estaban exentas del analito, se
llevo a cabo un estudio de recuperacion a tres niveles distintos de concentracion. Los porcentajes de
recuperacion estuvieron en el intervalo 96-107% para SCG, 95-102% para CFD y 97-107% para INM.
En la Tabla 11.15 se muestran los resultados obtenidos en la determinacion de SGC.
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Tabla 11.15. Determinacion de SGC en orina

Concentracion Concentracion Recuperacion

Muestra afiadida encontrada C))

(hg/mL) (Mg/mL) + RSD?

Orina-2

Orina-3

Orina-4

# Media de tres determinaciones

9.2. Sensores para la determinacion de compuestos de interés en alimentos y bebidas
9.2.1. Preparacion de muestra
= Resveratrol

Las muestras de cerveza analizadas fueron adquiridas en establecimientos locales. Estas se
mantuvieron alejadas de la luz durante todo el proceso de analisis. Para la extraccion del RVT de la
cerveza se desarroll6 un nuevo procedimiento mediante SPE, basado en uno previamente descrito en

158

bibliografia™® en el que se realizaron una serie de modificaciones.

Muchas de las especies organicas presentes en la matriz eran directamente excluidas del
soporte solido, ya que el fotoproducto fluorescente generado a partir del RVT era retenido en
Sephadex QAE A-25. La naturaleza de este soporte, resina de intercambio aniénico, hace que sea

bastante selectivo. Sin embargo, fue necesario eliminar otras especies que podian ser retenidas,
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compitiendo asi con el producto de fotodegradacion por los sitios activos del soporte solido. Se
comprobd que la especie interferente mas importante era el propio glicésido del RVT, el PCD,
también presente en la cerveza'*, ya que mostraba un comportamiento muy similar al del RVT. Bajo
irradiacion UV, el PCD también origina un fotoproducto fluorescente que se retiene sobre Sephadex
QAE A-25 mostrando un completo solapamiento espectral con el fotoproducto del RVT. Se observé
ademas que los acidos cafeico y galico interferian en la determinacion de RVT cuando sus cantidades
eran 5y 80 (m/m) veces mayores que las de éste ultimo, respectivamente. No obstante, no se observo

interferencia para el caso de la catequina y la quercetina, igualmente presentes en cerveza.

La preparacién de la muestra se llevo a cabo en dos etapas:

(1) Eliminacion de los compuestos hidrofobicos. De acuerdo con la bibliografia™®

, para
obtener un alto porcentaje de extraccion de polifenoles en cerveza es necesaria la previa eliminacion
de lipidos (delipidacion) y resinas del lapulo, lo que suele llevarse a cabo utilizando éter etilico. Sin
embargo, la solubilidad apreciable del RVT en dicho disolvente hizo imposible su utilizacion en este
caso para tal fin. Por ello, la eliminacion de tales compuestos hidrofébicos se llevé a cabo con tolueno
y ciclohexano. En primer lugar, alicuotas de 25 mL de cerveza fueron desgasificadas y fortificadas con
cantidades conocidas de trans-RVT. Posteriormente se trataron con 25 mL de tolueno (tres veces) y 25
mL de ciclohexano (tres veces). Tras cada extraccion, la mezcla era centrifugada durante 5 min a 4200
gy se eliminaba el sobrenadante. Finalmente, la cerveza ya limpia se secd bajo vacio (30 °C) con el fin

de eliminar los restos de disolvente.

(2) Extraccion de RVT mediante SPE. El objetivo de esta etapa era realizar una extraccion
selectiva del RVT de la cerveza. Se probd, en primer lugar, a realizar una extraccién liquido-liquido
con los disolventes que se utilizan usualmente para la extraccion de RVT y PCD desde muestras
liquidas, éter etilico y acetato de etilo. Se comprob6 que el éter etilico proporcionaba una recuperacion
de RVT del 80%, pero que el PCD también era significativamente extraido (5%). El uso de un
disolvente mas polar como el acetato de etilo proporcionaba un porcentaje de extraccion para el PCD
aun mayor (10%). Por lo tanto, la extraccion liquido-liquido se descarté y se optd por una SPE,

haciendo uso de cartuchos de Cyg.

Los cartuchos de Cg fueron acondicionados, en un primer paso, pasando consecutivamente 3
mL de MeOH y 6 mL de H,O. Después, la cerveza se paso a través del cartucho a un flujo de 3-4 mL
min™, bajo vacio. Posteriormente, con el propésito de llevar a cabo las etapas de lavado y elucion, se
probaron diferentes disolventes: H,O, acetato de etilo, éter etilico y MeOH. Para este estudio, todos los

eluatos obtenidos se monitorizaron desde 250 a 425 nm con un espectrofotometro UV-visible. Una
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primera etapa de lavado con agua permitié la eliminacién de los compuestos méas polares de la matriz.
El volumen de agua necesario se estudié en el rango de 2 a 8 mL y se encontr6 que 6 mL era el
optimo. En una segunda etapa de lavado, a fin de eliminar el PCD y otros posibles interferentes de
polaridad similar sin extraer el RVT, se ensayaron disoluciones con distintos porcentajes de MeOH
(20, 35, 40 y 50 % (v/v)). Los resultados obtenidos se muestran en la Tabla 11.16.

Tabla 11.16. Porcentajes de recuperacion de trans-RVT y trans-PCD en funcién del disolvente

trans-RVT trans-PCD
0 0
0 35
0 81
10 80
75 81
82 83

Tras los resultados obtenidos, mostrados en la tabla anterior, se escogié como éptima una
disolucion de MeOH:H,0 al 40% (v/v), siendo 6 mL el volumen éptimo necesario para el lavado.
Finalmente, para la elucidon de RVT se probd con éter etilico, acetato de etilo y MeOH (80 y 100%
(v/v)), siendo seleccionado como eluyente MeOH puro ya que era el disolvente que proporcionaba el
mejor porcentaje de recuperacion (82%). La elucién se llevo a cabo con 3 x 2 mL de MeOH vy el
eluato se concentro hasta sequedad bajo una suave corriente de nitrégeno. El residuo final se solubilizé
en 10 mL de una disolucion tampén 0.01 mol L™ de NaAc/HAc (pH 6.0).

= Piceido

El método propuesto fue aplicado a la determinacion de trans-PCD en cacao en polvo,
chocolate negro y chocolate con leche. Las muestras analizadas fueron adquiridas en mercados
locales, se almacenaron a 4 °C y se mantuvieron al abrigo de la luz durante todo el proceso de anélisis.
Para la extraccion del PCD se desarrolld un nuevo procedimiento de extraccion a partir de un

procedimiento descrito anteriormente para la extraccion de estilbenos en lapulo™®®,
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Generalmente se emplean procedimientos de ‘“clean-up” para limpiar los extractos de
polifenoles antes de su analisis por HPLC??. En nuestro caso, los extractos de estilbenos tuvieron que
ser también purificados con el objetivo de eliminar la aglicona del PCD (el RVT), el cual esté presente
también en el cacao y el chocolate'™*®. Tal y como hemos comentado anteriormente, en las
condiciones de trabajo el RVT se convertia en un fotoproducto fluorescente, que era también retenido
sobre el soporte solido (Sephadex QAE A-25), compitiendo de esta forma con el fotoproducto

fluorescente del PCD.
La preparacién de la muestra se llevo a cabo en tres etapas:

(1) Eliminacion de los compuestos hidrofobicos. Primeramente se llevd a cabo una etapa
previa de delipidacion con tolueno y ciclohexano para mejorar la posterior extraccion de PCD, siendo
necesario reducir previamente el chocolate a polvo. Las muestras de chocolate (1 g en el caso de cacao
en polvo y chocolate negro, y 2 g en el caso de chocolate con leche) se fortificaron con cantidades
apropiadas de trans-PCD. Seguidamente, se trataron con 5 mL de tolueno (tres veces) y 5 mL de
ciclohexano (tres veces), siendo cada vez agitadas (3 min) y centrifugadas durante 5 min a 4200 g.
Finalmente se elimind el sobrenadante y la muestra delipidada se secé bajo vacio (30 °C) con el fin de

eliminar los restos de disolvente.

(2) Extraccion del PCD. Las muestras delipidadas se sometieron a extraccién tres veces con
4 mL de una disolucién de EtOH:H,O (80:20, v/v), agitando suavemente durante 5 min en cada etapa.
Al final de cada extraccion las muestras se centrifugaron durante 5 min a 4200 g, se unieron los
distintos sobrenadantes, y se secaron bajo vacio (30 °C) para eliminar cualquier residuo de disolvente.

De esta forma se consigui6 extraer el PCD, junto con el RVT.

(3) Clean-up del extracto mediante SPE. La finalidad de esta etapa era fundamentalmente
separar el PCD del RVT, cuya interferencia ya se ha comentado, y eliminar a la vez otros
componentes de la matriz. Se llevo a cabo utilizando cartuchos de gel de silice Cyg, que fueron, en un
primer paso, acondicionados pasando consecutivamente 3 mL de MeOH y 6 mL de H,0. Después, el
extracto obtenido en la etapa anterior se paso a través del cartucho a un flujo de 3-4 mL min™ bajo
vacio. Posteriormente, se ensayaron diferentes disolventes para llevar a cabo tanto la etapa de lavado
como la de elucién: agua, MeOH, EtOH, éter etilico y acetato de etilo. Las eluatos recogidos fueron

monitorizadas desde 250 a 425 nm con un espectrofotometro UV-visible. Una primera etapa de lavado

222 Wollgast, E. Anklam, Food Research International 33 (2000) 423-447.
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con H,O permitio la eliminacion de los compuestos més polares de la matriz, como los azlcares. Se
estudi6 el volumen de necesario en un rango de 2 a 10 mL, resultando ser 6 mL el volumen 6ptimo. La
elucion del PCD sin eluir el RVT solamente fue posible usando disoluciones de MeOH con
porcentajes comprendidos entre 20 y 50% (v/v). Una disolucion de MeOH al 40% permitié la elucion

de un 90% de PCD. En dichas condiciones el RVT permanecia retenido sobre las particulas de Cig

(Figura 11.42).
2
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Figura 11.42. Porcentajes de recuperacion en SPE para PCD (rojo) y RVT (verde) en funcién del disolvente de elucion
(MeOH:H,0, v/v)

El resto de disolventes probados no permitian la elucién secuencial del PCD y RVT.
Finalmente, la elucion del PCD se llev6 a cabo con 3 x 2 mL de una disolucion de 40% (v/v) de
MeOH. El eluato se sometié luego a evaporacion bajo una corriente de nitrégeno y el residuo final se
solubilizé en 10 mL de una disolucién tamp6n 0.02 mol L™ de NaAc/HAc (pH 5.5).

= Resveratrol y Piceido

Se analizaron muestras de vino tinto y vino blanco que fueron adquiridas en mercados locales.
Estas se almacenaron a 4° C y se mantuvieron protegidas de la luz durante todo el proceso de analisis.
La complejidad de la matriz del vino normalmente hace necesario llevar a cabo un tratamiento de la
muestra antes del analisis de RVT y PCD. Efectivamente, se observo la existencia de un importante
efecto matriz y se opté por una SPE para la extraccion de RVT y PCD vy eliminacion de posibles
interferentes. Esta técnica fue la elegida ya que en los sensores previamente desarrollados para la
determinacion individual de ambos analitos habia proporcionado buenos porcentajes de recuperacion.
El nuevo método de tratamiento de muestra se desarroll6 pues a partir de los desarrollados para la

determinaciones individuales.



1. Aplicaciones analiticas | 128

El procedimiento de SPE se llevo a cabo utilizando cartuchos de gel de silice Cig, que fueron,
en un primer paso, acondicionados pasando consecutivamente 3 mL de MeOH y 6 mL de H,0. Se
pasaron luego a través del cartucho 10 mL de la muestra de vino, a un flujo de 3-4 mL minty, a
continuacion, se realizé un lavado con H,O que permitié la eliminacion de los compuestos mas polares
de la matriz, como es el caso de los azlcares. Se estudio el volumen necesario en un rango de 1 a 10
mL, resultando ser 6 mL el volumen 6ptimo, comprobandose que no se producia ninguna pérdida de
los analitos. Al igual que en la extraccion individual de PCD y RVT, se eligi6 MeOH como disolvente
de elucion ya que era el que proporcionaba mejores recuperaciones para ambos analitos (85% para
RVT; 88% para PCD) y, ademas, no existia interferencia de otros componentes de la matriz en el
analisis de los extractos obtenidos. La etapa de elucion se llevo a cabo con 3 x 2 mL de MeOH vy el
eluato se evaporé hasta sequedad bajo una ligera corriente de nitrdgeno, a temperatura ambiente. No
se observé ninguln tipo de degradacion de los analitos en esta etapa. El residuo final se solubilizé en 10
mL de una disolucién tamp6n 0.04 mol L™ de NaAc/HAc (pH 5.5).

Se comprob6 que tras este tratamiento de muestra se eliminaba completamente el efecto

matriz.
= Aflatoxina B;

Se analizaron muestras de cerveza que fueron adquiridas en mercados locales. Se
almacenaron a 4° C y se preservaron de la luz durante todo el procedimiento de analisis. Dado que
algunas micotoxinas encontradas en cereales, tales como la ocratoxina A, aflatoxinas (B,, G;, G, etc.),
fumonisinas y tricotecenos (toxinas deoxinivalenol, T-2 y HT-2) pueden sobrevivir al proceso de la
elaboracion de la cerveza, al igual que la AFB,, éstas pueden detectarse igualmente en dicha matriz®*,
Por lo tanto, fue necesario un pretratamiento de las muestras de cerveza para extraer la AFB;y
asegurar la eliminacion de otras especies que pudieran interferir en su determinacion. Para ello, se
desarrollé un nuevo método basado en SPE. Se eligi6 esta técnica ya que es la habitualmente utilizada
tanto para la extraccion directa de micotoxinas desde muestras liquidas como para el “clean-up” de
éstas, debido a los buenos resultados que ofrece. Al igual que en el caso de la determinacion de RVT
en cerveza, previamente descrita, para la obtencion de un alto porcentaje de extraccién de la AFB; fue
necesaria la eliminacion previa de algunos compuestos de alto peso molecular del lapulo (resinas), lo
gue se llevé a cabo con el método antes optimizado para el analisis de dicho estilbeno, al que se

introdujeron varias modificaciones.

2R Romero-Gonzalez, J.L.M. Vidal, M.M. Aguilera-Luiz, A.G. Frenich, Journal of Agricultural and Food Chemistry 57 (2009) 9385-
9392.
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La preparacion de la muestra se llevo a cabo en dos etapas:

(1) Eliminacion de los compuestos hidrofébicos. En primer lugar, alicuotas de 1 mL de
cerveza fueron desgasificadas y fortificadas con cantidades conocidas de AFB,. Posteriormente se
trataron con 1 mL de tolueno (dos veces) y 1 mL de ciclohexano (dos veces), siendo cada vez agitadas
y centrifugadas durante 5 min a 3500 rpm, eliminando al final de cada extraccion el sobrenadante.
Finalmente, la muestra de cerveza se sec6 bajo una corriente de nitrégeno con el fin de eliminar los

restos de disolvente.

(2) Extraccion de la AFB; mediante SPE. Se utilizaron cartuchos de Cyg debido a que éstos
presentaban mayor afinidad por las aflatoxinas que por otras micotoxinas. Los cartuchos se
acondicionaron pasando consecutivamente 10 mL de acetonitrilo y 10 mL de H,O. Seguidamente, la
muestra de cerveza se adiciond sobre los cartuchos, a un flujo de 2-3 mL min™ bajo vacio, y se
procedié a optimizar las etapas de lavado y elucién del analito. Los disolventes empleados asi como
los volimenes correspondientes se seleccionaron teniendo en cuenta dos aspectos: la eliminacion de la
mayoria de las sustancias interferentes polares, sin eluir la AFB; (lavado), y una completa extraccién
de ésta ultima (elucion). Se utilizaron 10 mL de H,O y 2 mL de acetonitrilo, respectivamente. Las
fumonisinas B; y B, eran eliminadas en la etapa de lavado debido a su alta solubilidad en agua.
Después del lavado los cartuchos fueron secados a vacio durante 1 min. Para la elucion de la AFB; se
utiliz6 acetonitrilo ya que habia demostrado su alta selectividad por las aflatoxinas (By, B,, G1 y G).
Debido a la gran disminuciéon que se producia en la sefial de fluorescencia de la AFB; y su
fotoproducto cuando el medio era acetonitrilo, fue necesario eliminar este Gltimo y sustituirlo por
MeOH. Se estudid el porcentaje de MeOH necesario para tal fin en un rango de 0-30% (v/v) y se
seleccion6 como Optimo un 5% (v/v), la minima cantidad posible para disolver el analito. Para
disoluciones con un porcentaje de MeOH mayor al 10%, la sefial de fluorescencia disminuia. Por lo
tanto, el eluato fue evaporado hasta sequedad bajo una corriente de nitrégeno y el residuo se redisolvio
en 10 mL de una disolucion metandlica al 5% (v/v), a la que se ajustd el pH a 5.5 por adicion de
NaOH o0 HNO;.

= Bisfenol A

Se analizaron muestras de leche, disponibles comercialmente en mercados locales, con
diferente presentacion: leche liquida, leche en polvo y férmulas infantiles. Las muestras se

mantuvieron alejadas de la luz a 4° C durante todo el proceso de analisis.

La preparacion de la muestra se llevo a cabo en dos etapas:
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(1) Desproteneizacion. Con el objetivo de extraer el BPA y recuperar altas cantidades del
mismo, fue necesario llevar a cabo una previa eliminacion de las proteinas. Esta etapa se llevo a cabo
tomando como referencia un procedimiento previamente descrito en bibliografia?®*, donde se
precipitaban las proteinas con una disolucion de &cido tricloroacético (TCA) al 2.5% (v/v) y el

precipitado se lavaba con MeOH para evitar la adsorcion del BPA en el mismo.

20 mL de leche en el caso de las muestras liquidas o 1 g disuelto en 10 mL de H,O, en el caso
de las muestras en polvo, fueron fortificados con una cantidad apropiada de BPA y desproteneizados.
Finalmente, después de ser agitadas durante 30 s, las muestras se centrifugaron durante 3 min a 4200 g

y se utilizo el sobrenadante para la posterior extraccion.

(2) Extraccion del BPA mediante SPE. En un primer paso los cartuchos de Cis se
acondicionaron pasando consecutivamente 5 mL de MeOH y 5 mL de H,O. Después, las muestras de

leche pretratadas, se adicionaron sobre los cartuchos a un flujo de 3-4 mL min™ y a vacio.

En segundo lugar se procedié a las etapas de lavado y elucion del analito. Para ello se
optimizaron los disolventes necesarios asi como los volumenes correspondientes. Se probaron
disoluciones con diferentes porcentajes de MeOH (v/v) monitorizando las fracciones con un
espectrofotometro UV-visible recogidas desde 250 a 425 nm. Para la eliminacion de las especies
polares mas potentes, en la etapa de lavado, se estudiaron disoluciones con los siguientes porcentajes
de MeOH: 10, 20, 30, 40 y 50% (v/v). Como resultado éptimo se escogié 2 mL de una disolucion de
MeOH al 30% (v/v) ya que proporcionaba una buena eliminacion de otras especies de la matriz sin
eluir el analito. Tras esta etapa se procedio a secar los cartuchos a vacio durante 1 min. Para la elucion
de BPA se experimentd con disoluciones con porcentajes de MeOH comprendidos entre 70 y 100%
(v/v). Se seleccion6 un volumen de 3 mL de una disoluciéon de MeOH al 80% (v/v), puesto que
proporcionaba recuperaciones del analito comprendidas entre 90 y 100%. Finalmente, el eluato se
sometid a evaporacion bajo una corriente de nitrégeno vy el residuo final se redisolvié en 10 mL de una
disolucién tampén 0.08 mol L™ de NaAc/HAc (pH 6.0).

9.2.2. Andlisis de muestra

Para comprobar la aplicabilidad de los métodos propuestos en esta Memoria, éstos fueron
aplicados a la determinacion de los correspondientes analitos en muestras reales mediante los

procedimientos previamente descritos. Los resultados obtenidos se compararon con los

24 Yi, J. Yin, Z. Xu, C. Zhao, H. Huang, H. Zhang, C. Wang, Analytical and Bioanalytical Chemistry 395 (2009) 1125-1133.
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proporcionados por un método de referencia. Ademas, se realizaron estudios de recuperacion a

distintos niveles de concentracion. Todas las medidas fueron realizadas por triplicado.
= Resveratrol

Cuando el método propuesto fue aplicado a la determinacién de RVT en cervezas, tanto de
baja como alta fermentacion, se encontr6 un importante efecto matriz que no era eliminado en el
tratamiento de muestra anteriormente descrito. Por tanto, fue necesario llevar a cabo una calibracién
por adicion de patron. La pendiente de la curva de calibrado obtenida tras la fortificacion de los
extractos finales con RVT era diferente de aquella obtenida cuando se fortificaban las muestras de
cerveza. Ademas, ambas pendientes eran diferentes de la obtenida por calibracion externa. Por lo
tanto, el efecto matriz detectado era debido tanto a la presencia de especies interferentes en el extracto
final como a una incompleta recuperacion del RVT tras el pretratamiento. Por ello, el andlisis de cada
muestra se realizé fortificando, antes de realizar el tratamiento de muestra, diferentes alicuotas de
aquella con cantidades crecientes de trans-RVT. El efecto matriz fue determinado comparando las
pendientes obtenidas por calibracion externa y calibracion por adicién de patron, para las diferentes

muestras de cerveza analizadas:

Mme. externa/mc. adicién patrén™~ 11

Los resultados obtenidos en el analisis de las muestras fueron comparados en cada caso con
los encontrados por un método de referencia basado en HPLC-MS/MS el Gnico método descrito
hasta la fecha en bibliografia para la determinacién de RVT en cerveza (Tabla 11.17). Como puede
observarse, las concentraciones de RVT en las muestras analizadas eran en todos los casos inferiores

al limite de deteccion o cuantificacion del método de referencia.

Las concentraciones de RVT encontradas por el método propuesto se encontraban en el rango
4.1 a 14 ng mL™. Dado que el contenido en RVT en tres de las muestras analizadas fue més bajo que
el limite de cuantificacién del método propuesto, se llevé a cabo un estudio de recuperacion a dos
niveles de concentracion distinta (20-80 ng mL™). En todos los casos se obtuvieron buenos porcentajes
de recuperacion, estando el rango comprendido entre 99.5 y 101.5%. Ademas, los resultados obtenidos

estuvieron en todos los casos en buena concordancia con los encontrados por el método de referencia.
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Tabla 11.17. Determinacion de RVT en cerveza

Cervezas de alta

fermentacion

Ale 1
Ale 2

Bitter

Stout

Cervezas de baja

fermentacion

Lager 1

Lager 2
Pilsen 1

Pilsen 2

6.2+0.5ngmL™
<LOD
20.3+0.5ng mL*
40.6 £0.7 ngmL*
<LOD
60.5+ 1.1 ng mL*
80.8 +1.3ngmL™
6.3+0.3ngmL™

<LOD
19.9+0.5ng mL™
40.3+1.0ngmL™
41+02ngmL™?

14.1+05ng mL*
12.2+0.5ng mL™

<LOQ
<LOD
20.8 +0.6 ngmL™
41.0+1.2ngmL*
<LOD
59.6 + 1.3 ng mL™
79.2+1.4ngmL*
<LOQ

<LOD
19.5+0.5ng mL™
39.8+0.7ngmL"
<LOD
<LOQ
<LOQ

LOD: limite de deteccion; LOQ: limite de cuantificacion; ® Desviacion estandar (n=3);
b Referencia [171].

= Piceido

A pesar del previo tratamiento de muestra, también en este caso fue encontrado efecto matriz
en la aplicacién del método propuesto a las diferentes muestras a analizar, cacao en polvo y chocolate
negro y con leche. Por ello, las curvas de calibracion se construyeron en cada caso fortificando las
muestras con cantidades crecientes de trans-PCD. Las curvas de calibracién correspondientes se

muestran en la Tabla 11.18.
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Tabla 11.18. Pardmetros analiticos para la determinacion de PCD en muestras reales

PCD
Parametro Chocolate

Cacao en polvo Chocolate con leche

negro

0.09-20

Rango dinamico lineal (mg kg™) 1.4-50 1.1-25

Curva de calibrado

Ordenada en el origen + 6* 448 +0.5 445+0.3 42.6£0.6

Pendiente + 6* (kg mg™) 8.0+0.2 145+04 124 +1

Coeficiente de correlacion 0.9993 0.999% 0.999%
Limite de cuantificacién (mg kg™) 1.4 1.1 0.09
Limite de deteccién (mg kg™ 0.4 0.3 0.03

®Desviacion estandar (n= 3)

Los resultados obtenidos en el analisis de muestras reales (Tabla 11.19) fueron comparados con
los proporcionados por un método cromatogréfico de referencia?®, y en todos los casos hubo una
buena concordancia entre ambos. También se llevé a cabo un estudio de recuperaciéon sobre las
muestras analizadas, a tres niveles de concentracion diferentes, obteniéndose buenos porcentajes de

recuperacién en todos los casos.

Como puede observarse y como era de esperar, el cacao en polvo contiene los mayores niveles
de trans-PCD, seguido del chocolate negro y el chocolate con leche. Este mismo patron se observé en
un estudio previo de productos que contienen cacao®?®. Por otra parte, de los resultados obtenidos por
el método de referencia, se pudo establecer que, tal y como fue descrito previamente, en cacao y

chocolate s6lo esta presente el isomero trans del PCD?>%%,

225 ¢ Counet, D. Callemien, S. Collin, Food Chemistry 98 (2006) 649-657.

2\, Hurst, J.A. Glinski, K.B. Miller, J. Apgar, M.H. Davey, D.A. Stuart, Journal of Agricultural and Food Chemistry 56 (2008) 8374-
8378.
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Tabla 11.19. Determinacién de PCD en cacao y productos derivados

- 5.6+05 59+0.2
Cacao en 10 15.7+0.9 16.1+05
polvo 20 253+05 260+1.1
40 46.1+0.4 456 +0.7
- 3.0+ 0.4 2.8+04
Chocolate 10 13.5+0.2 125+ 0.6
negro 15 18.3+0.3 176 +1.2
20 235+1.0 23.0+08
- 0.7+0.3 0.8+0.6
Chocolate 0.8 15+13 14+0.2
con leche 1.2 20+0.3 19+11
1.8 2.4+05 2.7+0.9

3 Desviacion estandar (n=3); ° Referencia [225]

= Resveratrol y Piceido

En la determinacion simultanea de RVT y PCD en vino blanco y tinto no se detect6 efecto
matriz, por lo que el analisis fue llevado a cabo por calibracién externa. Los resultados obtenidos
mediante el método propuesto (Tabla 11.20) fueron comparados con aquellos encontrados con un

método de referencia®’

. Ademas se llevé a cabo un estudio de recuperacién fortificando las muestras
con dos concentraciones diferentes de trans-RVT y trans-PCD. Los porcentajes de recuperacion
obtenidos fueron en todos los casos préximos al 100%. Como puede observarse en la Tabla 11.20, en
todos los casos la concentracion de PCD encontrada, tanto en vino tinto como en vino blanco, era
mayor que la de RVT. Por otro lado, las cantidades de ambos estilbenos en vino blanco eran mas bajas

gue aquellas encontradas en vino tinto.

21 Camont, C.H. Cottart, Y. Rhayem, V. Nivet-Antoine, R. Djelidi, F. Collin, J.L. Beaudeux, D. Bonnefont-Rousselot, Analytica
Chimica Acta 634 (2009) 121-128.



Tabla 11.20. Determinacidon simultanea de RVT y PCD en vinos

Método propuesto Método de referencia®
Afiadido Encontrado + ¢® Encontrado + ¢®
(ug mL™) (ug mL™) (ug mL™)
RVT PCD
Vino - - 0.22 £0.03 0.66 = 0.04 0.23+0.10 0.68 = 0.02
di 0.25 0.25 0.46 + 0.01 0.95 + 0.03 - -
0.50 0.50 0.71 £0.05 1.13 £0.05 - -
Vino - - 0.43 £0.05 0.81 +0.07 0.41 £0.05 0.84 +£0.07
finto 2 0.25 0.25 0.69 £0.05 1.03 £0.05 - -
0.50 0.50 0.93+0.06 1.35+0.07 - -
Vino - - 0.09 + 0.07 0.24 £ 0.04 0.09+0.13 0.23 +0.06
0.10 0.10 0.19 £ 0.04 0.35+0.03 - -
blanco 1
0.30 0.30 0.38 £ 0.05 0.52 £0.10 - -
Vino - - 0.10+0.12 0.18 £ 0.07 0.09 +£0.07 0.20 £0.06
0.10 0.10 0.19 +0.06 0.30 £0.05 - -
blanco 2
0.30 0.30 0.41 +0.08 0.46 £0.10 - -

#Desviacién estandar (n=3); ® Referencia [227]
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= Aflatoxina B;

La pendiente de la curva de calibrado obtenida tras la fortificacion de los extractos finales con
AFB; era diferente de la obtenida cuando se fortificaban inicialmente las muestras de cerveza.
Ademas, ambas pendientes eran diferentes de la obtenida por calibracion externa. En consecuencia se
deduce que el efecto matriz detectado era debido tanto a la presencia de especies interferentes en el
extracto final como a una incompleta recuperacién de la aflatoxina tras el pretratamiento. Por ello, el
andlisis de cada muestra se realizé fortificando, antes de realizar el tratamiento de muestra, diferentes
alicuotas de aquella con cantidades crecientes de AFB;. El efecto matriz se evalu6 comparando las
pendientes obtenidas por calibracion externa y calibracidon por adicién de patrén, para las diferentes

muestras de cerveza analizadas:

me. extema/mc. adicion patrén™ 0.9

Se analizaron diecisiete muestras de cerveza, de las que cinco eran sin alcohol. De todas ellas,
solo se encontré AFB; en tres muestras de cerveza con alcohol (Tabla 11.21). EI método de referencia
utilizado en este caso estaba basado en HPLC-MS/MS?%. Se llevd a cabo ademas la comparacion de la
precision y exactitud de ambos métodos haciendo uso de parametros estadisticos: distribucion F y
distribucion de la t de Student, respectivamente??®. Los resultados mostraron en todos los casos que no

existia diferencia estadistica significativa entre ambos métodos.

Por otra parte, se llevé a cabo un estudio de recuperacién a tres niveles de concentracion en las
tres muestras en las que se habia encontrado AFB; y en dos muestras en las que no se detectd (Tabla

11.21). Los porcentajes de recuperacion encontrados estaban en el rango 94-106%.

228 saunders and R. Fleming, Mathematics and Statistics. 2nd ed. London: Pharmaceutical Press (1971).



Tabla 11.21. Determinacion de AFB; en cerveza

Cervezal

Cerveza 2

Cerveza 3

Cerveza 4

Cerveza sin
alcohol

BN

oA DN

0.86 +0.05
1.90 +£0.09
2.83 +0.03
4.84 £ 0.04

0.28 +0.03
2.33+£0.05
4.24 +£0.09
6.30 £ 0.06

0.17 £ 0.07
6.22 £ 0.05
8.28 £ 0.08
9.95+0.02

<LOD
0.94 £ 0.07
3.08£0.04
5.11+0.08

<LOD
6.84 + 0.05
9.19 £ 0.02
11.74 £ 0.08

0.90 £ 0.02
1.95+0.05
2.86+£0.10
4.96 + 0.04

0.29 +£0.08
2.25+0.06
4.30 £0.02
6.36 +£ 0.08

0.15 £ 0.06
6.19 £ 0.02
8.17 £0.09
10.13 £ 0.03

<LOD
1.06 + 0.04
2.97+0.01
5.20£0.06

<LOD
6.95 + 0.03
8.88 £ 0.01
11.46 +£0.08

1.28
0.87
1.66
2.12

0.20
1.77
1.22
1.04

0.37
0.96
1.15
2.16

2.56
2.68
1.56

1.54
2.72
2.25

6.25
3.24
0.10
0.21

0.14
0.70
20.25
0.56

1.36
6.25
0.79
1.96

3.06
0.44
1.77

2.77
0.44
0.98

LOD: limite de deteccion; ® Desviacion estandar (n=3), método de adicion de patrén; ® Referencia [223];
¢ Valor teérico 2.772 (P= 0.05) © Valor teérico 39.00 (P= 0.05)
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= Bisfenol A

El analisis de las muestras fue llevado a cabo mediante el método de adicion de patron, ya que
se encontrd un considerable efecto matriz. La pendiente de la curva de calibrado obtenida tras la
fortificacion de los extractos finales con BPA era diferente de la obtenida cuando se fortificaban
inicialmente las muestras de leche y ambas eran diferentes de la obtenida por calibracién externa. Por
tanto, las muestras fueron fortificadas con BPA antes de proceder a su pretratamiento. El efecto matriz
se evalué comparando las pendientes obtenidas por calibracion externa y calibracién por adicién de

patrén, para las diferentes muestras de leche analizadas:

Me. extema/mc. adicion patrén™~ 13

Se analizaron catorce muestras de leche con diferente presentacion (seis muestras de leche
entera, dos formulas infantiles en polvo, tres formulas infantiles liquidas y tres muestras de leche en
polvo). De todas ellas, se encontrd BPA en tres de las muestras de leche entera y en las dos férmulas
infantiles liquidas. Sin embargo, no se detectd BPA en los preparados solidos (formulas infantiles o
leche en polvo). Estos resultados son consistentes con el hecho de que la migracién del BPA desde los
envases a los productos sélidos es poco probable, debido a que en ellos no existe un revestimiento
interior del envase y a que, obviamente, la migracion seria muy lenta si se compara con la que podria
producirse en productos liquidos. Las concentraciones de BPA encontradas estaban en el rango de
0.38-6.31 ng mL™ (alrededor de 0.37-6.13 ug Kg™), siendo en todos los casos inferiores al MRL

229

establecido por la Unién Europea para el contenido de BPA en leche (0.6 mg Kg™) Estas

concentraciones de BPA son del mismo orden que las obtenidas en estudios previos®*?*.

Por otra parte, se llevo a cabo un estudio de recuperacion, a tres niveles de concentracion, en
dos de las muestras en las que se encontr6 BPA y en dos muestras en las que éste no fue detectado
(Tabla 11.22). Los resultados obtenidos en cada caso se compararon con los encontrados por un
método de referencia basado en HPLC-MS/MS?™. Los porcentajes de recuperacion estuvieron en el
rango 93-106%. Del estudio estadistico llevado a cabo para comparar la precision y exactitud de
ambos métodos se dedujo que no existia diferencia significativa entre los resultados de ambos

métodos.

229 commision Directive 2004/19/EC, Off. J. Eur. Communities L71 (2004) 8-21.
20, Casajuana, S. Lacorte, Journal of Agricultural and Food Chemistry 52 (2004) 3702-3707.



Leche entera

Formula infantil
liquida

Férmula infantil en
polvo

Leche en polvo

Método propuesto

Afiadido (ng mL™)

0.5
2.0
5.0

5.0
10.0
20.0

1.0
2.5
4.0

1.0
5.0
10.0

Encontrado + ¢® (ng mL™)

0.38 + 0.06
0.91 +0.08
2.21+£0.03
5.36 £ 0.05

6.31+0.03
12.03 £ 0.06
16.36 + 0.09
26.50 +0.07

<LOD
1.11 £0.08
2.48 +0.06
4.03 £0.07

<LOD
1.04 £0.05
5.10 £ 0.05
9.98 £ 0.06

Tabla 11.22. Determinacion de BPA en leche
Metodo de referencia®

Encontrado + ¢* (ng mL™)

0.40 +0.03
0.90 + 0.05
2.31+0.08
5.26 + 0.04

6.29 £ 0.06
11.75+0.06
16.50 £ 0.04
26.38 £ 0.05

<LOD
1.10 +£0.04
2.52 +0.02
3.97 +0.03

<LOD
0.95+0.03
4.99 +0.05
10.13 +£0.08

0.55
0.18
2.03
2.44

0.51
0.40
2.44
2.44

0.19
1.10
1.38

2.67
2.68
2.61

4.00
2.56
0.14
1.56

0.25
1.00
5.06
1.96

4.00
2.25
5.44

2.77
1.00
0.56

LOD: limite de deteccion; ® Desviacion estandar (n=3); ® Referencia [214]; ¢ Valor tedrico 2.772 (P= 0.05) ¢ Valor tedrico 39.00 (P= 0.05)
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Conclusions

In this Research Report eight luminescent flow-through optosensors, using MCFIA and SIA,
have been developed and successfully applied to the analysis of organic compounds of interest in
various matrices: food, beverages, pharmaceutical preparations and biological fluids. The following

conclusions can be drawn from the present study:

1. The proposed systems exhibit high sensitivity and selectivity, being these characteristics
consequence of the retention and detection of the analyte (or its reaction product) on a suitable solid
support in the detection area.

2. The implementation of MCFIA and SIA in the continuous flow system has allowed
increasing the degree of automation and reproducibility and significantly reducing consumption of

sample and reagents, when compared with conventional FIA systems.

3. The use of photons as "reactive" in the proposed optosensors using PIF detection provides
interesting characteristics for the determination of certain non-fluorescent or weakly fluorescent
analytes that require a previous derivatization. The advantages of photo derivatization when compared

with chemical derivatization are:

- A decrease in time of analysis as a consequence of the radicalary mechanism of the photo

derivatization: a higher analytical signal is sometimes obtained in a shorter time.

- Simplicity of the flow system, lower cost of analysis and reduction of waste. These
characteristics are consequence of the absence of chemical reagents which usually are

expensive and/or harmful.

- An increase in sensitivity since there is no dilution of the sample by the use of chemical

reagents for the derivatization of the analyte.

4. The applicability of luminescent flow-through optosensors to the determination of
compounds of interest in complex matrices, such as food, has been demonstrated. Therefore, these
systems can be considered as an interesting alternative to the well-established chromatographic

methods.

5. For the first time, a non-chromatographic method has been proposed for the determination of
RVT in beer and the concentrations of the stilbene in this matrix have been known. To date, only two
chromatographic methods (HPLC-MS/MS and GC-MS) had been proposed for RVT analysis in beer,

being the concentrations in real samples just below their quantification limits.
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6. Two new methods based on SPE have been proposed for the pretreatment of beer and cocoa
products. These methods have allowed the determination of RVT and PCD in the presence of PCD

and RVT, respectively, being both serious mutual interferents.

7. The methods here proposed for the analysis of RVT and/or PCD in beer, cocoa products and
wines, based on PIF, overcome the limitations of the chromatographic methods since the total of both
stilbenes (cis plus trans isomers) is determined. In chromatographic methods there is risk of
photoisomerization of trans to cis isomer, which makes necessary conducting all procedures in low
light environments to minimize light-induced degradation. In addition, cis isomers are not
commercially available and they only can be obtained from trans isomers by sunlight or UV

irradiation under highly controlled conditions.

8. For the first time, a non-chromatographic method has been proposed for the determination of
BPA in milk, which allows the determination of this compound at concentration levels much lower

than MRLs established in European Legislation.

As future perspective, we can emphasized that this Research Report opens a promising area for
the development of new strategies in luminescent flow-through optosensors applied to the analysis of

complex samples, by using a simple methodology and a low-cost and automatic instrumentation.
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Anexo A: CONTRIBUCIONES CIENTIFICAS DERIVADAS DE ESTA MEMORIA

1. Publicaciones cientificas

En este Anexo se recogen los ocho articulos desarrollados por la autora de la presente

Memoria sobre el Proyecto de Tesis presentado y admitido a tramite con fecha 29 de noviembre de

2011. Todos ellos han sido publicados en revistas cientificas internacionales especializadas en las

areas de Quimica Analitica y Tecnologia de los alimentos.

Los articulos incluidos en la Memoria son los siguientes:

1.

“Development of a rapid and automatic optosensor for the determination of cromolyn
in biological samples”, Talanta 73 (2009) 627-632.

“Direct determination of cefadroxil by chemiluminescence using a multicommutated

flow-through sensor”, Spectroscopy Letters 43 (2010) 60-67.

“Sensitive determination of indomethacin in pharmaceuticals and urine by sequential
injection analysis and optosensing”, Journal of AOAC International 93 (2010) 1443-
1449,

“A novel multicommuted fluorimetric optosensor for determination of resveratrol in
beer”, Talanta 83 (2011) 850-856.

“Automatic optosensing device based on photo-induced fluorescence for determination
of piceid in cocoa-containing products”, Analytical and Bioanalytical Chemistry 399
(2011) 965-972.

“An automatic optosensing device for the simultaneous determination of resveratrol
and piceid in wines ”, Analytica Chimica Acta 689 (2011) 226-233.

“Indirect determination of aflatoxin By in beer via a multi-commuted optical sensor”,
Food Additives and Contaminants 29 (2012) 392-402.

“Analysis of bisphenol A in milk by using a multicommuted fluorimetric sensor”,
Talanta, in press (DOI: 10.1016/j.talanta.2012.02.021).

2. Comunicaciones a Congresos Internacionales

1.

“Development of a rapid and automatic optosensor for the determination of cromolyn

in biological samples”, Colloquium Spectroscopicum Internationale XXXVI. Budapest
(Hungria), Septiembre 2009.
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2. “Direct determination of cefadroxil by chemiluminescence using a multicommutated

flow-through sensor”, Flow Analysis XI, Pollensa (Mallorca, Espafia), Septiembre 2009.

3. “Photo-chemically induced fluorescence determination of resveratrol in wines by a
multicommutated flow-through optosensor”, Flow Analysis Xl, Pollensa (Mallorca,
Espafia), Septiembre 2009.

4. “Highly sensitive determination of indomethacin in biological fluids by coupling of
sequential injection analysis and optosensing”, Colloquium  Spectroscopicum
Internationale XXXVI. Budapest (Hungria), Septiembre 2009.

5. “Fluorimetric determination of resveratrol in beer by a multicommutated flow-through
optosensor”, XIV International Symposium on Luminescence Spectrometry, Praga
(Republica Checa), Julio 2010.

6. “Multicommutated flow-through fluorimetric optosensor for determination of piceid in
cocoa and chocolate”, XIV International Symposium on Luminescence Spectrometry,
Praga (Republica Checa), Julio 2010.

7. “Novel multicommutated optosensor for the simultaneous determination of resveratrol
and piceid in wines”, XIV International Symposium on Luminescence Spectrometry, Praga
(Republica Checa), Julio 2010.

8. “Highly sensitive determination of aflatoxin B1 in beer by multicommuted optical
sensor”, 17" International Conference on Flow Injection Analysis, Cracovia (Polonia),
Julio 2011.

9. “Analysis of bisphenol A in milk by using an automatic fluorimetric sensor”, 17"

International Conference on Flow Injection Analysis, Cracovia (Polonia), Julio 2011.



Anexos | 149

Anexo B: OTRAS CONTRIBUCIONES CIENTIFICAS

A continuacion se relacionan otras contribuciones cientificas adicionales que se han

llevado a cabo durante la realizacion del presente trabajo de investigacion:
1. Publicaciones cientificas

1. “Monitoring of sulfonamides by a multicommutation flow-analysis assembly: Use of
quenching effect on terbium luminescence”, Analytical Letters 43 (2010) 2283-2295.

2. “Photo-chemically induced fluorescence determination of tigecycline by a stopped-

flow multicommutated flow-analysis assembly”, Analytical Letters 44 (2011) 127-136.

3. “Automatic fluorescence analysis of ketorolac by direct oxidation with

permanganate”, Spectroscopy Letters 45 (2012) 219-224.

2. Comunicaciones a Congresos Internacionales

1. “Quantitation of sulfonamides by a multicommutation flow-analysis assembly: Use of
quenching effect on terbium luminescence”, Flow Analysis XI, Pollensa (Mallorca,

Espafia), Septiembre 2009.

2. “Photo-chemically induced fluorescence determination of tigecycline by a
multicommutated flow-analysis assembly”, Flow Analysis XI, Pollensa (Mallorca,
Espafa), Septiembre 2009.

3.  “Ultima tecnologia en el campo de los sensors espectroscopicos en flujo”, VI

Jornadas Doctorales Andaluzas, Almeria (Espafia), Septiembre 2010.

4.  “A rapid and automatic optosensor for the determination of Kketorolac in
pharmaceuticals and biological samples”, 17" International Conference on Flow

Injection Analysis, Cracovia (Polonia), Julio 2011.

5. “Automatic luminescence flow-systems for the determination of toxic and natural
compounds in foods”, 17" International Conference on Flow Injection Analysis,

Cracovia (Polonia), Julio 2011.
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Disodium cromoglycate (SCG) is an anti-allergic drug, which is applied locally or inhaled. After admin-
istration, a very small portion of the drug is absorbed, being the most eliminated part unchanged in the
urine and bile; therefore, its determination in urine is indicative of the dose absorbed. Here, the first
spectroscopic method for the determination of SCG, making use of a sequential injection optosensor with
terbium-sensitized luminescence detection, is described. The cationic resin Chelex-100 was used as solid
support in the detection area. The measurements were made at 336/545 nm (Aex/Aem) and the system

Keywords: was calibrated for two sample volumes, 150 and 800 1, depending on the samples analyzed. A detection
Sk limit of 15 ng ml-! and a RSD lower than 2% (n =10 bébived using the high levolumé Th

Sequential injectioti analysis imitof 15ngml-! and a ower than 2% (n = 10) were observed using the highest sample volume. The
Optosensor proposed method does not use any organic solvent or surfactant, so being environmental friendly. The

Urine analyte was satisfactorily determined in pharmaceuticals and human urine, the latter being spiked at the
Pharmaceuticals concentrations found after the administration of the drug.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Disodium cromoglycate (SGC), also known as cromolyn, is a
potent and well-known anti-allergic agent almost free from side
effects and highly soluble in water. It is effective for treating asthma
and allergic rhinitis [1,2] and its action mechanisms have been
described as the inhibition effect against the release of the chemical
mediator like histamine and the slow-reacting substance of ana-
phylaxis from the human lung [3]. Only a very small portion of the
drug (approximately 1-3%) is absorbed by the gastrointestinal tract
after oral administration [2-4]; however, after inhalation, the drug
is well absorbed by the respiratory epithelium into the systemic cir-
culation and rapidly eliminated unchanged in approximately equal
proportions in the urine and bile [5]. Therefore, the urinary excre-
tion of the drug is the indicator of the dose absorbed by the body.
The structure of the drug is as follows:

NaOOC, o
Y
[

|

| ] Il

OCH,CH,CH,O0 O

Although the determination of SCG has been performed using
thin-layer chromatography with densitometry detection [6] or by
means of a radioimmunoassay [7] or using cathodic stripping

* Corresponding author. Tel.: +34 953 212759; fax: +34 953 212940.
E-mail address: anruiz@ujaen.es (A. Ruiz-Medina).

0039-9140/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2009.04.039

voltammetry [8], all the recent methods developed for the deter-
mination of SCG involve liquid chromatography [1-3,9,10]. Hence,
there is a complete absence of easy-to-use spectroscopic method-
ologies for the determination of SCG not only in biological fluids,
but also in pharmaceuticals. As a result, the development of a rapid,
simple and automatic method for the routine determination of the
drug in both matrices is an interesting option.

In this paper, the coupling of sequential injection analysis (SIA)
and solid phase spectroscopy (SPS) employing terbium-sensitized
luminescence as detection technique is reported for the determina-
tion of SCG. SIA methodology shows complete automation, rapidity
and simplicity [11,12], while the introduction of SPS provides the
required selectivity and sensitivity [13,14]. These last characteris-
tics are enhanced when the solid support is employed in the same
sensing zone, as it is shown in this paper.

Luminescence spectroscopy offers the possibility of more selec-
tive detection techniques, such as the use of lanthanide-sensitized
luminescence. Lanthanide ions, such as europium and terbium,
exhibit weak absorption coefficients and low fluorescence quantum
yields. When chelated with organic ligands, such as SCG, the lumi-
nescence quantum yield is greatly enhanced; the excitation light is
absorbed and collected by the organic ligand, which serves as an
antenna chromophore, being this process followed by an energy
transfer of the collected energy to the chelated lanthanide ion,
which then emits line-like bands in the spectrum of the lanthanide
ion [15,16].

Taking into account these characteristics, in this paper we pro-
pose the determination of SGC by means of the formation of a
chelate with terbium (III). This is the first spectroscopic method
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for the determination of this analyte not only in pharmaceuticals,
but also in such a chelate matrix as human urine. The use of the
solid support provides the rigidity required to enhance the lumi-
nescence intensity of the system, so avoiding the use of surfactants,
commonly employed in liquid phase [15,17].

2. Experimental
2.1. Reagents and solutions

SGC, terbium (Ill) nitrate pentahydrate, sodium acetate and
acetic acid were obtained from Sigma (Alcobendas, Madrid, Spain).
Ethylenediaminetetraacetic acid sodium salt 2-hydrate (EDTA) was
obtained from Panreac (Barcelona, Spain). All reagents were of ana-
Iytical grade. SGC stock solution of 200mgl-1 was prepared by
dissolving the required weight in deionized water; it was kept in
the dark under refrigeration at 4 °C and remained stable for at least
3 months. Terbium (111} and EDTA stock solutions of 0.1 and 0.05 M,
respectively, were prepared in deionized water.

Required SGC and terbium (III) solutions were prepared daily
with suitable dilution in deionized water.

Sephadex-SP C-25 in sodium form, 40-120 wm average par-
ticle size, Sephadex-QAE A-25, 40-120 pm average particle size
and Sephadex-CM C-25, 40-120 p.m average particle size (all from
Sigma, Alcobendas, Madrid, Spain), Cig bonded phase silica gel
beads (Waters, Milford, USA), 55-105 pm of average particle size
and Chelex-100 in sodium form, 200-400mesh (Fluka, Buchs,
Switzerland) were tested as sensing supports.

2.2, Instrumentation

Luminescence measurements were performed with a Cary-
Eclipse Luminescence Spectrometer (Varian Inc., Mulgrave, Aus-
tralia), controlled by a computer equipped with a Cary-Eclipse
(Varian) software package for data collection and treatment. The
phosphorescence mode was used for all analytical measurements.
The delay and gate times used were 0.1 and 3 ms, respectively.
Instrument excitation and emission slit widths were set at 10 and
20nm, respectively. The detector voltage was 600 or 650 V depend-
ing on the sample volume used.

The SIA system was composed of a Cavro XP 3000 {Cavro Sci-
entific Instruments, Sunnyvale, CA, USA) pump equipped with a

5ml syringe and a Valco (Valco Instruments Co. Inc., Houston, TX,
USA) 10-port selection valve. PTFE tubing of 0.8 mm internal diam-
eter was used in the manifold; the same tubing was also used for
the 2 ml holding coil. The system was computer controlled using a
home-written software program (Sagittarius version 3.0.25) based
on MS Visual Basic 6.0 (Microsoft). The manifold used is shown in
Fig. 1.

AHellma flow cell 176.752-QS (25 pl of inner volume and a light
path length of 1.5mm) was used. The cell was filled with Chelex-
100 solid support microbeads, and was blocked at the outlet with
glass wool to prevent displacement of the resin particles.

The level of the resin packed in the flow cell had to be carefully
established in order to ensure that the upper part of the resin was
just in the light path, so obtaining the best sensitivity.

2.3. Preparation of real samples

2.3.1. Pharmaceutical drugs

The pharmaceutical drugs were chosen in several presentations:
eve drops, capsules and solutions. The preparation was as follows:
0.5ml of eye drops or solution was dissolved and diluted with
deionized water in a 100 ml volumetric flask; in the case of cap-
sules, ten of themn were homogenized and sample solution was
prepared by accurately weighing an appropriate amount of the
powder and diluted with deionized water to 100 ml in a volumetric
flask. In order to obtain a SCG concentration included in the linear
dynamic range, working dilutions were prepared with deionized
water before measuring.

2.3.2. Urine samples

Urine samples were obtained from healthy volunteers and
required no further pre-treatment; only when turbidity was
observed, a filtration step was required. The samples were spiked
with a suitable SCG concentration, diluted with deionized water
and directly inserted in the flow system.

2.4. General SIA procedure

In order to condition the solid support when the flow cell was
filled for the first time, 800 .l of the carrier solution (0.05 M sodium
acetatefacetic acid solution, pH 5.9) were aspirated into the syringe
pump from a reservoir and passed through the sensing zone.

VALVE

HOLDING

MULTIPOSITION

SAMPLE

CARRIER Tb3*

FLOW-CELL

% |

WASTE

SPECTROFLUORIMETER

ELUENT

Fig. 1. Configuration of the proposed system.
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2.4.1. Drug samples

Two 75 .l aliquots of sample solution and another two 75 il
aliquots of 6 » 10~3 M terbium (111} solution were sequentially aspi-
rated, in double-sandwich mode, into the syringe pump, at a
flow-rate of 5mlmin~!. Next, 1ml of carrier solution was aspi-
rated too. Then, the mix was pumped towards the flow cell at a
rate of 1.2mlmin~?, passing previously through the holding coil.
Once the signal from terbium (I11)-SCG chelate was registered at
336/545 nm (Aexf*em), the solid support was regenerated by pass-
ing through it 1ml of 0.05M EDTA solution (eluent) and 1ml of
carrier solution.

Before a new injection was made, and in order to avoid samples
contamination, the portion of tubing still filled with the previous
sample was cleaned with 3001 of the next sample and 500 .l of
carrier solution, remaining the system ready for a new injection.
This process was also performed at a flow-rate of 5ml min=1.

242 Urine samples

In this case, the procedure is the same that above described for
drug samples, but the volumes of the aliquots of both sample and
terbium (1) solutions injected in the system were 400 .l
3. Results and discussion
3.1 Selection of the solid support

In lanthanide-sensitized luminescence, the efficiency of the
energy transfer between the analyte (ligand) and the lanthanide

ion is governed by the nature of the ion, the ligand, the ligand-ion
bond and the solvent. The energy gap between the excited and
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ground-state levels of the lanthanide ion and the rigidity of the
molecular structure also contribute to the enhancement of the
luminescence intensity of the system. Therefore, a careful selection
of the solid support used for the sorption of the terbium (II[)-SGC
chelate provides the required rigidity of the system, avoiding the
use of surfactants.

Asexpected, the most suitable type of solid support for the reten-
tion of terbium (11)-SCG chelate should be of cationic nature due
to its probable positive charge. However, solid supports of differ-
ent nature were tested: three cationic exchangers (Sephadex-SP
C-25, Sephadex-CM C-25 and Chelex-100); one anionic exchanger
(Sephadex QAE A-25); and one non-ionic support, silica gel
Cig.

Different procedures were tested for the formation of the chelate
between terbium (III) and the analyte: (a) on-line: sequential aspi-
ration of terbiumn (III) and sample solutions into the holding coil, or
aspiration of both solutions in a sandwich mode, using a holding
coil and (b) off-line: direct addition of terbium (III) solution to the
sample solution.

The three described procedures were tested for each solid sup-
port tested. No signal was observed for the anionic and non-ionic
solid supports. In the case of the cationic supports, the best analyt-
ical signal was obtained when using Chelex-100 (an enhancement
close to 80% in the signal). Hence, this last one was chosen as the
optimum solid support for the sensing zone.

Usually, the use of surfactants and enhancing reagents, such as
trioctylphosphine oxide, is required in order to provide rigidity to
the system and to complete the coordination sphere of Tb (IIT). How-
ever, the use of the solid support allows to obtain similar sensitivity
and to avoid these additional compounds.
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Fig. 2. (A) Fluorescence excitation and emission spectra of 5 mgI-! SCG, in agueous solution. (R) Delayed luminescence excitation and emission spectra, on the solid support,
of: (1)6x 10~ terbium (II1) and (2) chelate between 6 x 10~ terbium (I1) and 1.2 mg1-! SCG (800 pl sample volume).
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3.2, Instrumental variables

As it has been previously stated, the excitation and emission
wavelengths correspond to the analyte and terbium ion, respec-
tively. To select the optimum wavelengths, the fluorescence spectra
of SCG together with the delayed luminescence spectra of terbium
(Il and terbium (II[)-SCG chelate retained on the solid support,
were recorded. These spectra are all shown in Fig. 2.

As shown in Fig. 2A, SCG presents two main excitation bands, at
230and 336 nm, and one emission band at 485 nm. These excitation
bands are also present in the excitation spectrum of the Tb (I11)-SCG
chelate, which is consistent with the energy transfer process from
SCG to terbium (111) {Fig. 2B). Although the SCG fluorescence excita-
tion band placed at 230 nm is more intense than the one at 336 nm
(Fig. 2A) the net signal between the chelate and terbium (III) is
higher when recording the spectrurn at 336 nm (Fig. 2B); in addi-
tion, the solid support signal is also higher at 230 nm. Hence, 336 nm
was selected as the optimum excitation wavelength.

On the other hand, three emission bands characteristic of
terbium (III) can be observed around 490, 545 and 590nm, cor-
responding to the °Dy — 7Fg, °Dy — 7F5 and D4 — “F4 transitions,
respectively [15]. These bands are the same for the terbium
(IM-SGC chelate (Fig. 2B). The most intense band is that situated at
545nm and, consequently, it was chosen for the measurement of
the emission.

The excitation and emission slit widths were tested in the range
5-20nm, observing that the increase of the slit widths provided a
higher net signal (the chelate terbium (III)}-SGC signal minus the
terbium (IIT) signal). On the other hand, the influence of the pho-
tomultiplier tube voltage was also studied in the range 425-700 V.
In both cases, the optimum values were selected as a compromise
between the highest sensitivity and the lowest blank signal (the ter-
bium (I} signal plus the chelate signal). They are shown in Table 1.

Finally, the delay and gate times (instrumental variables avail-
able when measuring in the phosphorescence mode) were also
optimized. The net signal increased when increasing the gate time
and decreased when increasing the delay time. The values selected
for these variables were 3 and 0.1 ms, respectively.

3.3. Chemical variables

3.31. Selection of the carrier solution

The pH of the carrier solution was investigated in the range
2.0-8.0. pH values above 8.0 caused the hydrolysis of terbium
(Ill) and its precipitation. The highest net signal was observed in
the pH range 5.0-6.5. Two different buffer solutions, acetate and
phosphate, were tested in this pH range at several concentrations
(0.01-0.2 M). For both solutions, an increase in the concentration,
and consequentlyin the ionic strength, caused decreasing analytical
signals, due to the elution of the chelate terbium (II[)-SGC from the

Table 1
Analytical parameters.
Parameter Sample volume

150l 300 pl
Excitationfemission slits {nm/nm)} 10/20 10/20
Photomultiplier tube voltage (V) 650 600
Blank signal 290 245
Linear dynamic range (mg 1~} 02-4 0.05-2
Detection limit (mg1~!) 0.06 0.015
Quantitation limit (mg1-1) 0.2 0.05
RSD (%) (n=10) 1.82 1.6°
Sampling frequency (h=1) 12 11

4 SCG concentration, 1 mgl-!.
b SCG concentration, 0.4mgl1.

solid support. Finally, a 0.05M sodium acetatefacetic acid solution
(pH 5.9) provided the best sensitivity and repeatability.

3.3.2. pH ofsample solution

In the same way as previously described for the carrier solution,
the pH of the sample solution was also studied. The maximum sig-
nal was obtained in the pH range 4.0-7.5. Higher or lower pHvalues
caused a decrease in the signal due to a worse buffering capacity
of the carrier. Therefore, it is not necessary to adjust the pH of the
sample solution except in the cases in which this one is out of the
optimum pH range. For this reason, before measuring the samples
their pH was checked.

3.3.3. Terbium solution concentration

The concentration of the terbium (III) solution was also tested,
as it was critical for the analytical signal. This study was performed
for a SCG concentration within the high part of the linear dynamic
range. Terbium (I} concentration was tested from 5x 10~ up to
8 > 1073 M, observing that the signal increased up to a concentra-
tion 6 x 10~3 M and then remained constant. Hence, this value was
selected as the optimum one.

3.34. Selection of the eluent

Although the carrier solution itself caused a slow elution of the
terbium (I11)-SGC chelate, an eluting solution had to be used to get
a rapid regeneration of the solid support after the measurement.
An EDTA solution was selected for this purpose. A ternary chelate,
probably of anionic nature, between terbium (I1I), EDTA and SCG
is formed and desorbed from the solid support. Different volumes
and concentrations of EDTA solution were tested, finally choosing
1000 .l of 0.05M EDTA solution for the complete regeneration of
the sensing zone.

3.4. SIA variables

Before optimizing the SIA variables, the best procedure for the
formation of the chelate between terbium ion and SCG had to be
decided. Taking into account one of the main goals of this paper
was to provide complete automation; different approaches were
studied for making the formation of the chelate on-line instead of
off-line. Although the reaction between terbium and SCG is pro-
duced instantaneously, the mixture between both solutions was not
homogenous using just the holding coil. Therefore, two different
strategies were employed: (a)sequential aspiration of terbium and
SCG solutions into the holding coil and using areactor placed before
the flow-through cell; (b} aspirating several aliquots of terbium and
sample solution sequentially into the holding coil.

The second strategy provided better results in terms of speed
(10% higher) and sensitivity (15% higher) therefore it was the
selected one. In addition, two different approaches were studied
here: (a) sandwich mode: terbium-SCG-terbium; (b) aspirating
two aliquots of each solution: terbium-SCG-terbium-SCG. This
second mode provided the best sensitivity, as the mixture between
both solutions was clearly favored. Hence, the “double-sandwich”
mode was employed.

The effect of the SIA variables was also evaluated: volume of
solutions (sample, carrier and eluting solution) and flow-rate.

3.4.1. Volume of solutions

When increasing the volume of the sample aspirated, the
amount of chelate sorbed on the resin also increases: this increase
makes the analytical response higher and, thus, the sensitivity
is improved. However, the sampling frequency diminishes with
the volume increase, making it necessary to adopt a compro-
mise solution. The sample volume was varied from 100 up to
1200 p.l, noticing that the analytical signal increased linearly only



up to 800 L. Therefore, 150 and 800 pl were the volumes used for
pharmaceuticals and urine samples, respectively. These volumes
produced the required sensitivity, as long as obtaining a higher
sampling frequency in the case of pharmaceuticals.

The volumes of carrier and EDTA solutions were also studied,
obtaining as optimum values for the complete regeneration of the
sensing zone 1 ml for each solution. In the case of terbium the same
volumes of sample and terbium solutions were used depending on
the applications, i.e., 150 or 800 .l for pharmaceuticals or urine
samples, respectively.

342 Flow-rate

The flow-rate was investigated from 0.4 up to 1.8 mlmin~!
{using an 1mgl~! SGC solution). By increasing it, the sampling
frequency increased but the analytical signal decreased and the
possibility of overpressures in the system has to be taken into
account too. The signal was observed to decrease very slightly up to
1.2mlmin~1; hence, thislast one was the chosen flow-rate asa com-
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Table 2
Determination and recovery study in pharmaceutical preparations.
Pharmaceutical Added Recovery RSD
{mgml!) (%) (%)
Cusicrom fuerte (Ltd. Cusi)? - 102 0.8
20 104 2.1
40 97 1.5
60 103 1.2
Frenal Compositum (Ltd. Sigma-tau¥ - 103 15
10mg 103 2.2
20mg 101 1.8
40 mg 97 1.6
Cusicrom fuerte (Ltd. Alcon)t - 98 24
25 97 2.2
50 104 1.2
75 99 0.7
2 Means of three determinations.
b 40mgml-t.
¢ 20mg per capsule.
4 40mgml-t.

promise between sensitivity and sample-throughput. The flow-rate
employed for solutions’ aspiration into the syringe pump and hold-
ing coil was 5ml min~!.

3.5. Figures of merit

Taking into account the optimized conditions, the analytical
parameters of the system were studied for two different sample
volumes, 150 and 800 .l (Table 1). The proposed methodology was
able to produce analytical fits with good linearity in the range 0.2-4
and 0.05-2mgl~". The data were fitted by standard least-squares
calibration.

The repeatability was established for ten independent analy-
ses of sample solutions, obtaining RSDs lower than 2% for both
calibration volumes. The detection limit was estimated as the con-
centration of analyte which produced an analytical signal equal to
three times the standard deviation of the background luminescence
[18]. A detection limit as low as 0.015mgl~!, when using 800 .l
sample volume, was obtained. The quantitation limit (K=10) [19]
and the sampling frequency were also evaluated. The solid support
used allowed making at least 150 determinations before replacing
it.

3.6. Interference study

Since the determination of SCG was carried out in both pharma-
ceuticals and human urine, the possible interference from different
organic and inorganic species which can be found along with
the analyte in these samples was tested. This study was per-
formed by adding different amounts of the possible interfering
species to a solution containing 400ngmi~! of SCG. A foreign
species was considered not to interfere if it produced an error
smaller than 4+2¢ in the analytical signal, being ¢ the standard
deviation. If any interference was observed, the ratio interfering
species:analyte (w:w) was reduced progressively until this inter-
ference ceased.

In the case of pharmaceuticals, the excipients tested were lac-
tose, saccharose, glucose and starch, obtaining tolerated interfering
species/analyte ratios (w/w) higher than 1000. For biological fluids,
the tolerated ratios were also above 1000 for Na*, K*, NHy*, Cl-, I,
and NO3~; above 400 for urea, Mg2* SO42~ and PO43~; above 80
for Ca?*, CO32~ and uric acid: and 3 for Cu?* and Fe3*. In all cases,
the tolerated ratios observed were higher than the ones normally
found in real samples. Checking all these values, Cu?* and Fe3* are
the species with higher interference effect. Nevertheless, their lev-
els in urine are lower than the tolerated ratio, making it possible to
determine SCG in this matrix with the proposed system. By compar-
ing the tolerated ratios of Cu?* and Fe?* obtained in homogenous

solution with the ratios observed in solid phase, we found that the
use of the sensing zone enhanced the tolerance to these metals a
hundredfold. For this reason, it would not be possible to perform the
determination of SGC in homogenous solution without a previous
elimination of both species.

It is worthy mentioning that this increase in the selectivity is
mainly achieved by the use of the solid support, since it allows the
discrimination between terbium (111)-SCG chelate and the possible
interfering species in the sorption on the solid support.

3.7. Analytical applications

Following the procedure previously described, the proposed
optosensor was applied to the determination of SCG in both phar-
maceuticals and human urine.

Pharmaceutical samples, prepared as described under Section
2.3, were introduced by triplicate into the system. Three pharma-
ceuticals available in the Spanish Pharmacopoeia were analyzed:
capsules (Frenal compositum), a solution (Cusicrom fuerte) and eye
drops (Cusicrom fuerte). In all cases, the SCG amounts determined
by the proposed method were in good agreement with those ones
provided by the manufacturer. In order to evaluate the accuracy of
the method, a recovery study was also performed by adding three
different levels of SGC concentration to the tested pharmaceuticals.
The results obtained are shown in Table 2, with recoveries ranging
from 97 up to 104% and RSDs lower than 3% in all cases.

In the case of urine samples, since SGC was not detected in the
samples coming from healthy volunteers, a recovery study was car-
ried out. Four different samples were spiked with known amounts
of SGC (ranging from 0.5 up to 12 wgml~1) and then, the required
dilutions with deionized water were made. The spiked amounts of
SCG in human urine were those providing the expected concentra-
tions after administration of the pharmaceutical [2]. Satisfactory
recoveries were obtained in all cases (Table 3) demonstrating the
applicability of the proposed method.

3.8. Conclusions

For thefirst time, a spectroscopic method has been developed for
the determination of SCG. By means of using sequential injection
analysis, the proposed method presents a complete automation,
making it suitable for routine determination of the analyte. In addi-
tion, the employment of the solid support in the flow-through cell,
as long as a highly selective and sensitive determination technique,
terbium-sensitized luminescence, makes it possible to determine
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ABSTRACT A sclective and direct chemiluminescence method was
developed for the determination of cefadroxil, a broad-spectrum antibio-
tic effective in gram-positive and gram-negative bacterial infections. The
method involves the implementation of solid-phase spectroscopy in a
multicommutated flow system. The solid support is placed in the
flow-through cell, and the reaction between the oxidant reagent
(permanganate) and cefadroxil takes place on the microbeads, so yield-
ing the analytical signal. The system showed a linear dynamic range of
2.7-110uM, with a detection limit of 0.8uM and an RSD of 3.3%
(72=10). The analyte was satisfactorily determined in pharmaceutical

preparations and human urine.

KEYWORDS cefadroxil, chemiluminescence, multicommutation, sensor, SPS

INTRODUCTION

Cefadroxil monohydrate (CFD) is a semisynthetic cephalosporin antibio-
tic used in clinical practice for treatment of serious infections caused by
susceptible strains of microorganisms in the following diseases: lower
respiratory infections, genitor-urinary infections (E. coli, P. mirabilis, and
Klebsiella species), gynecologic infections, skin infections (Staphylococci
and/or streptococci), pharyngitis and/or tonsillitis (Strepfococcus pyogens;
Group A beta-hemolytic streptococci), and central nervous system
infections.

Cephalosporins operate by inhibiting active bacterial cell wall biosynth-
esis that grows actively against a wide range of both gram-positive and
gram-negative bacteria. The positive results of these drugs include the
resistance of penicillinases and ability to treat of infections that are resistant
to penicillin derivates. Side effects of the CFD include nausea, epigastria
distress, diarrhea, vomiting, skin rash, genital pruritus, pseudo membra-
nous colitis, and genital moniliasis."! However, people who are allergic
to penicillin may have similar reactions when taking cephalosporin antibio-
tics such as CFD. Tt is chemically designated as [6R[0a,7h(R)]]-7-[NV-[2'-
amino,2’-(4"-hydroxyphenylacetyll-amino]-1-aza-3-methyl-8-oxo-5-thiabicyclo
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[4.2.0Joct-2-ene-2-carboxylic acid monohydrate, pre-
senting the following structure:

HO
o]
oo
1 S
T N--
: H * H0
NH, —N._ =
O/ CHj,
COOH

Different analytical techniques have been reported
for the determination of CFD in pharmaceuticals and/
or biological fluids. Although there are some methods
involving liquid chromatography with spectrophoto-
metric detection™? or even a voltammetric method,™”
most of the developed methods to date involve
spectrophotometry™  or  spectrofluorimetry, !
Chemiluminescence (CL) has also been employed.
Analytical methods with CL detection™ ¥ provide
several advantages for determining CFD such as high
sensilivity, small amount of chemical consumption,
and instrumental simplicity. Most of them use flow
injection analysis as well as different compounds to
obtain an enhancement in the CL signal.

Nevertheless, it must be taken into account that
many CL reactions are so fast that they give rise to
imprecise measurements as a result of irreproducible
mixing of sample and reagents. It happens, normally,
by using batch mode or conventional flow meth-
odologies. To avoid these problems in CL analysis,
recent developments in flow analysis are being
implemented. They have progressively achieved
improvement of sample and reagents consumption,
repeatability of the methods, and degree of automa-
tion of the systems. For examples, sequential injec-

M multisyringe  flow injection
[16]

tion  analysis,
analysis,”™ and multicommutated flow analysis
can be cited as the most important methodologies
currently used. The combination of these new meth-
odologies with solid-phase spectroscopy (SPS) has
allowed the development of a new generation of
sensors, They play an important role by offering
additional separation devices and clean-up steps
for analyzing complex matrices. In particular, the
use of a solid support in a flow-through cell is intro-
duced with the aim of improving the sensitivity and
selectivity of the system,"” as long as one avoids
the wuse of additional enhancement reagents,
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commonly used in homogeneous solution.™™ The
solid support could be used for the retention of the
reagents, the target analyte, or even the product of
the reaction. The enhancement in selectivity makes
it possible to analyze complex samples, such as bio-
logical fluids, and that analysis would probably not
be possible in homogeneous solution due to the high
number of interfering species. For all these reasons,
the combination of automatic methods with CL
detection is becoming increasingly important in
clinical and biological analysis.

The main goal of this article is to develop an
automatic flow-through CL sensor for the direct
determination of CFD, without fluorescing com-
pound or additional reagent that produces the accel-
eration of the oxidation reaction rate."
multicommutation is introduced due to its favorable
intrinsic advantages such as low-cost equipment,
high sample throughput, and simplicity, as long as
automation is complete.*” The proposed optosensor
shows a linear dynamic range, repeatability, rapidity,
and feasibility, showing satisfactory results when it is
applied to the determination of CFD in pharmaceuti-
cal preparations and urine samples.

! The use of

MATERIALS AND METHODS
Reagents and Solutions

CFD, potassium permanganate, sulphuric acid,
acetonitrile, quinine, and formaldehyde were
obtained from Sigma (Alcobendas; Madrid, Spain).
All reagents were of analytical grade. The solid
supports—Sephadex-SP C-25, Sephadex-QAE A-25,
and Sephadex-DEAE A-25—all of them having
40-120-um average particle size—were obtained
from Sigma; C;s bonded phase silica gel beads, with
55-105-un average particle size, was obtained from
Waters (Milford, U.S.). Filters (Waters), with 2.7-um
pore size, were also used.

CFD stock solution of 500 uM was prepared by
dissolving the required weight in deionized water;
it was kept in the dark under refrigeration at 4°C
and remained stable for at least 3 months. Required
CFD solutions were prepared daily by suitable dilu-
tion with 0.1-M H,S80,. A stock 0.01-M solution of
potassium permanganate was prepared daily and
standardized before use; working solutions were
obtained by dilution with deionized water.

Direct Determination of Cefadroxil by Chemiluminescence
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Instrumentation

Homemade Luminometer

The photosensor module H8240-101 was obtained
from Hamamatsu (U.S.) and consists of a 28-mm diam-
eter side-on photomultiplier tube (PMT), a high-voltage
power supply circuit, and a low-ncise amplifier; the
spectral response is 135-900 nm. The flow-through cell
Hellma 137-QS (Hellma Hispania, S.L., Badalona,
Spain) (1-mm light path and 260-pL inner volume)
was employed. The cell was blocked at the outlet with
glass wool to prevent displacement of the resin particles.

Both the flow cell and the photosensor module
were encased in a light-tight homemade box, and
the box was wrapped in black cloth. The cell was
placed in front of the window of the photosensor
module, with effective area of 4 x 20mm; in addi-
tion, a piece of mirror was stuck in the back of the
cell in order to collect the whole emission light.

The photosensor module requires a £ 15-V power
supply, being the gain adjusted with an additional
power supply, from 0.3V up to 1.1V. For acquiring
the voltage provided by the photosensor module,
the connector block SCB-68 and the NI-PCI-6221 M
Series Multifunction DAQ Device from National
Instruments (Madrid, S$pain) were used. Data
acquired by the PCI-6221 device were registered
using VI Logger Datalogging Software {(National
Instruments, U.S.). Registered data were smoothed
using the software Origin Pro 7.0 (OriginLab, U.S.).

Multicommutation System

The multicommutation system was built using a
four-channel Gilson Minipuls-3 peristaltic pump (Vil-
liersle Bel, France) fitted with a rate selector and pump
tubing type Solvilex (Elkay Products, Shrewsbury, MA,
U.S.). An electronic interface based on ULN 2803
integrated circuits (Unisonic Technologies Co., Ltd.;
Da-Lian, China) was employed to generate the electric
potential (12 V) and current (100 mA) required to con-
trol the four 161TO31 NResearch three-way solenoid
valves (Neptune Research; MA, U.S ). The home-made
software for controlling the system was developed in
Java. PTFE tubing of 0.8-mm i.d. and methacrylate
connections were also used.

Other Apparatus

Other apparatus consisted of a Crison Model 2002
pH meter with a glass/saturated calomel combination
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electrode (Crison, Barcelona, Spain), a Selecta
Ultrasons ultrasonic bath (Selecta; Barcelona, Spain),
and a Selecta centrifuge $-240 (Selecta; Barcelona,
Spain).

Preparation of Samples

Pharmaceuticals

Three pharmaceuticals available in the Spanish
Pharmacopoeia, presented in the form of syrup and
capsules, were analyzed. The syrup Durdcef was
presented as scluble powder; the whole powder was
dissolved in deionized water (200mL). In the case of
the capsules Cefadroxilo Sabater and Duracef, two
capsules of each pharmaceutical were dissolved in
deionized water (500 mL). Appropriate dilutions with
0.1-M H,804 were made before measuring.

Urine Samples

Antibiotic-free urine samples were obtained from
healthy volunteers. An appropriate aliquot of CFD
stock solution and 2mlL of acetonitrile were added
to 4 mL of urine sample. The soluticn was blended
on a vortex mixer and centrifuged at 3000 rpm for
10min. This solution was fltered through a
0.45-um membrane filter (Millipore; U.S.) and diluted
to volume with deionized water. The required dilu-
tion with 0.1-M H,80; was made before introduction
into the flow system.

General Procedure

Multicommutated flow systems are typically
constituted by a peristaltic pump and a set of
three-way solenoid valves automatically controlled
by appropriate software.*” Each solencid valve acts
as a switch between two different positions, “OFF”
and “ON”, meaning that two of the three valve ports
are permanently connected. The OFF position is the
initial state of the valve, when the solenoid does not
receive any electric signal; when a signal is applied,
the position of the solenoid changes, and this state is
called ON position. The manifold and the different
positions of the valves are shown in Fig. 1.

In the initial condition, all valves are switched off,
and the carrier solution (0.4-M H,S04) is flowing
through the flow cell, while all other solutions are
recycling to their vessels. The steps for each sample
determination were (see also scheme in Fig. 2}
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FIGURE 1 Manitold. For each solenoid valve, V;, V,,.. ., the solid and dotted lines refer to the “OFF’ and ‘ON’ positions respectively;
solutions are flowing through the solid lines when no signal is applied to the solenoid.

(1) cleaning the portion of tubing placed between
Points A and B (Fig. 1), filled with the last sample
analyzed; (2) introducing the permanganate solution
(2 x 107 M) by switching the valves V, and V5 on for
70s; (3) allowing the carrier solution to flow for 10s
in order to avoid the mixing of permanganate and
CFD before they reach the sensing zone; (4) introdu-
cing the sample (2.7-110-uM CFD solution) into the
system for 70s by switching on the valves V; and
Vz; and (5) finally, obtaining the analytical signal
(CL emission intensity as peak height), being the
solid support regenerated by the carrier solution.
We employed 1.3-mL min " as flow rate.

RESULTS AND DISCUSSION
Selection of the Solid Support

The reaction between CFD and the reagent
(permanganate) occurs on the solid support placed
in the flow-through cell, so the retention of both
compounds on the microbeads is required. Tt allows
avoiding the reagent consumption during the

T, )
O — — A
T .o
T, M |

L !

Tl
e A s o TC A 1R 100 10 110 X6 20

Mime (<)

FIGURE 2 Valves scheme. Ty, Ta,.. refer to the timing courses
of solenoid valves V,, V5,. ...
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reaction. The study of the appropriate solid support
was carried out by using a solution of 0.4-M sulphu-
ric acid as carrier, due to the need for an acidic
medium to obtain the CL reaction.

Several solid supports were tested, while different
orders of solutions (CFD and permanganate) were
introduced into the flow system. Cationic exchangers
and nonionic solid supports such as Sephadex-SP C-
25 and Cg, respectively, provided no signal, regard-
less of the order of reagents introduction. As
expected, in the case of anionic exchangers
(Sephadex-QAE A-25 and DEAE A-25), significant
signals were obtained only when permanganate
was first introduced into the system, followed by
CFD. This can be easily explained by taking into
account that permanganate ion is strongly sorbed
on the anionic exchangers, and that sorption can
be visually observed, whereas CFD is only slightly
retained.  Of both  solid supports  tested,
Sephadex-QAE A-25 provided the highest sensitivity
(an improvement of 25% with respect to the use of
the other anion exchanger). Hence, these microbe-
ads were emploved for further experiments.

Instrumental Variables

In the case of instrumental variables, taking into
account that the analytical signal is obtained from a
CL reaction, the instrument required is merely a
photomultiplier tube (PMT), so that no filters or exci-
tation lamp is needed. Two power supplies are
employed: One is used at £15V to provide the
required energy, and the other is used to adjust
the control voltage in order to control the gain
of the PMT and, therefore, sensitivity. The gain

Direct Determination of Cefadroxil by Chemiluminescence
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adjustment can be controlled from 0.30V up to
1.10V. When one uses low-gain adjustment, the
repeatability of the system is better, but a very low
sensitivity is obtained. We decided to use a gain of
0.85V to obtain good repeatability (3.3% RSD) with
enough sensitivity for the determination of CFD in
both pharmaceuticals and urine samples. The
research was performed at rocom temperature, obser-
ving no difference in the analytical signal between
14°C and 28°C.

Chemical Variables

Selection of the Carrier Solution

The reaction of several analytes with permanga-
nate has been previously reported, and a strongly
acidic medium is usually required.ug] Therefore,
0.5-M seolutions of different acids (sulphuric, nitric,
and hydrochloric acids) were tested in order to
obtain the highest possible analytical signal. The
conditions used were 55-uM CFD and 2 x 10 M
permanganate solutions. The best results in terms
of sensitivity and repeatability were observed when
using sulphuric acid, and thus this one was finally
chosen.

The sulphuric acid concentration was also studied
over the range 0.2-0.8M. The signal increased to a
0.4-M concentration and then remained constant up
to 0.5M. Higher concentrations originated a decrease
of the analytical signal due to the high ionic strength
that prevented the analyte retention. Hence, 0.4M
was selected as optimum.

Sample Solution

The nature of the sample solution was studied
with the previously described working conditions.
The best results were obtained when dissclving the
CFD) in a slightly acidic solution instead of deionized
water (an increase of 25% in the analytical signal).
When sulphuric acid was used for this purpose, the
signal obtained was practically the same with
concentrations between 0.1 and 0.3M, although a
better repeatability was observed when using 0.1-M
solution.

In addition, the use of additional reagents was
tested in order to obtain different emitting species
to enhance sensitivity, such as singlet oxygen
species or compounds accepting energy from the
excited intermediate of the reaction. As a result,
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formaldehyde and quinine were tested. Quinine
did not improve the analytical signal; however, it
was increased two-fold when formaldehyde was
used. Nevertheless, the use of the sclid support
makes possible a slight retention of CFD, therefore
allowing one to reach the necessary sensitivity for
applications required. Hence, the use of additional
enhancing reagents and surfactants was avoided.

Oxidant Solution

Permanganate is the most widely used CL reagent.
As it has been previously reported, the emitting
species in the reactions between permanganate and
others compounds can be a reduction product of
permanganate, probably excited Mn(ID."® With the
purpose of obtaining the direct oxidation of the
analyte and therefore avoiding the use of additional
reagents, we decided to test it for the CL reaction.
Using the previously optimized conditions for both
carrier and sample solutions and employing a
110-uM CFD solution, we tested the concentration
of permanganate. The same insertion times of per-
manganate and sample solutions were employed in
this study (70s). The concentration of permanganate
was tested from 10 *M up to 4 x 10 “M. The signal
increased up to 2 x 10 4M, remaining constant up to
4x10 *M. As a result, 2 % 10 iM permanganate
solution was selected as optimum. In this case, a high
volume of reagent (instead of high concentration and
low volume) was chosen in order to obtain a2 homo-
geneous distribution of the permanganate ions on
the solid support.

Flow-System Variables

The insertion times of sample and permanganate
solutions and the flow-rate provided by the peristal-
tic pump were the flow variables under study. It has
to be stated that the main difference between multi-
commutation and other flow methodologies is that
insertion volumes are replaced with insertion times.
Knowing the flow rate and the insertion time, one
can easily calculate the volume if required.

The flow rate was studied in the range 0.6-1.4 mL
min . As a general rule, in SPS, the analytical signal
(maintaining the sample volume constant)
diminishes when increasing the flow rate, due to a
lower retenticn of the analyte on the solid support.
In this particular case, no significant differences in
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the analytical signal were observed in the studied
flow-rate range. This effect is due to the high acidic
medium, which causes the analyte to be retained
only slightly on the microbeads. In order to obtain
the maximum sample throughput, the highest possi-
ble flow rate, 1.3 mL min ™', was selected, taking into
account that higher flow rates caused overpressures
in the system.

On the other hand, when increasing the sample
insertion time, we found that the analytical signal
rises due to a higher amount of CFD sorbed on the
solid support and, therefore, an increase in the CL
reaction product generated. Hence, sensitivity is
improved, although the sampling frequency
diminishes. The study of this variable was carried
out from 10s up to 100s for both sample and per-
manganate solutions (see Fig. 3). The analytical sig-
nal increased up to 70s and then remained
constant. A 70-s insertion time was selected for both
sample and permanganate solutions. However, the
low sensitivity required when analyzing CFD in phar-
maceuticals makes it possible to use lower insertion
times and so drastically improves the sample
throughput.

Figures of Merit

Taking into account the optimized conditions, we
studied the analytical parameters of the system.
Table 1 shows the figures of merit of the method
proposed for the determination of CFD. The data
were fitted by standard least-squares treatment. The
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FIGURE 3 Study of the influence of the time of sample inser-
tion on the analytical signal. [CFD] = 30 pM.
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TABLE 1 Analytical Parameters

Parameter Value
Linear dynamic range (uM) 2.7-110
Calibration graph

Intercept 0.0002

Slope (uM ") 0.0135

Correlation coefficient 0.9992
Detection limit (uM) 0.8
Quantification limit (uM) 2.7
Intraday RSD (%) (n=10) 3.3
Interday RSD (%) (n=10) 6.5
Sampling frequency (h™") 16

“For a concentration level of 55 M.

proposed methodology was able to produce analyti-
cal fits with good linearity in the range 2.7-110-uM
CFD. The sampling frequency was also evaluated,
vielding a high value due to the regeneration of the
sensor with the carrier solution itself.

Intraday repeatability was established for 10
independent analyses of sample solutions containing
55 uM of CFD. RSDs obtained were low, even though
the measurements are made in a solid phase. Inter-
day repeatability was also performed for 10 consecu-
tive days. Detection and quantification limits were
estitmated as the concentrations of analyte that pro-
duced an analytical signal equal to 3 and 10 times
the standard deviation of the background lumines-

f21] They are low enough to per-

cence, respectively.
form the analysis of CFD in pharmaceutical and
urine samples. The use of the solid support has
proved appropriate to obtain the required sensitivity,
enabling one to avoid the use of additional poten-
tially pollutant reagents commonly used in conven-

tional CL flow systems.

Interference Study

Since the determination of CFD was performed in
pharmaceutical preparations and human urine, the
possible interference from different organic and
inorganic species that can be found with the analyte
in these samples was tested. This study was per-
formed by adding different amounts of the possible
interfering species to a solution containing 30 uM of
CFD. A foreign species was considered not to inter-
fere if it produced an error smaller than +2 o in
the analytical signal, where & is the standard devia-
tion. If any interference was observed, the ratio of

Direct Determination of Cefadroxil by Chemiluminescence
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TABLE 2 Effect of Foreign Species
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TABLE 4 Recovery Study in Human Urine

Tolerated
interferent/analyte

Foreigh species {w /w) ratic®

Lactose, saccharose, glucose, starch > 500°
Na*, K*, <l , 1, NO;, CO%, PO} >500°
Urea, Mg>" 400
Uric acid, Ca®f, Cu®*t 300
Fe’t 16

®For a 30 M CFD concentration.
SMaximum ratio tested.

interfering species to analyte (w:w) was reduced
progressively until this interference ceased. The
results are shown in Table 2.

The observed high tolerance of the presence of
foreign species is due to both the direct measure-
ment of the solid support and the CL detection, mak-
ing possible the determination of CFD in complex
matrices, such as urine samples. The lower tolerance
of the presence of ferric ion can be explained by tak-
ing into account its oxidant character and so its inter-
ference in the CL reaction. The determination of CFD
in homogeneous solution in the presence of many of
these interfering compounds would be very difficult
or almost impossible, therefore demonstrating the
suitability of the solid support.

TABLE 3 Determination and Recovery Study in Pharmaceutical
Preparations

Recovery RSD

Pharmaceutical Added (mg)} (%) (%%6)°
Duracef (Juste)? — 98 1.6
200 102 1.3

400 104 2.2

600 96 0.9

Duracef (Juste)® _ 102 0.8
20mg mL ! 104 2.1

40mg mL ' 97 1.5

60mg mL ! 103 1.2

Cefadroxilo Sabater — 103 1.5
(Generfarma S.L.)° 100 103 2.2
200 101 1.8

400 97 1.6

#500mg per capsule.
5750 mg,/5mL.
“‘Means of three determinations.

L. Molina-Garcia et al.

Sample Spiked (mM) Recovery (%) R.S.D. (%)
2.0 95 3.5
Urine-1 25 101 34
3 97 2.8
2.5 96 3.2
Urine-2 3.5 102 2.1
4.5 98 2.9
3.5 97 4.1
Urine-3 4.5 98 35
5.5 100 2.9

Means from three determinations.

Analytical Applications

Following the previously described procedure, the
determination of CFD in pharmaceutical prepara-
tions and in urine samples was carried out.

Pharmaceutical samples, prepared as described
under the section Sample Preparation, were intro-
duced by triplicate into the system. In all cases, the
analyte amounts determined by the proposed
method were in good agreement with the ones
provided by the manufacturer. In order to evaluate
the accuracy of the method, a recovery study
was also performed by spiking the pharmaceuticals
with CFD at three different concentration levels.
The results obtained are shown in Table 3. Recov-
eries ranged in all the cases from 96% up to 104%,
achieving RSDs lower than 2.5%.

Antibiotic-free urine samples gave relatively high
CL intensity when no pre-treatment was applied.
For this reason, it was necessary to minimize this
interference. A recovery study was performed by
adding CFD to diftferent urine samples; the amournts
of CFD added were those usually found after admin-
istration of a pharmaceutical dose.”? Table 4 shows
the recoveries obtained, and all of them were close
to 100%, despite the presence of a very complex
matrix.

CONCLUSIONS

A simple, rapid, low-cost, and selective multicom-
mutated CL sensor is described for the determination
of CFD in pharmaceutical preparations and human
urine. The method is based on the direct oxidation
of CFD by permanganate, a reaction that is produced
on the anionic solid support Sephadex-QAE A-25.
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These microbeads enable obtaining the required
selectivity and sensitivity, thereby avoiding the use
of additional enhancing reagents. On the other hand,
the employment of the multicommutation principles
permits one to automate the system and obtain a
high sample throughput, which makes the proposed
method suitable for the routine analysis of CFD in
pharmaceutical preparations. Hence, the method
has proved to be useful for quality control of CFD
in drug industries.
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DRUG FORMULATIONS AND CLINICAL METHODS

Sensitive Determination of Indomethacin in Pharmaceuticals and
Urine by Sequential Injection Analysis and Optosensing

Lucia Mormwa-Garcia, M. Luiss FERNANDEZ-DE CORDOVA, and ANTONIO Ruzz-MEepINa’
University of Jaén, Faculty of Experimental Sciences, Department of Physical and Analytical Chemistry, Campus Las

Lagunillas, E-23071 Jaén, Spain

A selective and sensitive method based on
coupling of sequential injection analysis (SIA) and
optosensing was developed and applied to the
determination of indomethacin in pharmaceutical
and urinary samples. After alkaline hydrolysis, the
fluorescent product generated from indomethacin
is inserted in the flow system, transitorily retained
on an active solid support (Sephadex QAE A-25)
filling the flowcell, and monitored at 283/371 nm
{’ex/’em). The system was calibrated for two sample
volumes, 100 and 1000 pL. it showed a linear
dynamic range of 0.5-6.5 ng/mL, with an LOD of
0.15 ng/mL and an RSD of 3.9% (n = 10) when the
highest sample volume was used. The proposed
fluorometric SIA optosensor was applied to the
determination of indomethacin in both
pharmaceuticals and urine samples, and
satisfactory results were obtained.

ndomethacin (INM), 1-(p-chlorobenzoyl)-5-methoxy-2-

methyl-3-indolylacetic acid), is a traditional nonsteroidal

anti-inflammatory drug with analgesic and antipyretic
activity comparable to that of salicylate, extensively used in
the treatment of rheumatic diseases. It is broadly used
for relief of acute joint and backbone pam, and the
treatment of degenerative diseases of joints and ligaments,
such as rheumatoid arthritis, osteoarthritis, and ankylotic
spondylitis (1). Oral administration of INM may cause severe
side effects, including irritation of the stomach, and its use is
often associated with adverse effects in the central nervous
system, such as dizziness, vertigo, headache, agitation,
psychosis, and depression (2).

A number of papers have been published concerning
the determination of INM in different matrixes of
pharmaceutical or biomedical interest. Among them,
separation methods, such as GC (3,4), HPLC (5-8), and
capillary zone electrophoresis (9, 10), have been developed.
Electroanalytical techniques, such as adsorptive stripping
voltammetry (11, 12) and potentiometry (13), have also been
used. With respect to spectroscopic methods, derivative UV

Received April 13, 2009. Accepted by SW July 24, 2009.
Corresponding author’s e-mail: anruizé@ujaen.es

spectrophotometric (14), spectrophotometric with molybdate
as a color-forming reagent (15), fluorometric (16, 17), and
chemiluminescent (18) methods have been devised previously
for the determination of this drug.

In general, the limitation of the spectroscopic methods is
their difficult applicability to complex matrixes, such as
biological samples. Solid-phase spectrometry (SPS) could be
used as an alternative in order to avoid this problem. SPS is
based on the direct measurement of the degree of light
absorption or emission shown by an active solid support on
which the analyte or its derivative compound has been
retained, thereby achieving an important improvement with
respect to conventional solution spectrometry i both
sensitivity and selectivity (19). When SPS is used, separation
and preconcentration of the species measured can be
carried out manually (batch methodology). Nevertheless, it is
time-consuming and laborious, might cause sample
contamination, and can give rise to large sample/reagent
consumption {20). It is more beneficial to perform such an
operation online, which not only eliminates the drawbacks of
a batch procedure but, at the same time, results in improved
precision and reduced waste production. Beads of an active
surtace (solid support) can be placed into an appropriate
flowcell to obtain a continuous sensing device that allows
online species monitoring. The solid support has to be
regenerated after measurements to make the sensing system
reusable. In these systems, called flow-through optosensors,
separation and preconcentration steps occur simultaneously
with the detection step. The potential of these systems in
biological analysis has been demonstrated (21).

The mmplementation of sequential mjection analysis
(SIA; 22,23) m flow-through optosensors adds advantages,
such as a complete automation of the system (24, 25). In this
paper, a straightforward fluorometric SIA-SPS system is
reported for the determination of INM. A strongly fluorescent
product generated by the alkaline hvdrolysis of the drug is
retained on Sephadex QAE A-25 (Aldrich, Madrid, Spam) in
the detection area and monitored. The sensing solid
microzone works in a simple, inexpensive, reusable, and rapid
way, providing a highly sensitive and reproducible
flow-through optosensor. The retention of the monitored
species on the solid support provides the rigidity required to
enhance the luminescence intensity of the system, avoiding
the use of surfactants commonly used in homogeneous
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Figure 1. Diagram of the SIA-SPS system.

solution. The system has been applied to the determination of
INM i pharmaceutical preparations and human urine
samples.

Experimental
Chemicals

All experiments were performed with reagents of
analytical grade, HPLC grade solvents (Panreac, Barcelona,
Spain}, and deionized water (used for the dilution of samples
and reagents).

INM was obtained from Sigma (Alcobendas, Madrid,
Spain}. INM stock solution of 200 mg/l. was prepared by
disselving the required weight in water—methanol (60 + 40,
wv). It was kept in the dark under refrigeration at 4°C and
remained stable for at least 3 months. INM working solutions
were prepared by appropriate dilution of the stock solution
with deionized water.

NaOH, HCI, NaCl, KCI, NaNO,, Na,CO,, and acetonitrile
were obtained from Panreac. 1 M NaOH and 0.5 M NaCl
stock solutions were prepared in deionized water. Required
working solutions were prepared daily by suitable dilution m
deionized water.

Carrier solation was prepared by dissolving the
appropriate amount of NaCl in distilled water and adding the
necessary volume of 0.1 M NaOH solution to adjust the
pH to 7.0

Cyg bonded-phase silica gel beads (Waters, Milford, MA,;
55-105 pm average particle size) and Sephadex QAE A-25
and DEAE A-25 anion exchanger gels m the chloride form
(Aldrich, Madrid, Spain; 40125 pm average particle size)
were fested as sensing supports.

Instrumentation

Fluorescence emission measurements were performed
with a Cary-Eclipse lumimescence spectrometer (Varian Inc.,
Mulgrave, Australia) contrelled by a computer equipped with
a Cary-Eclipse (Varian} software package for data collection

and treatment. The spectrofluorometer was equipped with a
xenon  discharge lamp (75 kV), Czemy-Turner
monochromators, two detectors (sample and internal
reference), and an R-928 photomultiplier tube (red-sensitive,
maximum A = 900 nm) by antomatic control (Hamamatsu
Corp., Bridgewater, NJ}. Instrament excitation and emission
slit widths were set at 10 and 20 nm, respectively. The detector
voltage was 650 or 625 V, depending on the sample volume
used (100 or 1000 pL, respectively).

The SIA system (Figure 1) was composed of a Cavre XP
3000 pump {(Cavre Scientific Instruments, Sunnyvale, CA)
equipped with a 5 mL syringe and Valco Instruments Co. Inc.
(Houston, TX) 10-port selection valve. PTFE tubing of
0.8 mm id was used in the manifeld; the same tubing was used
for the 2 ml holding coil. The system was computer
controlled wusing a home-written software program
(Sagittarius Version 3.0.25) based on MS Visual Basic 6.0
(Microsoft Corp., Redmond, WA).

A Hellma GmbH & Co., KG (Millheim, Germany)
floweell 176.752-Q8 (25 pL inner volume; 1.5 mm light path
length) filled with Sephadex QAE A-25 was used m the
detector. The cell was blocked mn the outlet with glass wool to
prevent displacement of the resin particles. The cell was filled
with an aqueous slurry of the solid support just up to a
height that enabled the light beam to pass completely
through the solid phase. Higher levels would cause analyte
preconcentration on the upper part of the solid support, above
the excitation light beam m the detection area, resulting in a
signal decrease. Lower levels would also cause the signal to
decrease due to the light beamn passing partially or completely
through the flowing solution.

Other apparatus consisted of a Crison (Barcelona, Spain)
Model 2002 pH meter with a glass/saturated calomel
combination electrode, a Selecta Ultrasons ultrasonic bath
(Barcelona, Spain}, and a Selecta centrifuge S-240.

Preparation of Samples

(ay Pharmaceuticals.—The pharmaceutical preparations
analyzed were capsules in all cases (three different
preparations). Ten capsules of each pharmaceutical were
ground and homogenized; a sample solution was prepared by
dissolving an appropriate amount of the powder In
methanol-water (60 + 40, v/v). The solution obtained was
filtered through a 045 pm membrane filter (Millipore Corp.,
Billerica, MA) in order to eliminate the remaining insoluble
matter. Finally, the filtered sclution was made up to volume
(100 ml) with NaOH solution to obtain a final NaOH
concentration of 0.01 M.

(b} Urine—INM-fiee human wrine samples were kindly
supplied by healthy volunteers. An appropriate aliquot of
INM stock selution and 2 ml. acetonitrile were added to a
4 ml. urine sample. The solution was blended on a vortex
mixer and centrifuged at 4000 rpm for 15 min. This selution
wag filtered through a 045 pm membrane filter (Millipore)
and diluted to velume (100 mL} with NaOH solution te obtam
a final NaOH concentration of 0.01 M.
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Procedures

(a) Hydrolysis of INM.—An appropriate amount of NaOH
solution was added to the working INM solution to obtain a
final 0.01 M NaOH concentration.

(b) Conditioning of the SIA-SPS system.—When the solid
support Sephadex QAE A-25 was introduced the first time
into the floweell, 3000 pL 0.08 M NaCl (pH 7.0) was
aspirated into the holding coil, at a flow rate of 5 mL/mimn from
a reservoir, and passed through the sensing zone in order to
condition it. Every time the sample was changed, 500 pL
sample solution was aspirated {5 mL/min), mtroduced into the
system, and eliminated with the waste. In this way, the portion
of tubing filled with the previous sample was cleaned with the
new one, thereby avoiding contamination between samples.

(¢) Pharmaceutical and urine samples.—2800 pl. carrier
solution and 100 ul. (pharmaceuticals) or 1000 pl. (urine)
sample solution were sequentially aspirated mto the syringe
pump at a flow rate of 5 mlL/min. Then, the mixture was
pumped at a rate of 1.5 ml/min towards the flowcell, where
the fluorescent INM product was transitorily retained and
monitored at 283/371 nm (A, /A.p). The carrier solution eluted
the INM product, thereby regenerating the sensing zone for
measurement of a new sample.

Results and Discussion

Spectral Characteristics and Selection of the Solfid
Support

INM does not exhibit native fluorescence and is relatively
stable at neutral pH, but it is rapidly hydrolyzed in alkaline
medium due to the OH™ -reactive amide bond. This derivative
reaction permits its fluorometric determination by monitoring
the formed fluorescent compound (26). Two different
anion-exchangers on dextran (Sephadex QAE A-25 and
Sephadex DEAE A-25) and a nonpolar sorbent {octadecyl
silane Cyg) were tested in order to retain this compound on a
solid support. It was observed that it was retained on both
Sephadex QAE A-25 and silica gel Cy5. However, the highest
analytical signal was obtained by using Sephadex QAE A-25.
The sorption of the INM hydrolysis product on this solid
support avoided the use of an additional eluting solution,
because the carrier solution itself completely regenerated the
sensing zone. Therefore, this anion exchanger was selected
for the retention of the monitored species. The level of the
resin packed in the flowcell had to be carefully adjusted in
order to ensure that the upper part was just above the light
path, so as to obtain the best sensitivity.

The fluorescence spectra of the hydrolyzed analyte in
aqueous solution showed maximum excitation and emission
wavelengths at 283 and 371 nm, respectively. When the
spectra on Sephadex QAFE A-25 were recorded, no significant
difference was observed in these wavelengths with respect to
those obtained in homogeneous solution. Nevertheless, as a
result of the retention of the fluorescent product on the solid
support, the obtained signal was 25 times higher than that
obtained in aqueous solution, which can be attributed to its

preconcentration on the active solid support in the detection
area of the spectrofluorometer.

Instrumental Variables

The influence of both the excitation and emission slit
widths on the measurements, in the range of 5-20 rim, and the
effect of the photomultiplier tube detector voltage, in the
range 425-700 V, were studied. Increasing slit widths or
voltage resulted in increasing fluorescence signals of both the
hydrolyzed analyte and the baseline (background signal of the
solid support). Slit widths of 10 and 20 nm for excitation and
emission, respectively, and a voltage value of 650 (100 pL) or
625 V (1000 pL), depending on the sample volume, were
adopted as a compromise between sensitivity and low
baseline. Higher baseline values would not allow the
determination of INM because the measurement range would
be too narrow.

Chemical Variables

Selection of the carrier/eluting solution—The nature and
PH of the carrier solution were studied in order to obtain the
highest sensitivity. First, we checked that the use of water as a
carrier solution caused a strong retention of the monitored
species in the upper part of the solid support, out of the
irradiated area. However, the addition of an electrolyte to the
carrier solution provided an important improvement m the
fluorescent signal, due to the displacement of the fluorescent
compound to the zone irradiated by the light beam. In
addition, the retention of the fluorescent compound on the
solid support was transitory. Of all the electrolytes tested
(NaCl, KCl, NaNO,, and Na,CO,), NaCl provided the best
results. Several NaCl concentrations were tested
(0.01-0.5 M), and a practically constant analytical signal was
obtained for all of them. However, the regeneration of the
solid support for NaCl concentrations lower than 0.08 M was
not complete. Finally, this NaCl concentration was chosen for
the next assays.

The mfluence of the pH of the 0.08 M NaCl carrier solution
on the fluorescence mtensity was investigated in the range
of 3-12. These pH values were adjusted with NaOH or HCL.
The best analytical signal was obtained i the range of 6-7,
specifically pH 7.0; therefore, this value was selected
(Figure 2). NaH,PO,/Na,HPO, buffer solution was tested in
order to adjust the pH of the carrier solution to 7.0, but no
improvement in the analytical signal was obtained compared
with that obtained in the previous test. Therefore, the carrier
solution comsisted of 0.08 M NaCl (pH 7.0). This carrier
solution allowed the elution of the fluorescent compound and
the complete regeneration of the solid support, thereby
avoiding use of an additional eluting solution.

Hydrolysis conditions.—As previously reported, INM can
be quickly hyvdrolyzed in alkaline medium (26). The optimum
reaction conditions were established by studying the nfluence
of NaOH concentration, time of hydrolysis, and temperature.
For the study of each variable, all others were maintained
constant and only the one under study was changed. The study
was carried out for a 150 ng/ml. INM solution.
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pH

Figure 2. Study of the influence of the pH of the
carrier solution [INM= 120 ng/mL, 100 uL sample
volume and relative fluorescence intensity (RFI)].

The influence of NaOH concentration was tested in the
range of 5 x 107 to0 0.15 M. It was found that the maximum
fluorescence intensity occurred at a 0.01 M NaOH
concentration. Higher values than 0.01 M caused a decrease in
the analytical signal, probably due to the competition of the
ions of NaOH with the fluorescent INM product for the active
sites of the solid support. The analytical signal also decreased
for NaOH concentrations lower than 0.01 M, which can be
attributed to an incomplete hydrolysis of INM. Hence, a
0.01 M NaOH concentration was considered to be the most
appropriate for the hydrolysis of the drug.

The time of hydrolysis was investigated in the range of
0.5-5 min. A minimum time of 1 min was necessary to get the
maximum fluorescence intensity. The temperature of the
hydrolysis reaction was tested in the range 0of 20-100°C, and no
significant differences in the analytical signal were obtained.

We concluded that hydrolysis of INM is practically
instantaneous and can be carried ouf at room temperature. We

500 18
450+ w
4004 m_»
350 114
T 300
& 250
200 2 412
150+
100

50 T T T T T T 10
0 200 400 600 800 1000 1200

Sample Volume ( pL)

{ .y} fouanbay adweg

Figure 3. Study of the influence of the sample volume
on (1) the analytical signal, and {2) the sample
frequency.

also found that hydrolysis cannot be carried out online using
reactors with different lengths due to incomplete mixing
between INM and NaOH solutions. Nevertheless, hydrolysis
in the batch mode did not cause any additional time of
analysis.

SIA Variables

Other important parameters affecting the magnitude of the
analytical signal were the volumes of the sample and carrier
solutions, and the effect of the flow rate.

Volumes of the sample and carrier solutions—The study
of the influence of the volume of sample was carried out with
a 5 ng/mL INM solution in the range of 100-1200 pL. As
usual in flow-through optosensors, an increase in the volume
of sample inserted in the system caused an increase in the
analytical signal due to the sorption of an increasing amount
of the fluorescent INM product on the same amount of solid
support. The analytical signal increased up to a 1000 pL

Table 1. Analytical parameters
Sample volume, pL

Parameter 100 1000
Excitation/emission slit size, nm/nm 10/20 10/20
Photomuiltiplier tube voltage, V 650 625
Linear dynamic range, ng/mL 5150 0.55-6.5
Calibration graph

Intercept + SD 9.927 £0.302 2.048 £0.103

Slope + SD, mL/ng 2.870 £ 0.004 99.606 + 0.090

Correlation coefficient 0.9959 0.9986
LOD, ng/mL 1.5 0.15
LOQ, ng/mL 5 0.5
RSD, % (n=10) 2.1 3.9

Sampling frequency, samples/h 14 "
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Figure 4. Fiagram obtained for the proposed sensor
{100 pL sample volume).

volume and remained constant abeve this value. Nevertheless,
this imprevement in sensitivity alse implies a decrease in
throughput and, consequently, a compromise in both effects
had to be made (Figure 3). Finally, 100 and 1000 pL were the
velumes of sample selected for the analvsis of
pharmaceuticals (lower sensitivity and higher sample
frequency) and urine (higher sensitivity and lower sample
frequency), respectively.

The optimum velume of carier solution was also studied.
The chosen volime was the lowest one that provided the
complete regeneration of the solid support and the restoration
of the baseline after each sample insertion, 2800 pl.

Flow rate—The flow rate was investigated from 0.5 to
1.5 ml/min. Flow rates zbove 1.5 ml/min caused
overpressure problems in the flow system. An increase in the
flow rate gave a slight decrease in the fluorescence intensity.
Therefore, a compromise between the sensitivity and time
involved in the analysis had to be made. Finally, & 1.5 ml/min
flow rate was chosen for measurements. The flow rate used
for the aspiration of solutions into the syringe pump and
holding coil was 5 ml/min.

Figiires of Merit

Considering the optimized werking conditions, the
analytical parameters of the system were studied for two
different sample volumes, 100 and 1000 pL. Table 1 contains
the figures of merit of the proposed method for the
determination of INM. The methodelogy was able to preduce
analytical fits with good linearity in the ranges of 5-150 and
0.5-6.5ng/mL for vohmmes of 100 and 1000 pL, respectively.
Data were fitted by standard least-squares calibration.
Figure 4 shows a typical fiagram obtamed for two different
INM concentrations. The repeatability was established for
10 independent analyses of sample selutions, and RSD

vahies lower than 4% for both calibration velumes were
obtained. The LOD and LOQ values were estimated as the
cencentration of analyte that produced an analytical signal
equal to three and ten times, respectively, the SD of the
background fluorescence (27, 28). An LOD as low as
0.15 ng/ml (for a 1000 uL sample volume) was obtained,
making the method proposed highly sensitive. This LOD is
lower than that reported in the literature for spectroscopic
{14-18), electrochemical (11-13), and chromategraphic (3,
5-8) methods, which are in the order of ng/ml or pg/ml.

Interference Study

In order to determine the effect of possible interferences, a
tolerance study was carried out with those organic and
inerganic compounds that are usually found aleng with INM
in both pharmaceutical and urine samples. This study was
performed by adding different amounts of the pessible
interfering species to a solution centaining 70 ng/ml. INM
(100 L sample volume). The interference-to-analyte ratic
chosen for this study was much higher than that usunally found
m real samples. A foreign species was considered not teo
mterfere if it produced an errer smaller than +2¢ in the
analytical signal. If any mterference was observed, the ratic
mterfering species/analyte (w/w) was reduced progressively
until this terference ceased. The results are shewn m
Table 2. In general, these results show that the proposed
method is highly selective due to the retention of the
hydrolyzed analyte on the solid suppoert and its consequent
separation from the matrix and the rest of the molecules,
aniens, and cations.

Some icns, such as Fe(Ill) and CufIl), were the most
serious interferences. Although the tolerance levels of both
metals were enough for determining INM inurine, they canbe
easily increased 20 times by adding to the carrier selution an
appropriate concentration of EDTA (2.68 = 107 M).

Table 2. Effect of foreign species

Tolerated interferent/analyte

Foreign species ratio, wiw®
Lactose, saccharose, glucose, 500"
starch, Na™, K', &, I", 80,7,
uric add, creatinine
Ca’” 350
NG~ 80
Urea 45
co.l” 40
Mg®* 30
e
PO, 20
cu® 6
Fe' 3

2 For 70 ng/mL INM solution.
# Maximuom ratio tested.
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Table 3. Recovery study in urine

Spiked, Found, Recovery, % *

Sample ng/mL ng/mL RSD, %7
Urine-1 2 21 105 £1
10 105 1053

15 14.8 99+ 2

Urine-2 25 246 98+ 2
40 42.8 107+2

50 52.0 104 £1

Urine-3 60 61.8 103+3
80 77.9 97 £1

100 106.0 106+ 2

7 Means of three determinations; standard addition method.

Analytical Applications

The proposed method was applied to the determination of
INM in three different urine samples by performing a recovery
study at three INM concentration levels. It was necessary to
apply the standard addition method due to the mafrix effect
found. Urine samples were prepared as described above under
Preparation of Samples and spiked with known amounts of the
analyte (ranging from 2 to 100 ng/ml). These INM amounts
were those usually found after administration of a
pharmaceutical dose. Satisfactory recoveries were obtained in
all cases (Table 3), demonstrating the applicability of the
proposed method to the determination of INM in these
biological samples. With the purpose of comparing the results
obtained with the proposed method to those obtained with a
reference method (29), an INM-fiee urine sample was spiked
with 15, 50, and 100 ng/ml. INM. The recoveries obtained
(mean, % + RSD, %, n =3) were 100.2 + 1.8 and 97.6 +2.3
(15ng/mL), 103.1 £2.3 and 97.5 £ 3.0 (50 ng/mL), and 99.5 =
1.6 and 98.5 + 2.2 (100 ng/mL) for the proposed and reference
methods, respectively. A statistical comparison between the
results of both methods by Student’s #test (P = 0.05)
demonstrated that there was no significant difference between
them, proving the applicability of the proposed method for the
determination of INM in urine samples.

The proposed method was also applied to the analysis of
different  pharmaceuticals listed in the  Spanish
Pharmacopoeia. Atter preparation of the samples, the INM
concentration was determined by applving the proposed
procedure. In each case, the INM concentration determined
was In agreement with the wvalue provided by the
manufacturer. In addition, a recovery study was performed by
adding three different amounts of INM to each
pharmaceutical. The results obtained are shown in Table 4,
with good recoveries ranging from 94 to 104% and RSDs
lower than 2.2%.

Table 4. Determination and recovery study in
pharmaceutical preparations

Recovery, % *

Pharmaceutical Added, pg/mL RSD, %*
Inacid (Merck Sharp Dohme)b — 1011
10 94 +1

20 100+ 2

40 104 +£2

Flogoter (Estedi)® - 102+ 1
60 97+2

80 1021

100 1011

Indonilo {Sigma TAU) — 99 %1
50 98+ 2

75 1032

100 1001

3 Means of three determinations.
2 25 mgicapsule.
“ 50 mg/capsule.

Conclusions

The suitability of the proposed optosensor for the
determination of INM has been demonstrated. The method is
based on the measurement of the fluorescence emitted by its
hydrolysis product. The implementation of SIA provides the
complete automation of the system, which is an interesting
characteristic taking into account the possibility of applying
the method proposed to routine INM analysis. The use of a
solid support into the flowcell allows the required selectivity,
as well as a high sensitivity, compared with other
methodologies previously described for the determination of
INM. The method proposed is suitable for the analysis of INM
not only in pharmaceuticals, but also in human urine at levels
usually found in patients after administration. Hence, the
method could be useful for easy, rapid, selective, and highly
sensitive analysis of INM using a low-cost analytical
instrumentation.
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ARTICLE INFO ABSTRACT

Article history: Resveratrol (3,5,4'-trihydroxystilbene)is a phytoalexin that plays a central role in the human diet because
Received 17 June 2010 of its antioxidant, anticarcinogenic and antimutagenic properties. This paper shows the development of
Received in revised form 10 October 2010 a multicommuted optosensing device for the determination of resveratral in beer. The method is based
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on the measurement of the fluorescence (277/382 nm, Aefden ) of the photoproduct on-line generated
by UV-irradiation of resveratrol. The fluorescent photoproduct is monitored once it is retained on a solid
support (Sephadex QAE A-25) in the detection area, which improves both sensitivity and selectivity.

Available online 2 November 2010

Iéz\‘ﬁ;d;;l The sample was delipidated with toluene and cyclohexane and resveratrol was extracted by solid-phase
Multicommutation extraction (SPEon Cyz cartridges, using methanol as eluent. This pre-treatment allowed recovering about
Optasensor an 82% resveratrol and removingits 3-0-p3-D-glycoside (piceid ) and other interfering substances present

Photochemically induced fluorescence in beer. The method provides a detection limit (DL) of 1.0ngmL-! and a linear dynamic range (LDR) of
Beer 3.3-100ngmL-1. It was satisfactorily applied to the determination of resveratrol in top- and bottom-
fermented beers by standard addition calibration. Resveratrol concentrations in the analysed samples
varied from 4.1 to 14.1 ngmL-'. This is the first proposed spectroscopic method for determination of

resveratrol in beer.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Resveratrol, which occurs in two isomeric forms, trans and cis
[1], is a naturally occurring polyphenolic compound belonging to
stilbenoids family. In the last decade, this compound has attracted
the attention of researchers due to their wide range of biological
activities. Although both forms are naturally occurring, most of
the recorded health benefits are attributed to the trans form. Stil-
benoids are secondary products of heartwood formation in trees
that can act as phytoalexins. Resveratrol has been shown to inhibit
multistage carcinogenesis [2], and collected evidence suggests that
it may exert a protective effect in central nervous system under
pathological conditions, and is associated with reduced risks of
cardiovascular disease, diabetes, and Alzheimer’s disease [3-5].
Resveratrol is highly enriched in a variety of sources, such as grapes
[6], red wine [7], peanuts [8] and pistachios [9]. Hop, used almost
exclusively by brewers for bitterness, flavor and antimicrobial pro-
tection, was also recently reported as an interesting source of
resveratrol, highlighting the potential health-promoting effect of
moderate beer consumption [10,11].

Various techniques have been employed for the determina-
tion of resveratrol in liquid samples, such as wine or plasma:

* Corresponding author. Fax: +34 953 212940,
E-mail address: mferna@ujaen.es (M.L Fernindez-de Cérdova).

0039-9140/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2010.10.033

capillary electrophoresis [12,13], gas chromatography (GC) [14]
and GC-mass spectrometry (GC-MS) [15,16], with previous
derivatization, the most commonly utilised technique being high-
performance liquid chromatography (HPLC, normally in reverse
phase), with either diode-array [17], electrochemical [18], chemi-
luminescent [19], fluorimetric detection [20-22] or with mass
spectrometry [23,24]. In addition, one spectroscopic method, based
on photochemically induced second-derivative fluorescence {PIF),
has been reported for the resveratrol analysis, which was applied
to its determination in wine [25].

The preparation techniques used in resveratrol analysis in liquid
samples are usually liquid-liquid extraction [25,26], solid-phase
extraction (SPE) [26-28], and solid-phase microextraction (SPME)
[29]. In some cases, a preliminary removal of hydrophobic con-
stituents is also necessary to improve extraction recovery [26].

On the other hand, to date, only two chromatographic meth-
ods (HPLC-MS{MS and GC-MS) have been proposed for resveratrol
analysis in beer, being the concentrations found in real samples,
however, just below the quantification limits [26]. Therefore, the
determination of resveratrol in this matrix makes necessary the
development of very sensitive analytical methods.

The present paper was focused to develop a sensitive auto-
matic fluorimetricmethod as an alternative to the chromatographic
determination of resveratrol in beer. With this purpose, a procedure
based on the measurement of the fluorescence of the photoproduct
generated from resveratrol, by on-line UV-irradiation in a flow-
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system, was developed. The measurement of the analytical signal
of the target compound retained on Sephadex QAE A-25, packed in
the flow-cell placed in the detection area, was adopted for improv-
ing both detection limit and selectivity. This methodology, called
flow injection-solid phase spectroscopy (FI-SPS) or flow-through
optosensor, combines advantages of Flwith the analyte preconcen-
tration on asmall amount of asolid support, such as high sensitivity
and selectivity, rapidity, and simplicity [30]. Multicommutation
principles [31-33] were also exploited in the flow-system with the
purpose of allowing independent handling of sample and carrier
solutions, low sample and reagent consumption and the complete
automation of the process. SPE with sequential elution was used
to selectively extract resveratrol and separate it from other inter-
fering substances present in the beer. To the authors’ knowledge,
this is the first spectroscopic determination of resveratrol in beer
to be reported. This is also the first application of multicommu-
tation continuous-flow methodology to the determination of this
stilbene. The proposed method was applied to the analysis of this
compound in different kinds of commercial beers.

2. Experimental
2.1, Reagents and solutions

All reagents were analytical reagent grade, and Milli-Q (Milli-
pore, Bedford, MA) water was used throughout.

trans-Resveratrol (Sigma, St. Louis, MO, USA) stock solution,
200mg L1, was prepared by dissolving the appropriate amount
in ethanol (Panreac, Barcelona, Spain). It was kept away from light
with an aluminium foil and stored at 4 °C in a refrigerator, remain-
ing stable for at least four weeks. Working standard solutions were
prepared daily by taking an aliquot of the stock solution and diluting
with 0.01 mol L1 NaCH;COO/HCH;CO0 (NaAc/HAc) buffer solu-
tion, pH 6.0. The working solutions were stable for at least 8h,
when protected from light, which was enough to make the daily
experiments.

The carrier solution (0.05 mol L~! NaCl/0.001 mol L-1 HNO3 (pH
3.0)) was prepared by dissolving the required weight of NaCl in
water and setting the pH to 3.0 with HNO; solution (both obtained
of Panreac) with the aid of a pH-meter.

Sephadex QAE A-25(40-120 m average particle size) (Sigma,
Alcobendas, Madrid, Spain) was used as active solid support in the
detection area. Other cation and anion-exchangers (Sephadex SP C-
25, Sephadex CM C-25 and Sephadex DEAE A-25, all of them having
40-120 p.m average particle size) (Sigma) and Cyg bonded phase
silica gel beads (55-105 j.m average particle size){ Waters, Milford,
MA, USA) were also tested for retention of the target compounds.

Methanol, ethanol, nitric acid, toluene and cyclohexane were
obtained from Panreac. Octadecyl (Cyg) Bakerbond SPE cartridges
of 6mL with 500 mg of packing material (J.T. Baker, Phillipsburg,
NJ, USA) were also used.

2.2. Apparatus and instrumentation

The multicommuted flow system (Fig. 1) was built with a four
channel Gilson Minipuls-3 (Villiers Le Bell, France) peristaltic pump
fitted with a rate selector and pump tubing type Solvflex (Elkay
Products, Shrewsbury, MA, USA), three 161T031 NResearch three-
way solenoid valves (Neptune Research, MA, USA) and anelectronic
interface based on ULN 2803 integrate circuits. The valves were
operated at an electric potential of 12V and a direct current of
100mA. PTFE tubing (0.8 mm i.d.) and methacrylate connections
were also used. The software for controlling the system was devel-
oped in Visual Basic6.0 by our research group. A 176.752-QS Hellma
flow-cell (Miillheim, Baden, Germany) (inner volume, 25 J.L; light

p
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w
v,
Il valve ON
v.
[ valve OFF
Y

0 15 30 45 60 75 90 105 120 135
Time (s)

Fig. 1. Multicommuted flow-injection assembly. S, sample (buffered with
0.01molL™" NaAc/HAc buffer solution, pH 6.0); C, carrier solution (0.05M
NaClj0.001M HNOs, pH 3.0); P, peristaltic pump; Vi, V3, and V3, three-ways
solenoid valves; PH, photoreactor (110 cm length); F, spectrofluorimeter; FC, flow-
cell (packed with Sephadex QAE A-25); W, waste. For each solenoid valve, the
solid and dotted lines refer to “OFF” and “ON” positions, respectively. Flow-rate:
2.2 mLmin~!. The scheme below manifold shows the valve time program (sampling
time, 80s).

path length, 1.5mm) was used in the detection area. It was filled
with an aqueous slurry of the solid support (Sephadex QAE A-25)
just up to a height which enabled the light beam to pass completely
through the solid phase. The outlet was locked with glass wool to
avoid the beads movement and allow the continuous flow.

For the on-line photochemical conversion of resveratrol, a
home-made photoreactor was prepared by loosely coiling 110 cm
of PTFE tubing (0.8 mm i.d., 1.6mm o.d.) around a low-pressure
mercury lamp, Philips TUV 15W FAM (15W, 254 nm). The UV lamp
was wrapped in aluminium paper and introduced into an alu-
minium box for maximum light reflection and heat dissipation. The
photoreactor was placed just between V3 and the detection area.
All the experiments were carried out at room temperature.

Luminescence measurements and spectra recordings were per-
formed with a Cary-Eclipse Luminescence Spectrometer (Varian
Inc., Mulgrave, Australia), controlled by a computer equipped with
a Cary-Eclipse (Varian) software package for data collection and
treatment. Instrument excitation and emission slit widths were
set at 20 and 20nm, respectively, and the detector voltage was
590V. The excitation and emission wavelengths were established
at 277/382 nm, respectively.

UV-visspectrawere recorded with a Varian Cary 50 Spectropho-
tometer (Madrid, Spain) controlled by means of a PC fitted with
the Varian computerized spectroscopy software, WIN-UV. A 100-
QS Hellma cell with a light path length of 10 mm was employed for
absorbance measurements.

Other apparatus consisted of a vacuum system 12-port Visiprep
SPE Vacuum Manifold (Supelco, Bellefonte, PA), a Crison Model
2002 pH-meter with a glass/saturated calomel combination elec-
trode (Crison, Barcelona, Spain) and a Selecta Ultrasons ultrasonic
bath {Barcelona, Spain).

2.3. Sample preparation

The beer samples were purchased from local markets. Along all
the process, the sample was kept away from the daylight, as far as
possible, with the aid of aluminium foil.

Pre-cleaning to remove hydrophobic compounds. Aliquots of
25mL of the samples were spiked with known amounts of trans-
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resveratrol and then, they were treated under gentle stirring, in
consecutive 3 min steps, first with 25mL of toluene (three times)
and then with 25mL of cyclohexane (three times). At the end of
eachstep, the mixturewas centrifuged for 5min at 4200 x g, and the
supernatant was discarded. Finally, cleaned beer was dried under
vacuum {30°C) to get rid of residual solvent.

Extraction of resveratrol. A Cqg cartridge was conditioned by
passing consecutively 3mL of methanol and 6 mL of water. Sub-
sequently, cleaned beer was passed through the cartridge at a
flow-rate of 3-4mLmin~! under vacuum. Then, the cartridge was
washed firstly with 6 mL of water and secondly with 6 mL of 40%
methanol:water (40:60, v{v). The elution of resveratrol retained in
the cartridge was carried out with 3 x 2 mLof methanol and the elu-
ate was concentrated to dryness under a gentle stream of nitrogen.
The final residue was solubilised in 10mLof 0.01 mol L~ NaAc/HAc
buffer solution, pH 6.0.

2.4, Procedure

The schematic manifold is shown in Fig. 1. All experiments were
carried out in triplicate and the results were expressed as peak-
height mean values. The determination of resveratrol was carried
out by following the next steps:

- In the initial status, being all the valves deactivated (solid lines),
the peristaltic pump (P) and the UV lamp of the photoreactor (PH)
were turned on to condition the flow-system until a stable base-
line was recorded. Thus, the carrier solution (C) flowed through
the system and the sample solution {S) was recycled to its vessel.

- Next, valves Vq, V, and V3 were activated {dashed lines) for 95,
95 and 155, respectively. Thus, the sample solution (S) circulated
through the system, whereas the carrier solution {C) was recy-
cled to its recipient. For the first 15s of this step, the sample plug
was directed towards the waste through V3, so cleaning the tub-
ing between V; and V3 with the new sample solution. Over the
next 805, as V3 was deactivated (solid line), the sample plug was
pumped towards the detection area, passing through the pho-
toreactor (PH). This originated the photochemical conversion of
resveratrol into a fluorescent photoproduct.

- From 95s, all the valves were deactivated and so, the sample
solution (S)was recycled to its recipient, whereas the carrier solu-
tion (C) circulated again through the system, thus propelling the
sample plug to the detector. When the fluorescent photoproduct
of resveratrol reached the detection area, it was temporar-
ily retained on the solid support and monitored (277/382nm,
Aexhem)- The solid support was regenerated by the carrier solu-
tion (C) itself and the system was prepared for the next insertion
of sample.

3. Results and discussion
3.1. Optimization of solid-phase extraction

In order to extract resveratrol from beer, a new extraction
procedure was developed. The fluorescent photodegradation prod-
uct generated from resveratrol is sorbed on the anion-exchanger
Sephadex QAE A-25, thus excluding a lot of organic species from
the matrix. However, a previous clean-up step was necessary to
eliminate other species which could be retained on the solid-phase
and compete with the photodegradation product for the active
sites. As we could check, the most serious interfering species was
resveratrol-3-0-f-p-glycoside (piceid), which is also present in
beer [26] and shows a very similar behaviour to that of resveratrol
in the flow-system. Under UV irradiation, piceid also originated a
fluorescent photoproduct, which was retained on Sephadex QAE

Table 1
Recovery percentages of trans-resveratrol according to the solvent assayed for
exfraction.

Solvent Recovery percentage (%)
Resveratrol Piceid

Methanol:water (20:80, vjv) o] 0
Methanol:water (35:65, vjv) o] 35
Methanol:water (40:60, v/v) o] 31
Methanol:water (50:50, v/v) 10 80
Methanol:water (80:20, v/v) 75 81
Methanol 82 83

A-25(257/382nm, Aexf/Aem ) and showed a complete spectral over-
lapping with the photoproduct of resveratrol. Caffeic and gallic
acids interfered with the determination of resveratrol when their
amounts were over 5 and 80-fold (w/w) that of resveratrol. Never-
theless, no interference was observed for the amounts of catechin
and quercetin usually found in beer.

According to the literature [10], a preliminary removal of hop
resins and lipids is most likely necessary to recover high amounts
of polyphenols. Although diethyl ether is often used for this previ-
ous cleaning, the significant solubility of resveratrol in this solvent
makes impossible its use in this case. The removal of hydrophobic
compounds was carried out with toluene and cyclohexane by fol-
lowing a procedure previously described [10], by introducing slight
modifications.

Next, liquid-liquid extraction was tested for the selective
extraction of resveratrol from beer. Diethyl ether and ethyl acetate
are the solvents commonly used for the extraction of resveratrol
and piceid from liquid samples. In the case of beer, diethyl ether
provided an extraction recovery for resveratrol close to 80%, but
piceid was alsosignificantly extracted (5%). The use of a more polar
solvent such as ethyl acetate even provided a better extraction per-
centage for piceid (10%). Consequently, the liquid-liquid extraction
was discarded for the extraction of resveratrol and SPE was chosen
for this purpose.

In order to optimize the SPE procedure, different solvents for
the rinsing and elution steps were utilised: water, ethyl acetate,
diethyl ether and methanol. With this purpose, the washout frac-
tions were monitored with the UV-vis spectrophotometer from
250 to 425nm. A first rinsing step with water allowed the elim-
ination of most polar compounds from the matrix. The optimum
water volume was studied in the range 2-8mL and found to
be 6mlL. In a second rinsing step, aqueous solutions contain-
ing different methanol percentages (20, 35, 40 and 50%) were
assayed for the removal of piceid and other possible polar inter-
ferences of beer, without eluting resveratrol (Table 1). 6mL of
a 40% methanol solution proved to be the optimal one for this
purpose.

Ethyl acetate, diethyl ether and methanol (80 and 100%) were
tested for the elution of resveratrol and, finally, pure methanol was
selected because it gave the best recovery (82%).

3.2, Preliminary tests of sorption

Resveratrol is weakly fluorescent and extremely photo-
sensitive. When protected from light the trans form is stable for
months, unless in high-pH buffer, whereas the cis form is sta-
ble only at neutral pH when completely protected from light
[34]. Intense UV irradiation of solutions of trans-resveratrol orig-
inates first its conversion into cis-resveratrol and then leads to
the formation of a highly fluorescent compound [25,35]. This
photoconversion allows the total (trans-isomer plus cis-isomer)
resveratrol determination in a sample. On the basis of literature
data, it can be assumed that the fluorescent photoproduct gener-
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Fig- 2. Fluorescence spectra of trans-resveratrol and its photoproduct. (A) Emission spectra on Sephadex QAE A-25: trans-resveratrol (dashed line), photoproduct of trans-
resverairol {continuous line), 100 ng mL-! trans-resveratrol. { B) Excitation and emissions pectra of the photoproduct of trans-resveratrol: in homogeneous solution (continuous
line), on Sephadex QAE A-25 (dashed line), 2.5 mg 1! trans-resveratrol (in solution); 90 ng mL-! trans-resveratrol (in solid phase). pH 6.0; 15 s irradiation time.

ated from trans- or cis-resveratrol is a phenanthrene derivative,
2.4,6-trihydroxyphenanthrene [36].

In order to improve sensitivity and selectivity of the deter-
mination of resveratrol by measuring the fluorescence of
its photochemically generated photoproduct, anion-exchangers
(Sephadex QAE A-25 and Sephadex DEAE-25), cation-exchangers
(Sephadex SP C-25 and Sephadex CM C-25) and a non-ionic support
(Cyg silica gel) were tested, at different pH values (below 7.0), to
retain this compound. These tests proved that Cyg silicagel and both
anion-exchangers allowed the retention of both, trans-resveratrol
and its photoproduct. Finally, Sephadex QAE A-25 was selected for
retention purposes since, at weakly acidic pH value, it provided
the maximum analytical signal. In addition, the anionic charac-
ter of this solid-support could provide a higher selectivity in the
determination of resveratrol.

No spectral changes were observed for trans-resveratrol spec-
tra retained on Sephadex QAE A-25, in the range of pH studied
(2.0-7.0), showing an excitation maximum at 326 nm and an emis-
sion maximum at 406 nm. In the same pH range, the photoproduct
of trans-resveratrol presented excitation and emission maxima at
277 and 382 nm, respectively. The fluorescence signal was greatly
improved by the sorption of trans-resveratrol or its photoprod-
uct on the solid-support and their consequent preconcentration
on this latter. Finally, the measurement of the fluorescence of the
photoproduct was chosen since it provided the highest sensitiv-
ity (Fig. 2A). In addition, taking into account the complexity of
the matrix, we considered that this choice could allow a better
selectivity in the method to be developed. This way, the improve-
ment in the analytical signal was 60-fold, when comparing to that
obtained in homogeneous solution under the same working condi-
tions (Fig. 2B).

The instrument excitation and emission slits were optimized at
20 and 20 nm, respectively, since these values provided the best
ratio fluorescence signal-background noise. In the same way, the
voltage of the photomultiplier tube was set at 590V. The research
was performed atroom temperature, observing no difference in the
analytical signal between 15 and 30°C.

3.3. Nature and pH of sample and carrier solution

The pH showed to be a key variable since the analytical signal
changed significantly with the pH of the sample and the carrier
solution. It is necessary to point out that the optimum work-
ing pH value will be that providing the maximum conversion of
trans-resveratrol in the fluorescent photodegradation product, the
maximurn fluorescence of the photoproduct generated and the
maximurm sorption of this latter on the solid support in the detec-
tion area.

The study of the influence of pH of the sample was performed
by varying it between 2.0 and 10.0, using HNO3 or NaOH solu-
tions. A maximum and constant fluorescence was obtained in the
pH range 5.5-7.0 (Fig. 3). Higher or lower pH values caused a
drastic decrease in the fluorescence signal. A pH value of 6.0 was
selected for the next experiments. Several buffer solutions at pH 6.0
were tested in order to adjust the pH of the sample solution (cit-
ric acidfsodium hydroxide; sodium dihydrogen phosphate/sodium
hydroxide; sodium acetate/acetic acid) and the best results were
achieved with NaAc/HAc buffer solution. The influence of its con-
centration on the analytical response was assayed in the range
0.005-0.05mol L1 and finally, a 0.01mol L-! concentration was
chosen for buffering the sample, since it provided the best ana-
Iytical signal. Higher concentrations caused a lower fluorescence
signal, probably due to the competition between buffer ions and
the photodegradation product for the actives sites in theionic solid-
support. Lower concentrations originated a lower signal too, since
the sorption of the photodegradation product on the solid-support
took place just above the light beam in the detection area.

The effect of pH of the carrier solution was studied by inserting
a 100 ngmL-! resveratrol solution (pH 6.0) into different aqueous
solutions adjusted at pH values ranging from 1.0 to 7.0 with HNO3
(Fig. 3). The maximum fluorescence signal was obtained at pH 3.0.
For pH values higher than 3.0 a drastic decay in the fluorescence
signal was obtained, keeping this latter constant and negligible
from 4.0 to 7.0. The fluorescence signal also decreased for pH val-
ues lower than 3.0 and, in addition, overpressure problems were
observed due to the compaction of the solid-support. Finally, a pH
of 3.0 for the carrier solution was chosen as optimum. None of the

350

300

250 4

-

200 +

Intensity (a.u.}

150 4

100 T T T T T

pH

Fig. 3. Influence of pH of the sample (dashed line) and carrier {continuous line)
solutions. 100 ng mL~" rans-resveratrol; carrier solution, 0.001 mol L' HNO3; irra-
diation time, 20s.
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Table 2
Analytical parameters.
320 +
Parameter
Linear dynamicrange (ng mL-1) 3.3-100
T 290 Calibration graph
o Intercept -10.162
bt Slope (mLng!) 3.284
:g‘ 260 1 Correlation coefficient 0.9998
g Detection limit (DL) (ng mL~1) 1.0
‘E Quantification limit (QL) (ngmL~!) 33
= RSD (%)(n=10) 1.8¢
230 o Throughput (h=1) 12
* grans-Resveratrol concentration, 40 ng mL-1.
200 T T T
5 15 25 35 45

Irradiation time (s)

Fig. 4. Influence of irradiation time. 100 ng mL~! trans-resveratrol; sampling time,
40's; flow-tate, 1.9 mLmin~!; photoreactor length, 250 cm.

tested aqueous solutions provided the elution of the photoproduct
of trans-resveratrol in a reasonable time.

With the purpose of achieving the quick and complete elu-
tion of the fluorescent photoproduct from the solid-support, thus
increasing the sampling frequency, different electrolytes (NaCl, KCl,
NaNO3, NayC0O3) were added to the aqueous carrier solution (pH
3.0), in concentrations ranging from 0.01 to 0.1mol L-1. The best
results were obtained for a 0.06 mol L~ NaCl concentration. This
solution provided the highest analytical signal and a rapid and
complete elution of the species monitored from the solid-support,
which was completely regenerated. Consequently, the use of an
additional eluting solution was not necessary. Although NaCl con-
centrations higher than 0.06 mol L~! provided a quicker elution
of the photoproduct, they also originated a significant decrease
in the analytical signal. Therefore, that NaCl concentration was
selected as a compromise between analytical signal and peak width.
Lower NaCl concentrations resulted in analytical signals similar to
that obtained with 0.06 mol -1 NaCl, but wider peaks were also
obtained, thus decreasing the throughput. The assay of different
buffer solutions to adjust the pHof the carrier solution at 3.0 did not
provide a significant improvement in the analytical signal or in the
time of elution of the photoproduct. Therefore, the carrier solution
consisted of 0.06 mol L~1 NaCl/0.001 mol -1 HNO3 (pH 3.0).

3.4. hradiation time

Another key variable for the generation of a fluorescent pho-
todegradation product from trans-resveratrol is the residence time
of the sample plug inside the photoreactor under UV irradiation.
To optimize this variable, a 100ngmL-"! trans-resveratrol solu-
tion was inserted in the system (sampling time, 40s; flow-rate,
1.9mLmin~1), the flow was stopped just when the whole plug
of sample was within the photoreactor (250 cm) and the sample
was irradiated for increasing periods of time. The results showed
that the kinetic of photo-degradation of trans-resveratrol in the
working conditions is very quick. The fluorescence signal increased
with the irradiation time to reach a maximum value for 15s and
thereafter it decreased (Fig. 4). The shape of the curve obtained
suggests atwo-step photolysis mechanism, consisting of the forma-
tion of a strongly fluorescent photoproduct and the posterior photo
degradation of this compound into non-fluorescent product(s). The
length of the transport system between the photochemical reac-
tor and the flow-cell was the minimum allowing both units to be
connected.

The residence time of trans-resveratrol in the photochemical
reactor and, consequently, the irradiation time can be controlled

by the flow-rate of the carrier solution andfor the length of the
tubing around the UV lamp. Firstly, the optimum irradiation time
(15s)was established by using a 2.2 mLmin~! flow-rate combined
with a 110 cm long photoreactor. This flow-rate value was chosen
sinceit provided the highest throughput and higher flow-rates orig-
inated overpressure problems in the system. After this, by keeping
constant the sample volume inserted in the systern, which implied
varying the sampling time, different combinations of photoreac-
tor length and flow-rate (0.8-2.0 mLmin~!) were assayed. The use
of shorter photoreactor lengths combined with flow-rates lower
than 2.2mLmin~! provided lower peak heights and throughputs.
Consequently, the optimum irradiation time was established by
combining a 110 cm photoreactor and a 2.2mLmin~! flow-rate.

3.5, Sampling time

As known in FI-SPS systems, the insertion of increasing sample
volumes in the system originates an improvement in sensitivity
(for a constant concentration of analyte). This is a consequence of
the sorption of increasing amounts of the species monitored on a
constant amount of solid-support. In addition, the improvement
in sensitivity allows the reduction of matrix effects by means of
a previous dilution of the sample, which is carried out before its
insertion in the system. In the case of multicommuted systems, the
sample volume can be easily controlled by varying the sampling
time [37].

The influence of this variable was tested by inserting in the flow-
systemn a 50ng mL~! trans-resveratrol solution for sampling times
ranging from 10 to 90s. This is easily achieved by varying the time
during which the valve Vy is activated (Fig. 1). The fluorescence sig-
nalincreased linearly until avalue of 80 5. Sampling times above this
value did no suppose a significant increment in the analytical sig-
nal. Taking into account that the flow-rate and sampling time were
established at 2.2 mLmin~! and 80, respectively, it corresponded
with a sample volume of 2900 p.L, which was finally selected.

3.6. Analytical parameters

Taking into account the above optimized working conditions,
the analytical parameters of the system were studied (Table 2). Cal-
ibration curve was constructed by following the procedure above
described after injecting sample solutions in triplicate, contain-
ing increasing concentrations of trans-resveratrol. Quantification
was carried out by using peak height as analytical signal. The
data were fitted by standard least-squares treatment. The pro-
posed methodology responds linearly in the concentration range
3.3-100ng mL-!.The detection and quantification limits were esti-
mated as the concentration of analyte which produced an analytical
signal equal to three and ten times, respectively, the standard devi-
ation of the background fluorescence [38,39].

Theintra-day repeatability was established for ten independent
analyses of sample solutions containing 40ngmL-! of trans-
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2001 Table 3
Determinadon of resveratrol in commercial beers.
Sample  Proposed method Reference method?
Added (ngmL')  Found+¢® (ngmL™!) Found+¢o® (ngmL1)
oy 150 Top-fermented
3 Ale 1 - 62+05 <QL
S Ale 2 - <DL <DL
z, 20 203+£05 208+06
® 100 - 40 406+0.7 41.0+£1.2
c Bitter - <DL <DL
3 60 605+ 1.1 596+13
= 30 808+13 792414
- Stout - 6.3+03 <QL
Bottom-fermented
50 Lager1  — <DL <DL
20 19.9+05 195+05
40 403+£1.0 398107
Lager 2 - 41+02 <DL
Pilsen 1 - 14105 <QL
T T Pilsen 2 - 12205 <QL

0 15 30
Time (min)

Fig. 5. Typical analytical signal registered for the photoproduct of trans-resveratrol.
40 ng mL-! trans-resveratrol, 1= 6.

resveratrol, RSD being 1.8%. Fig. 5 shows the typical registered
analytical signal. The inter-day repeatability was also performed
for ten consecutive days obtaining RSD 3.2%.

3.7. Analytical applications

When the method was applied to the analysis of beer samples an
important matrix effect was observed, which was not completely
eliminated by the pre-treatment procedure developed. Therefore,
the standard addition method was utilised for calibration of the
method. The slope of the calibration curve obtained by spiking the
final extracts with trans-resveratrol was different to that obtained
by spiking the original samples. In addition, in both cases the slopes
were lower than that obtained by external calibration. Therefore,
thematrix effect is due to the presence in the final extracts of inter-
fering species and the incomplete recovery of resveratrol after the
pre-treatment. This latter is probably caused by the presence in
beer of supramolecular structures involving hop constituents. Con-
sequently, the analysis was carried out by spiking different aliquots
of a beer sample with increasing amounts of trans-resveratrol,
before subjecting them to the whole analytical procedure. The
matrix effect was evaluated by comparing the slopes of aqueous
standards and standard addition calibration graphs for different
beer Samples (mstandard/mstanda[d addition # 1.1 )

The results obtained are shown in Table 3. The resveratrol
content found in three of the samples analysed was lower than
quantification limit (QL) of the method proposed. Consequently, a
recovery study was performed on these samples at two concentra-
tion levels. In all the cases good recoveries, ranging from 99.5 to
101.5%, were achieved.

The applicability of the proposed method to the analysis of
resveratrol in beer was demonstrated by comparison with a refer-
ence HPLC-MS/MS method [26]. In all the cases the results obtained
were in good agreement with those obtained by the reference
method.

4. Conclusions

For the first time an automatic spectroscopic method for the
analysis of resveratrol in beer is reported. The method makes
use of the on-line photodegradation of resveratrol in a multicom-
muted flow-system and the posterior monitoring of the generated

* Ref.[26]. QL, 15 ngmL-"; DL, 5 ngmL-L.
b Three replicates.

highly fluorescent photoproduct (2,4,6-trihydroxyphenanthrene),
once it is retained on an appropriate solid-support (Sephadex
QAE A-25). The extraction of resveratrol from beer by SPE with
methanol improves significantly selectivity, since it allows remov-
ing its glycoside (piceid), which is a serious interfering species. The
measurement of the fluorescence of the photoproduct of resvera-
trol in solid-phase also contributes to improve selectivity, allowing
the exclusion of a large amount of organic species of the matrix.

The method developed shows characteristics such as: (a) high
sensitivity, because of the sorption of the photoproduct of resver-
atrol on a small amount of the solid support; (b) low reagent
consumption; (¢) easy to handle; (d) rapidity and simplicity and
(e) low cost. It can be considered as an interesting alternative to
the chromatographic determination of resveratrol in beer, since it
provides higher throughputs and lower detection limits and cost of
instrumentation.

Although the amounts of resveratrol found in some of the sam-
ples analysed are below the QL of the proposed method, a DLIlower
than those previously reported (HPLC-MS{MS and GC-MS) has
been reached, using a simple and rapid optosensing device, with
low-cost instrumentation. Therefore, in our opinion the proposed
method constitutes an interesting contribution to the analysis of
resveratrol, and in general of stilbenes, in beer. In spite of the low
concentrations of resveratrol found in beer, taking into account the
important health benefits of resveratrol, we think that it would be
veryinteresting to carry out complementary studies in order to pro-
duce resveratrol-enriched hop extracts, in a similar way to studies
currently carried out to enhance resveratrol content in wines.
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Abstract Piceid (3,4',5-trihydroxystilbene-3-3-p-glucoside)
is a stilbene which occurs naturally in various families of
plants and has been shown to protect lipoproteins from
oxidative damage and to have cancer chemopreventive
activity. This paper deals with the determination of piceid
in cocoa-containing products by using photo-induced fluo-
rescence and the aid of a multicommutated continuous-flow
assembly which was provided with an on-line photoreactor.
A strongly fluorescent photoproduct is generated from piceid
when it is irradiated under UV light for 30 s, which is
retained on Sephadex QAE A-25 and directly monitored on
this active solid support at 257/382 nm (Aeeo/ Aem, rESpEC-
tively). The pre-concentration of the photoproduct of piceid
on the solid support greatly improves both sensitivity and
selectivity. The influence of different experimental parame-
ters, both chemical (pH, ionic strength) and hydrodynamic
(irradiation time, flow rate, photoreactor length, sampling
time), was tested. The sample pre-treatment included
delipidation with toluene and cyclohexane, stilbene extrac-
tion with ethanol/water (80:20, v/v) and clean-up by solid-
phase extraction on C;g cartridges and methanol/water
(40:20, v/v) as eluting solution. This procedure allowed the
elimination of the aglycon of piceid, resveratrol and other
potential interfering species and a recovery of about a 90%
piceid. The method was applied to the analysis of piceid in
cocoa powder, dark chocolate and milk chocolate. The
quantification limits were 1.4, 1.1 and 0.09 mg kg
respectively. Relative standard deviations ranged from 1.8%
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to 3.1%. This is the first reported non-chromatographic
method for determination of piceid in these foods.

Keywords Piceid - Multicommutation - Optosensor -
Photo-induced fluorescence - Cocoa powder - Chocolate

Introduction

It is well known that a diet rich in fiuit and vegetables helps
to prevent cardiovascular problems, certain types of cancer,
arthrosclerosis and ageing-related disorders. This effect can
be attributed to their content in polyphenols, which
constitute a family of compounds whose antioxidant
properties are widely documented [1, 2]. In the last years,
much attention has been paid to stilbenes, a kind of
polyphenol which occurs naturally in a number of plant
families and can be synthesised after a stress, being
considered, in this case, as phytoalexins [3]. In particular,
resveratrol (3,4',5-trihydroxystilbene), which is mainly
present in grapes and red wine, has demonstrated interest-
ing physiological effects such as a cardioprotective action
due to inhibition of platelet aggregation [4] and oxidation of
human low-density lipoprotein (LDL) [5]; inhibition of
cellular events associated with tumour initiation, promotion
and propagation [6, 7]; anti-inflammatory activities [8];
prevention and control of the lipid peroxidation in mem-
branes [9] and preventive Alzheimer’s disease [10]. Resver-
atrol can also occur in a glycosylated form, called piceid.
Both resveratrol and piceid can occur as the cis or frans
stereoisomiers, with the frans form being the dominant form.

A number of studies have demonstrated that piceid has
biomedical properties similar to those mentioned above for
resveratrol. Piceid isomers have been shown be also active
i inhibiting eicosanoid synthesis [11] and reducing the
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elevation of lipid levels [12]. trans-Piceid inhibits oxidation
of human LDL [13] and platelet aggregation [14] and acts
as a tumour and metastatic carcinoma inhibitor [15]. The
absorption of some phenols from the diet is enhanced by
conjugation with glucose [16], and then piceid could be
more efficiently absorbed than its aglycone, resveratrol.
Piceid has been reported in wines [17, 18], cranberties [19],
peanuts [20], hop [21] and Polygonum cuspidatum, a
traditional medicinal herb [22], and it is probably the most
abundant form of resveratrol in nature [23]. Recently, trans-
piceid was identified in chocolate and cocoa [24, 25]
extracts, coming from the seeds of Theobrema cacao L.
(Sterculiaceae), which are well known to be rich in
polyphenols [26]. trans-Piceid concentrations ranged from
2.4 to 5 times higher on average than the level of trans-
resveratrol in the same product categories. Therefore,
cocoa-containing products such as chocolate and cocoa
powder, which are consumed widely, can be considered as
significant dietary sources of piceid. In this context, dark
chocolate with high content of cocoa has been recognised
as an important alternative antioxidant in the diet [27].

To date, only two high-performance liquid chromatography
(HPLC) methods have been reported for the measurement of
trans-piceid In cocoa-containing products using mass spec-
trometry [24] and diode array detection [25], respectively. In
both methods, samples were previously delipidated, and
stilbenes were extracted with ethanol/water (80:20, v/v) [24],
previous hydrolysis for 8§ h, and ethyl acetate [25]. A
potential limitation of these chromatographic methods in
the determination of #rans-piceid is the risk of photoisomer-
isation of frans- to cis-isomer [28], which makes necessary
conducting all procedures in low-light environments to
minimise light-induced degradation. In addition, at the
present time there are no commercially available standards
for cis-isomers. Although this latter can be obtained from
trans-isomer by exposure to UV radiation [29], this photo-
isomerisation reaction is very dependent on experimental
conditions and can only be used for quantitative production
of cis-isomers under very well-controlled experimental
conditions [30]. These problems can be overcome when the
total amount of piceid (cis- plus frans-isomers) is determined.

The aim of the present work was to develop an automatic
fluorimetric method for the analysis of total piceid in chocolate
and cocoa powder as an alternative to its chromatographic
determination. The method is based on the on-line photo-
conversion of frans-piceid in a fluorescent compound by
using a multicommutated assembly [31, 32]. Although frans-
piceid itself shows a weak fluorescence, intense UV
irradiation gives rise to its conversion in the cis-isomer,
which quickly disappears in favour of stongly fluorescent
photoproducts [33]. The generated photoproduct is monitored
when retained on an active solid support packed in a flow cell
placed in the detection area of the flow system. Solid-phase
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extraction (SPE) was used to extract selectively piceid and
separate it from its aglycon (resveratrol) and other interfering
substances present in the samples analysed. The method was
successfully applied to the determination of piceid in cocoa
powder, datk chocolate and milk chocolate. To our best
knowledge, for the first time a fluorimetric method is
proposed for the analysis of piceid in these products.

Materials and methods
Apparatus, instrumentation and manifold

Fluorescence measurements and spectra acquisition were
performed on a Cary Eclipse spectrofluorimeter (Varian
Inc., Mulgrave, Australia) controlled by a microprocessor
fitted with the Cary Eclipse software package. The
mstrumental parameters established were 10 and 10 nm
for excitation and emission slits, respectively, and 670 V for
the voltage of photomultiplier tube. The excitation and
emission wavelengths were established at 257 and 382 nm,
respectively. UV—visible spectra were recorded with a
Varian Cary 50 Spectrophotometer (Madrid, Spain) con-
trolled by means of a PC fitted with the Varian compu-
terised spectroscopy software, WIN-UV. A Hellma cell
100-Q8S with a light path length of 10 mm was employed.

Figure 1 shows the manifold employed in the system
development. A four-channel Gilson Minipuls-3 (Villiers
Le Bell, France) peristaltic pump with rate selector and
pump tubes type Solvflex (Elkay Products, Shrewsbury,
MA, USA) were used for propelling solutions. An
electronic interface based on ULN 2803 integrated circuit
was used to control the three 161 T031 NResearch three-
way solenoid valves (Neptune Research, MA, USA). The
valves were operated at an electric potential of 12 Vand a
direct current of 100 mA. The software for system control
was developed in Visual Basic 6.0 by our research group.
For the photochemical on-line conversion, a home-made
photoreactor was prepared by loosely coiling 189 cm of
polytetratluorethylene tubing (0.8 mm i.d.) around a low-
pressure mercury lamp (15 W, 254 nm). The UV lamp was
placed in an aluminium box for maximum light reflection
and heat dissipation, the use of a cooling device not being
necessary. The photoreactor was placed between Vs and the
detection area. All the experiments were carried out at room
temperature. Sephadex QAE A-25 resin was used as active
support placed in a 176.752 Hellma QS (Miillheim, Baden,
Germany) flow cell (inner volume, 25 uL; optical length,
1.5 mm). The flow-cell outlet was locked with glass wool
to avoid bead movement and allow continuous flow. The
cell was filled with an aqueous slurry of the solid support
just up to a height which enabled the light beam to pass
completely through the solid phase. Higher levels would
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cause the analyte pre-concentration on the upper part of the
solid support, above the excitation light beam in the
detection area, and the consequent decreasing signal; lower
levels would cause a decreasing signal too, due to the light
beam that would pass partially or completely through the
flowing solution.

A vacuum system 12-port Visiprep SPE Vacuum
Manifold (Supelco, Bellefonte, PA) with octadecyl (Cg)
Bakerbond SPE cartridges of 6 mL with 500 mg of packing
material (J.T. Baker, Phillipsburg, NJ, USA) and a
Heidolph rotary evaporator (Selecta, Barcelona, Spain)
(40-50 °C water bath) were also used.

Reagents and solutions

All reagents were analytical reagent grade, and Milli-Q
(Millipore, Bedford, MA) water was used throughout.

trans-Piceid (Sigma-Aldrich, St. Louis, MO, USA) stock
solution, 200 mg L !, was prepared by dissolving the
appropriate amount in ethanol (Panreac, Barcelona, Spain).
It was kept away from light with an aluminium foil and
stored at 4 °C in a reftigerator, remaining stable for at least
4 weeks. Working standard solutions were prepared daily
by taking an aliquot of the stock solution and diluting with
0.02 mol L ' NaCH;COO/HCH;COO (NaAc/HAc) buffer
solution, pH=5.5. The working solutions were stable for at
least 8 h, when protected from light, which was enough to
make the daily experiments.

The carrier stream consisted of 0.06 mol L ' NaCl/
0.001 mol L ' HNO; solution (pH=3.0). It was prepared by
dissolving the required weight of NaCl in water and setting
the pH to 3.0 with HNO; solution (both obtained of
Panreac) with the aid of a pH-meter.

Time (s)

Sephadex QAE A-25 (40-120 pm average particle size)
(Sigma, Alcobendas, Madrid, Spain) was used as active
solid support for filling the flow cell. Other cation and
anion exchangers (Sephadex SP C-25, Sephadex CM C-25
and Sephadex DEAE A-23, all of them having 40-120 wm
average particle size) (Sigma) and C,y bonded phase silica
gel beads (55-105 pm average particle size) (Waters,
Milford, MA, USA) were also tested for retention of the
target compounds. Methanol, ethanol, nitric acid, toluene
and cyclohexane were obtained from Panreac.

Treatment of samples

The samples were purchased from local markets. Protection
against light was kept during all the analysis, and the
sarnples were stored in darkness at 4 °C. A previous lipid
removal with toluene and cyclohexane was carried out to
mmprove the subsequent extraction. Chocolate samples were
blinded and reduced to powder. The cocoa powder samples
did not require grinding.

One gram (cacao powder/dark chocolate) or 2 g (milk
chocolate) of sample was spiked with an appropriate
amount of frans-piceid and treated under gentle stirring in
consecutive 3-min steps, first with 5 ml of toluene (three
times) and then with 5 mL of cyclohexane (three times). At
the end of each step, the mixture was centrifuged for 5 min
at 4,200%g, and the supernatant was discarded. Finally, the
defatted sample was dried under vacuum (30 °C) to get rid
of residual solvent.

The delipidated pellet was extracted three times with 4 mL
of ethanol/water (80:20, v/v) under gentle stirring, each step
for 5 min. At the end of each extraction, the sample was
centrifuged for 5 min at 4,200%g, and the supernatant was
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collected. Then the combined supernatants were dried under
vacuum (30 °C) to remove any residual solvent.

A Cig cartridge was conditioned by passing consecu-
tively 3 ml of methanol and 6 mL of water. Subsequently,
stilbenoid residual was passed through the cartridge at a
flow rate of 34 ml min ! under vacuum. Then, the
cartridge was washed with 6 mL of water in order to
remove the most polar interfering substances. Finally, the
elution of frans-piceid retained in the cartridge was carried
out with 3x2 ml of methanol/water (40:60, v/v), and the
eluate was concentrated to dryness under a gentle stream of
nitrogen. The final residue was solubilised in 10 mlL of
0.02 mol L ' NaAc/HAc buffer solution, pH=5.5.

Procedure

Firstly, the peristaltic pump and the UV lamp were turned
on, and the cartier stream was propelled at 1.9 mL min ' to
wash the whole flow system (Fig. 1) until a stable baseline
was recorded, all the valves being turned off. Thus, the
carrier solution flowed through the system, while the
sample solution was recycled to its vessel.

The determination of piceid was carried out by following
the next steps. First, valves Vi, V, and V3 were turned on
simultaneously for 1035, 105 and 15 s (dashed lines in
Fig. 1), respectively. Thus, for the first 15 s, the sample
solution was directed towards the waste through Vs, thus
cleaning the tubing between V, and V3 with the new
sample solution, whereas for the next 90 s the sample plug
was pumped towards the detection area. Meanwhile, the
carrier solution was recirculated to its recipient. Once all
the valves were again turned off (solid lines in Fig. 1) and
the sample plug reached the photoreactor, placed between
V3 and the detector, the photochemical conversion of piceid
into a fluorescent photoproduct took place, and this latter
was driven to the detection area, where it was temporarily
retained onto the solid support and monitored (257/382 nim,
Aes/ Aem). The solid support was regenerated by the carrier
solution itself, and the system was prepared for a next
sample insertion.

Every sample was inserted in the system in triplicate,
and the maximum fluorescence intensity of the peak was
used as analytical parameter for quantitative purposes.

Results and discussion

Optimisation of frans-piceid extraction

A new extraction procedure was developed to extract frans-
piceid from cocoa powder and chocolate. Removal of fats

and stilbene extraction was carried out by modifying the
method previously described by Callemien et al. for the
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analysis of stilbenes in hop pellets [21]. Sample clean-up
procedures are generally being used to clean up polyphenol
extracts prior to further analysis by HPLC [34]. In our case,
the stilbene extracts also had to be purified in order to
eliminate the aglycon of frans-piceid (frams-resveratrol),
which is also present in cocoa and chocolate [24, 25]. In the
working conditions, trans-tesveratrol was converted into a
fluorescent photoproduct, which was also retained on the
solid support, Sephadex QAE A-25 (277/382 nm, Mg/ Aem)s
thus competing with the fluorescent photoproduct from
trans-piceid for the active sites and giving rise to the
spectral overlapping of both compounds. The removal of
trans-resveratrol was carried out by using SPE on C silica
gel. Several solvents for the rinsing and elution steps were
assayed: water, methanol, ethanol, ethyl acetate and diethyl
ether. With this purpose, the washout fractions were
monitored with the UV-visible spectrophotometer from
250 to 425 nm. A first rinsing step with water allowed the
elimination of most polar compounds from the mafrix as
sugars. The optimum water volume was studied in the
range 2—-10 mL and found to be 6 mL. The elution of trans-
piceid without eluting frans-resveratrol was only possible
by using aqueous solutions containing different methanol
percentages (20% to 50%). A methanol/water (40:20, v/v)
solution allowed the elution of a 90% frans-piceid. In these
conditions, frans-resveratrol remained retained on the Cg
beads (Fig. 2). The rest of solvents tested did not allow the
sequential elution of frans-piceid and frans-resveratrol.

Preliminary tests of sorption

Piceid shows a very weak fluorescence and is photosensitive.
Nevertheless, when aqueous, ethanolic or hydroethanolic
trans-piceid solutions are UV-irradiated, it is converted first

into its cis-isomer, which very quickly disappears to lead to
the formation of a highly fluorescent photoproduct [33, 35].

100
80
60

40

Recovery percentage ( %)

20

. []

20 35 40 50 80
Methanol percentage (%)

Fig. 2 Recovery percentages in SPE for frans-piceid and trans-
resgveratrol, according to the methanol percentage in the eluting solution
(methanol/water, v/v). trans-Piceld (gray bars), rams-resveratrol (black
bars); 240 ng mL ™" irans-piceid; 240 ng mL ™ rans-resveratrol
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Therefore, although only trans-piceid has been identified in
cocoa-containing products [24, 25], the proposed method,
based on photo-induced fluorescence, allows the determina-
tion of total piceid (frans-isomer plus cis-isomer).

With the purpose of improving both sensitivity and
selectivity in the determination of piceid by measuring the
fluorescence of its photoproduct photochemically generated,
anion exchangers (Sephadex QAE A-25 and Sephadex DEAE-
25), cation exchangers (Sephadex SP C-25 and Sephadex CM
C-25) and a non-ionic support (Cyy silica gel) were tested, at
different pH wvalues, to retain this compound. The studies
proved that Cg silica gel and both anion exchangers allowed
the retention of both frams-piceid and its photoproduct,
Sephadex QAE A-25 being the solid support that, at weakly
acidic pH value, provided the maximum analytical signal.

No spectral changes were observed for aqueous frams-
piceid solutions spectra retained on Sephadex QAE A-23, in
the range of pH studied (2.0 to 9.0), showing an excitation
maximum at 332 nm and an emission maximum at 392 nm.
In the same pH range, the photoproduct of frams-piceid
presented excitation and emission maxima at 257 and 382,
respectively. In both cases, the fluorescence signal was
greatly mmproved by the sorption of frams-piceid or its
photoproduct on the solid support and their consequent pre-
concentration on a little amount of this latter. When
comparing the spectra obtained for mramns-piceid and frams-
piceid photoproduct solutions in the flow system (Fig. 1)
with and without solid support in the tlow cell, an
mprovement in the analytical signal of 12- and 40-fold,
respectively, is obtained. Taking into account this enhance-
ment in sensitivity and the complexity of the samples to
analyse, the measurement of the photo-induced fluorescence
was chosen for the development of the method.

Nature of sample and carrier solutions

pH was shown to be an essential variable since the
analytical signal changed significantly with the pH of the
samiple and carrier solutions. It is necessary to point out that
the optimum working pH value will be that providing the
maximum conversion of frans-piceid in the fluorescent
photodegradation product, the maximum fluorescence of
the photoproduct generated and the maximum sorption of
this latter on the solid support in the detection area.

The study on the influence of pH of the sample was
performed by varying it between 2.0 and 9.0, using HNO;
or NaOH solutions. It was observed that for values above
7.0, signals were not obtained. A drastic decrease in the
fluorescence intensity occurs in the narrow range of 5.5-7.0
(Fig. 3). The maximum fluorescence was obtained at
pH 5.5. Lower pH values are also traduced in a big
decrease in the fluorescence signal. Therefore, a pH value
of 5.5 was selected for the next experiments. Several buffer

500

400 1

300 1

200 4

Intensity (a.u.)

100

0 2 4 6 8 10
pH
Fig. 3 Influence of pH of the sample (dashed line) and carrier

(vontinuous line) solutions. trans-Piceid, 240 ng mlL™l; carrier
solution, 0.001 mol L™ HNO,; irradiation time, 30 s

solutions at pH 5.5 were tested in order to adjust the pH of
the sample solution (citric acid/sodium hydroxide; sodium
dihydrogen phosphate/sodium hydroxide; sodium acetate/
acetic acid), and the best results were achieved by using
NaAc/HAc solution. The influence of its concentration on
the analytical response was assayed in the range 0.005-
0.05mol L !, and finally, a 0.02-mol L ! concentration was
chosen for buffering the sample since it provided the best
analytical signal. Buffer concentrations below 0.02 mol L *
originated lower signals. This was attributed to the strong
sotption of the photodegradation product of piceid in an
area of the solid support placed just above the light beam
and to the consequent arrival of a more diluted sample plug
to the irradiated area. Higher concentrations caused a lower
fluorescence signal too, probably due to the competition
between buffer ions and the photodegradation product for
the active sites in the ionic solid support.

The influence of pH of the carrier solution was studied
by inserting a 240-ng mL ' piceid solution (pH 5.5) into
different aqueous solutions adjusted at pH values ranging
from 1.0 to 9.0 with HNO; (Fig. 3). The maximum
fluorescence signal was obtained at pH 3.0. For pH values
higher than 3.0, a drastic decay in the fluorescence signal
was obtained, this latter remaining constant and negligible
from 4.5 to 9.0. The fluorescence signal also decreased for
pH wvalues lower than 3.0, and in addition, overpressure
problems were observed due to the compaction of the solid
support. Finally, a pH of 3.0 for the catrier solution was
chosen as optimum. None of the tested aqueous solutions
provided the elation of the photoproduct of frans-piceid in
a reasonable time.

The introduction of an electrolyte in the cartier solution
provided a quicker elution of the frans-piceid photoproduct
from the solid support, so increasing the throughput.
Different electrolytes (NaCl, KCl, NaNO;, Na,CO;) were
added to the aqueous carrier solution (pH 3.0) in concen-

@ Springer



970

Publicacién 5 | 196

L. Molina-Garcia et al.

trations ranging from 0.01 to 0.2 mol L. '. The best results
were obtained when using a 0.06 mol L ! NaCl concentration
(Fig. 4). This solution provided the highest analytical signal,
and a rapid and complete elution of the species was
monitored, so regenerating commpletely this one and avoiding
the use of an additional eluting solution. Concentrations
higher than 0.06 mol L ' provided a quicker elution of the
photoproduct, but they also originated a significant decrease
i the analytical signal, probably due to the competition
between the species monitored and the electrolyte anions by
the active sites of the solid support. Therefore, that
concentration was selected as a compromise between
analytical signal and peak width. Lower concentrations
produced similar analytical signals to that obtained with
NaCl 0.06 mol L ' but wider peaks, decreasing the sampling
frequency. The assay of different buffer solutions to adjust the
pH of the carrier solution at 3.0 did not provide a significant
mnprovement in the analytical signal or in the time of elution
of the photoproduct. Therefore, the carrier solution consisted
of 0.06 mol L ! NaCl/0.001 mol L ' HNO, (pH=3.0).

Taking into account that in multicommutated flow
systems there is a very little mixing between both the
samiple and carrier solutions, the pH of the sample probably
primarily influences the photodegradation of frans-piceid,
whereas the pH of the carrier solution establishes the
optimum conditions for the retention of the fluorescent
photoproduct on the solid support.

[rradiation time

Irradiation time is, together with pH, a key variable for the
generation of fluorescent photoproducts. To establish the
optimum frradiation time, a 120 ng mL ' #rans-piceid
solution was inserted into the system (sampling time, 70 s;
flow rate, 1.9 mL min '), the flow was stopped just when
the whole plug of sample was within the photoreactor
(440 cm), and the sample was irradiated for mcreasing
periods of time (5 to 70 s). The results showed that the
kinetic of photodegradation of trans-piceid in the working
conditions is very quick. The fluorescence signal increased
with the irradiation time to reach a maximum value
corresponding to the optimum wvalue of this variable
(30 s), and thereafter a decrease in fluorescence intensity
was obtained (Fig. 5). The shape of the curve obtained
suggests a two-step photolysis mechanism, consisting of the
formation of a strongly fluorescent photoproduct and the
posterior photodegradation of the latter compound into non-
fluorescent product(s). The length of the transport system
between the photochemical reactor and the flow cell was
the minimum, allowing both units to be connected.

The residence time of frans-piceid in the photochemical
reactor and, consequently, the irradiation time can be
controlled by the flow rate of the carrier solution and/or the
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Fig 4 Influence of NaCl concentration in the carrier solution. #rans-
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length of the tubing around the lamp. The optimum
irradiation time (30 s) was established by using the maximum
flow rate allowed by the flow system, 1.9 ml min ',
combined with a 189-cmm photoreactor. Longer photoreactor
lengths involved higher flow rates and the consequent
overpressure problems. Shorter lengths allowed working at
lower flow rates, although it caused a significant reduction in
throughput, without providing a higher analytical signal. For
these latter tests, the sampling time was conveniently varied
for providing a same amount of sarmple.

Sampling time

In flow injection—solid phase systems, it is possible to increase
the analytical signal (keeping constant the analyte concentra-
tion) by increasing the sample volume injected or, in case of
multicommutated systems, by increasing the insertion time of
sarnples. This fact is the consequence of the sorption of higher
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Fig. 5 Influence of irradiation time. #aons-Piceid, 240 ng mLfl;
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Table 1 Analytical figures

of merit Parameter

Sample

Cocoa powder Dark chocolate Milk chocolate

Linear dynamic range/mg 1({{1

Calibration graph

Intercept+o®

Slopeo*(kg mg )

Correlation coefficient
Matrix-matched standard Detection limit/mg kg
method; 90 s sampling time Quantification limit/mg kg
Relative standard deviation (%)
Throughput (h)

® Standard deviation

® rans-Piceid concentration,
120 ng mL ' ; n=5

1.4-50 1.1-25 0.09-2.0
44.840.5 44.5+0.3 42,6406
2.0+0.2 14.5£0.4 1241
0.9993 0.9996 09996
0.4 0.3 0.03

1.4 1.1 0.09
2.1° 1.8° 3.1°

20 20 20

amount of the species of interest on the solid support, causing
an enhancement in the system sensitivity, which could allow
the sample dilution in order to reduce matrix effects [36].
The influence of sampling time was tested by inserting
into the flow system a 120 ng mL ! frans-piceid solution
for sampling times ranging from 5 to 120 s. The
fluorescence signal increased linearity until the value of
90 s, whereas higher sampling times did not show a
significant increment in the signal. Taking into account that
the flow rate and sampling time were established at
1.9 mL min ' and 90 s, respectively, it cotresponded with
a sample volume of 2,850 uL, which was finally selected.

Figures of merit

Quantification was catried out by using peak height as
analytical signal, and data were fitted by standard least-
squares treatment. Analytical parameters are shown in
Table 1. A negative matrix effect was noticed, and so, the
calibration curves were constructed with matrix-matched
standards. With this purpose, increasing volumes of a

standard solution of frams-piceid were added to different
aliquots of a wine sample before applying the whole
analytical procedure on it. International Union of Pure and
Applied Chemistry detection [37] and quantification [3&]
limits were calculated as the average of ten determinations.

Analytical applications

The proposed method was applied to the determination of
trans-piceid in cocoa powder, dark chocolate and milk
chocolate by following the procedure described above. A
recovery study at three concentration levels was also
performed on the samiples analysed, and in all the cases, good
recoveries were achieved. The applicability of the proposed
method to the analysis of these products was demonstrated by
comparison with a reference method [24]. In all the cases, the
concentrations found were in good agreement with those
obtained by the chromatographic method. The results
obtained are shown in Table 2. The analysis of the samples
by the reference method allowed to establish that, as
previously reported, only the frams-isomer of piceid is

Table 2 Determination

of trans-piceid in Sample Proposed method Reference method”
cocoa-containing products
Added (mg kg V) Found=0® (ng kg %) Found+o® (mg kg 1)
Cocoa powder 0 5.6+0.5 5.9+0.2
10 15709 16.1+0.5
20 253+05 26.0=1.1
40 46.1=04 45.6=0.7
Dark chocolate 0 3.0+£04 2.8+04
10 13.5+£02 12.5+0.6
15 18.3+£03 17.6£1.2
20 235410 23.0+0.8
Milk chocolate 0 0.7+£03 0.8+£0.6
0.8 1513 1.4+02
N ) 1.2 2.0+03 1.9<+1.1
Average of three replicates 18 24105 27209

b Reference method [24]
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present in cocoa powder and chocolate [24, 25]. Cocoa
powder had the highest level of frans-piceid (5.6 mg kg 1),
followed by dark chocolate (3.0 mg kg ) and milk chocolate
(0.7 mg kg "). The same pattern has been observed in a
previous survey of cocoa-containing products [25].

Conclusions

For the first time, a non-chromatographic method for the
analysis of piceid in cocoa powder and chocolate is
reported. The highly fluorescent photoproduct generated
by on-line photochemical conversion of piceid is strong-
ly retained on an active solid support filling the flow
cell, which provides remarkable analytical features such
as an enhancement in sensitivity and selectivity, when
comparing with conventional photo-induced fluorescence
methods. The elimination of the aglycon of piceid,
resveratrol, which shows a very similar behaviour in
the flow system, is carried out by SPE, selectively
eluting piceid from solid support. The implementation of
multicommutation principles contributes with low chem-
ical consumption, simplicity in the handle and an
enhancement in reproducibility, as well as a higher
sampling throughput. The proposed method can be
considered as an interesting alternative to the chromato-
graphic determination of piceid in these food products
since it provides higher throughputs and lower cost of
mstrumentation. In addition, although the proposed fluori-
metric method is not able to distinguish between frans- and
cis-piceid, the determination of total piceid overcomes the
serious problem present in chromatographic methods due to
the risk of photoisomerisation of trans-piceid.
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For the first time, a spectrofluorimetric method is reported for the simultaneous determination of resver-
atral (RVT) and piceid (PCD), two stilbenes showing diverse interesting physiological and biochemical
attributes, as well as a wide range of health benefits ranging from cardioprotection to chemopreven-
tion. The method makes use of a multicommutated flow-through optosensor in which the resolution of
RVT and PCD is accomplished by means the sequential arrival of their photoproducts, on-line generated

by UV-irradiation, to the detection area. This is possible due to the different kinetic behaviour of these
Keywords: . s . .

latter on a solid support (Cyg silica gel) filling a minicolumn placed before the detector. The measure-
Resveratrol . X R .
Piceid ment in solid-phase of the photochemically induced fluorescence of the phatopraducts (Aec: 257 nmfAepy:
382nm)is used as analytical signal for monitoring both compounds. The method has been applied to the
Optosensor analysis of RVT and PCD in wines and requires a previous solid-phase extraction (SPE) using Bakerbond
Photochemically induced fluorescence Cyg cartridges. This pretreatment and the use of a solid-support in both the minicolumn and the flow-cell
Wine of the detector allow the determination of RVT and PCD by external calibration. Detection limits (DLs)
are 9.3 and 12.6ngmL-! for RVT and PCD, respectively. Commercial red and white wine samples have
been analysed and the results obtained have been satisfactorily validated by high-performance liquid

Multicommutation

chromatography (HPLC).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Resveratrol (3,5,4/-trihydroxystilbene) (RVT) belongs to stil-
bene family and is one of the widely studied phytochemicals
with demonstrated health potential due to its potential preven-
tive activity in several human diseases [1-5]. RVT can also occur
in a glycosylated form, called piceid (3,5,4'-trihydroxystilbene-3-
B-p-glucoside) (PCD), which has biomedical properties similar to
those for RVT [6-8]. RVT and PCD, which exist as both cis- and
trans- isoforms [9], occur naturally in a number of plant families.
Dietary sources of RVT and PCD are rather limited, grapes and their
derivatives being the main source [10]. RVT is found in the seed
and skin of grapes and, hence, in grape juice and wine. RVT occurs
free and as its 3-f3-D-glucoside, PCD, and their concentrations vary
from low g L1 to several mgL-1. Although grapes produce natu-
rally trans-isomers of RVT and PCD, during the winemaking process
these are partially isomerised to cis-isomers [11] and, so, trans- and
cis-isomers of both compounds are found in wines. This isomeri-
sation has been attributed to the light exposure of must or wine
during their production process or light exposure of wine bottles

* Corresponding author. Tel.: +34953 212166; fax: +34 953 212940,
E-mail eddress: mferna@ujaen.es (M.LF.-d. Cérdova).

0003-2670/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016fj.aca.2011.01.052

during storage [12]. Concentrations of trans-RVT and trans-PCD are
lower in white than in red wines, which is in agreement with the
fact that the skin of grapes is usually macerated together with must
during the red winemaking [10,13].

High-performance liquid chromatography (HPLC) in reverse
phase is the technique commonly used for the analysis of RVT and
PCD in wines, with UV [14], diode array [12], fluorescence [15],
electrochemical [16] or mass-spectrometry (MS) [17] detection
systems. Other techniques such as gas-chromatography (GC) [18],
GC-MS[19], capillary electrophoresis [ 20] and adsorptive stripping
voltammetry [21] have also been reported for the determination
of these compounds. Nevertheless, to date only chromatographic
methods can be found in literature for the simultaneous deter-
mination of both stilbenes. They have been mainly utilized for
the measurement of the trans-isomers of PCD and RVT, although
methods to assay the cis-isomers are also available. The problem
with these latter is that they are not commercially available at
the present time. Although cis-isomers can be obtained from trans-
isomers by exposure to sunlight [22] or to ultraviolet (UV)radiation
[23], the rate of isomerisation from trans- to cis-isomers obtained
by these methods is very dependent on experimental conditions
[24,25]. Sorme authors even point out the impossibility of the deter-
mination of cis-isomers [19]. In conclusion, it can be stated that the
widely used photoisomerisation reaction from tramns- to cis-isomers
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of RVT and PCD can only be used for quantitative purposes under
very well controlled experimental conditions [26].

Fluorescence has been proposed for the determination of PCD
and RVT in wines, usually as detection technique in HPLC methods
[15]. Nevertheless, spectrofluorimetric methods in the literature
are very scarce. To the best of our knowledge, to date only three
methods, using photochemically induced fluorescence [27,28]
and room temperature synchronous fluorescence [29], have been
reported. These methods only allow the individual determination
of PCD or RVT (trans-isomer or trans- plus cis-isomer).

The aim of the present work was to develop a new multicommu-
tated flow-injection (FI) fluorimetric method for the simultaneous
determination of both PCD and RVT in wines, that is, with only one
sample injection. The method is based on the on-line generation
of fluorescent photoproducts from PCD and RVT by UV-irradiation
and their monitoring when sorbed on Cqg silica gel in the detec-
tion area. The simultanecus determination of both stilbenes is
possible by means of the use of a minicolumn placed in the flow-
system and filled with an appropriate solid-support. The different
kinetic behaviour of the photoproducts of PCD and RVT on this
latter allows their sequential arrival to the detection area. Multi-
commutation principles [30] are also exploited in the flow-system
in order to allow both independent handling of sample and car-
rier solutions and the complete automation of the process with
low sample and reagent consumption. The measurement of the
fluorescence in solid-phase provides a significant improvement in
both sensitivity and selectivity, when comparing with that one in
homogeneous solution. This is the first spectrofluorimetric method
proposed for the simultaneous determination of RVT and PCD.
For both stilbenes, the generation of the same fluorescent photo-
products from the cis- or trans-isomer allows the determination
of their total amount (cis- plus trans-isomers) in real samples.
Therefore, the proposed method overcomes the limitations of
chromatographic methods, such as the risk of photoisomerisa-
tion of trans- to cis-isomer, which makes necessary conducting all
procedures in low light environments to minimize light-induced
degradation, and the above mentioned non-availability of com-
mercial standards for cis-isomers. In addition, although sensitivity
and throughput are similar to those obtained in HPLC methods, the
proposed method offers news opportunities for determining RVT
and PCD by using low-cost equipment. It has been applied satis-
factorily to the simultaneous determination of PCD and RVT inred
and white wines. No matrix effect was observed in the analysed
samples.

2. Experimental
2.1, Instrumentation, apparatus and manifold

A Cary-Eclipse spectrofluorimeter (Varian Inc., Mulgrave,
Australia), fitted with the Cary Eclipse software package, was used
for spectra acquisition and fluorescence measurements at 382 nm
(Mex: 257 nm). Excitation and emission slits were set at 10 and
10 nm, respectively, and the voltage of the photomultiplier at 590 V.
The spectrofluorimeter was furnished with a Hellma (Miillheimn,
Baden, Germany) 176.752 QS flow-through cell (25 p.L inner vol-
ume, 1.5mm optical length) packed with Cyg silica gel. All the
measurements were carried out at room temperature.

The flow manifold used isshownin Fig. 1. It was built with a four-
channel Gilson Minipuls-3 peristaltic pump (Villiers le Bell, France),
fitted with a rate selector and methanol resistant (Tygon) pump
tubes type Solvflex (Elkay Products, Shrewsbury, MA, USA). Five
161T031 NResearch three-way solenoid valves (Neptune Research,
MA, USA) controlled by an electronic interface, based on ULN
2803 integrate circuits, and operated at 12V electric potential and

P "
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Fig. 1. Schematic diagram for flow-injection assembly. S, sample; Cy, carrier solu-
tion 1(20% methanol); C;, carrier solution 2 (45% methanol); P, peristaltic pump; V4,
V3, V3, V4 and Vs, three-ways solenoid valves; Ph, photoreactor; MC, minicolumn;
F, spectrofluorimeter; FC, flow-cell; SP (silica gel Cyz); W, waste. For each solenoid
valve, the solid and dotted lines refer to “OFF" and “ON" positions, respectively. Flow-
rate: 1.1 mLmin~!. The scheme manifold shows the valve time program (sampling
time, 1255).

100mA direct current were also used. The software for control-
ling the system was developed in Visual Basic 6.0 by our research
group. The different parts of the flow-system were connected with
PTFE tubing (0.8 mm i.d.) and methacrylate connections. The on-
line photochemical conversion of RVT and PCD was carried out by
using a home-made photoreactor, which was prepared by loosely
coiling a 92 cm PTFE tubing (0.8 mm i.d.) around a low pressure
mercury lamp (15W, 254 nm). The UV lamp was placed in an alu-
minium box for the maximum light reflection and heat dissipation,
not being necessary the use of a cooling device. The photoreactor
was placed between V4 and the minicolumn (Fig. 1). This latter was
madeinglass{internal diameter,6 mm:length, 6 cm)and was filled
with Cyg silica gel (120mg). Both the minicolumn and flow-cell
were loaded with the solid support, as methanol slurry, with the aid
of the peristaltic pump. The outlets were plugged with glass wool
to prevent the resin beads displacement by the carrier stream. The
minicolumn was filled with the minimum amount of solid support
which allowed the complete separation of both analytes, whereas
the flow-cell was filled just up to a height which enabled the light
beam to pass completely through the solid layer. With higher lev-
els, the analyte preconcentration took place on the upper part of the
solid support, just over the area irradiated by the excitation beam,
getting lower and wider signals. On the other hand, with lower
solid support levels the light beam passed completely or partially
through the solution and, consequently, a decrease in the signal
was obtained. Therefore, the top of the support was kept as close
as possible to the light beam.

A vacuum system 12-port Visiprep SPE Vacuum Manifold
(Supelco, Bellefonte, PA) for SPE procedure, a Selecta Ultrasons
ultrasonic bath (Barcelona, Spain) and a Crison Model 2002
pH-meter with a glassfsaturated calomel combination electrode
(Crison, Barcelona, Spain) were also used.

2.2. Reagents and solutions

All reagents were analytical reagent grade and Milli-Q (Milli-
pore, Bedford, MA) water was used throughout.
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trans-RVT and trans-PCD (Sigma-Aldrich, St. Louis, MO, USA)
stock solutions of 200mgL-! each one, were prepared by dis-
solving the appropriate amount in ethanol (Panreac, Barcelona,
Spain). They were kept away from light with an aluminium foil and
stored at 4°C in a refrigerator, remaining stable for at least four
weeks. Working standard solutions were prepared daily by tak-
ing an aliquot of the stock solution and diluting with 0.04 mol L~1
NaCH3COO/HCH;3;COO (NaAc/HAc) buffer solution, pH=5.5. The
working solutions were stable for at least 8 h, when protected from
light, which was enough to make the daily experiments.

Carrier solutions 1 and 2 (20 and 45% methanol (v/v), respec-
tively) were prepared by dissolving the required volume of
methanol in water. Cyg bonded phase silica gel beads (55-105 pm
average particle size) (Waters, Milford, MA, USA) were used as
active solid support both in the detection area and the minicol-
umn. Cation and anion-exchangers (Sephadex SP C-25, Sephadex
CM C-25, Sephadex QAE A-25 and Sephadex DEAE A-25, all of
them having 40-120 jum average particle size) (Sigma, Alcoben-
das, Madrid, Spain) were also tested for the retention of RVT, PCD
and their photoproducts.

Methanol, ethanol, nitric acid, ethyl acetate and diethyl ether
were obtained from Panreac. Octadecyl (C1g) Bakerbond SPE car-
tridges of 6mL with 500mg of packing material (]J.T. Baker,
Phillipsburg, NJ, USA) were also used for solid-phase extraction
[SPE) procedure.

2.3, Sample preparation

Several commercial red and white wines were purchased of local
markets and stored in darkness at 4 °C. Along all the process, the
samples were protected from light.

Cyg cartridges were previously activated with 3 mL of methanol
and flushed with 6 mL of water. An aliquot of 10 mL of wine was
loaded onto the cartridge at a flow-rate of 3-4 mLmin~1. Then, the
cartridge was rinsed with 6 mL of water and dried under vacuum.
Finally, the elution of RVT and PCD was carried out with 2 mL of
methanol three times and the eluate was evaporated to dryness
under a gentle stream of nitrogen at room temperature. The final
residue was reconstituted to 10mL with 0.04 mol L-! NaAc/HAc
buffer solution (pH 5.5).

2.4, Procedure

In the initial status, being all the valves switched off, the UV lamp
and the peristaltic pump are turned on. Thus, the carrier solution 1
flows through the system (Fig. 1) to the detector whereas the sam-
ple solution and the carrier solution 2 are recycled to their vessels
until a stable baseline is recorded. Then the determination of RVT
and PCD is performed by following the next procedure:

Step 1 (from 0 to 125s). Vq and V4 are switched on for 125s and
V, for 15s. Thisway, the sample solution goes to the waste through
V4 for the first 15s, so cleaning the portion of tubing between V;
and V4 with the new sample solution. For the next 110s, the sam-
ple solution flows through V4, passes through the photoreactor and
reaches the minicolurnn, in which the photoproducts of RVT and
PCD are transitorily retained. During this step, carrier solution 1 is
recycled to its recipient.Step 2 (from 125 to 380s). All the valves
remain switched off for 255 s. This way, the carrier solution 1 flows
again through the system and propels the sample solution to pass
through the minicolumn and reach the detector. The photoprod-
ucts of PCD are then transitorily retained on the solid support in
the detection area and monitored, whereas the photoproduct of
RVT still remains retained in the minicolumn.Step 3 (from 380 to
700s). V1 and V3 are activated for 3205, so allowing the circulation
of the carrier solution 2 through the system. During the first 70s
this solution flows directly to the detector and, consequently, the

photoproducts of PCD are rapidly eluted from the solid support and
the baseline is recovered. During the next 2505, and by means of
the activation of Vs, the carrier solution 2 circulates now through
the minicolumn, so originating the rapid elution of the photoprod-
uct of RVT from this latter, its arrival to the detection area and its
monitoring.

The experiments were performed in triplicate and the maxi-
mum fluorescence intensity of the peak was used as analytical
parameter for quantitative purposes.

3. Results and discussion
3.1. Optimisation of SPE procedure

The complexity of the wine matrix usually makes necessary to
carry out a previous clean-up step before the analysis of RVT and
PCD. In the proposed method, the fluorescent photoproducts gen-
erated from RVT and PCD are retained on a solid support before
the measurement of their analytical signals, so excluding a lot of
organic species accompanying the target compounds. Neverthe-
less, a very important matrix effect was observed. SPE was chosen
for the extraction of RVT and PCD from wine due to its widespread
use in control laboratories and to the satisfactory recovery percent-
ages obtained with this technique in previous tests performed in
ourlaboratoryfor the analysis of both compounds in other matrices.
Optimisation of SPE working conditions was carried out by using
commercial samples of red and white wines. The washout fractions
were monitored with an UV-visible spectrophotometer from 250
to 425nm.

First, the amount of water necessary to eliminate the most polar
compounds of wine, such as sugars, without eluting RVT and PCD
was determined. The optimal volume of water was studied in the
range of 1-10mL and found to be 6 mL. It was checked that no
analyte was lost in this step of the procedure. Then, three differ-
ent solvents usually used in SPE of stilbenes were assayed for the
elution step: methanol, ethyl acetate and diethyl ether. Methanol
was selected since it provided the best recoveries for both RVT and
PCD and there was no interference from other matrix components
in the analysis of the extracts. The extraction recovery was deter-
mined as theratio between the slopes of the calibration curve and a
calibration curve constructed with standards previously subjected
to the whole SPE procedure. It resulted to be 85 and 88% for RVT
and PCD, respectively.

Some authors have demonstrated the denaturing effects of
vacuum rotary evaporation on RVT and PCD [31]. Therefore, the
elimination of the eluting solvent was carried out under nitrogen.
Under these evaporation conditions no degradation of RVT or PCD
occurred.

No matrix effect was observed by following the SPE procedure
developed.

3.2, Preliminary study

3.2.1. Sensitivity improvement by UV irradiation

trans-RVT and trans-PCD show a weak fluorescence and are
photosensitive. Nevertheless, the intense UV irradiation of aque-
ous, ethanolic or hydroethanolic trans-RVT and trans-PCD solutions
originates their conversion first in the corresponding cis-isomer,
which very quickly disappears to lead to the formation of highly
fluorescent photoproducts [27,28,32]. Then, the total (trans-isomer
plus cis-isomer) RVT or PCD determination in asampleis possible by
measuring the fluorescence of the photoproducts generated from
trans-isomers after UV irradiation [27,28]. Fig. 2 shows the fluo-
rescence spectra for trans-RVT and trans-PCD obtained before and
after UV irradiation in homogeneous solution. As can be seen, the
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Fig. 2. Fluorescence spectra of trans-RVT and trans-PCD in homogeneous solution. (A} Excitation and emission spectra for trans-RVT before irradiation (continuous line;
5 pugmlt; A fhem, 322/403nm) and after irradiation (dashed line; 2 pgmL—!; A fAerm, 257/382nm). (B) Excitation and emission spectra for trans-PCD before irradiation
{continuous line; 8 pg mL1; 4. fA.m, 315/407 nm) and after irradiation {dashed line; 2 p.g mL~1; AeyfAem, 257/382 nm). pH 5.5.

measurement of photochemically induced fluorescence originates
a significant improvement in the analytical signal (10- and 5-fold
for trans-RVT and trans-PCD, respectively) when comparing with
the measurement of the native fluorescence. Therefore, the former
was chosen for the development of the optosensing device.

3.2.2. Tests of sorption

With the purpose of testing the possibility of separating PCD
and RVT in the flow-system by means of the insertion of a mini-
column filled with an appropriate solid support, several tests of
sorption of both compounds and their photoproducts were carried
out. The flow manifold used for these tests included two valves for
the insertion of the sample and carrier solutions, a photoreactor, a
minicolumn and a flow-cell, being these two latter elements filled
with a solid support. The resins assayed were anion-exchangers
(Sephadex QAE A-25 and Sephadex DEAE-25), cation-exchangers
(Sephadex SP C-25 and Sephadex CM C-25) and non-ionic sup-
ports (Cqg silica gel). The assays proved that both Cqg silica gel
and anion-exchangers allowed the retention of trans-RVT, trans-
PCD and their photoproducts, but only when using Cyg silica gel a
different kinetic behaviour was observed. Nevertheless, exclusively
in the case of the photoproducts this difference was sufficient as
to allow their sequential arrival to the detector. The fluorescent
photoproducts were transitorily retained on Cyg silica gel, but the
photoproduct of trans-RVT reached the detector after the photo-
product of trans-PCD. Therefore, the use of a minicolumn, filled
with Cyg silica gel and placed after the photoreactor, would make
possible the simultaneous determination of RVT and PCD with only
one sample injection. In addition, the measurement of the fluores-
cence of the on-line generated photoproducts once retained on this
same solid-support in the flow-cell would allow an improvement
in sensitivity and selectivity. Consequently, the manifold shown in
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Fig. 1 was designed. The filling of the flow-cell with an additional
amount of solid support was also tested for the separation of RVT
and PCD without the need of using a minicolumn, but it did not
result.

No spectral changes were observed for aqueous solutions of
the photoproducts retained on Cyg silica gel, in the range of pH
studied (2.0-7.0), showing excitation/emission maxima at 257/382
and 277/382 nm for the photoproducts of trans-PCD and trans-RVT,
respectively (Fig. 3). As can be seen, the spectral overlapping makes
impossible their simultaneous determination without a previous
separation. Taking into account that sensitivity for the determi-
nation of PCD was lower than that for the determination of RVT,
257/382nm (Jex/*em) were chosen as working wavelengths for
further experiments. The selection of these latter measurement
wavelengths implied a decrease in the fluorescence signal of the
photoproduct of trans-RVT of 8%. On the other hand, the mea-
surement of the fluorescence at 277/382 nm would have implied
a reduction in the analytical signal of the photoproduct of trans-
PCD of 25%. In both cases, the sorption of the photoproducts on the
solid support provided an importantimprovement in the analytical
signal when comparing to that obtained in homogeneous solution
under the same working conditions (8- and 12-fold for trans-PCD
and trans-RVT photoproducts, respectively). This was due to the
preconcentration of the photoproducts on a little amount of solid
support in the detection area.

3.3. Study of the variables influencing the separation of RVT and
PCD

With the purpose of discriminating sufficiently in the time the
analytical signals of the photoproducts of PCD and RVT as to allow
their simultaneous determination, it was necessary studying the
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Fig. 3. Fluorescence spectra of the photoproducts of: (A) rans-RVT and (B) trens-PCD. Excitation and emission spectra in homogeneous solution (continuous line) and on Cig
silica gel (dashed line). 2 pg mL~! trans-RVT or trans-PCD (in solution); 1 g mL-! trans-RVT or trans-PCD (in solid phase); pH 5.5; 25 s irradiation time.
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(continuous line) and (B) the fluorescence intensity (at 380s after the sample injection).

nature of the carrier solution and the amount of solid support in
the minicolumn.

3.3.1. Investigation of the carrier solution

Taking into account the non-polar character of the solid sup-
port employed (Cig), several carrier solutions containing methanol
and water in different proportions {10-45%, v/v) were tested and
the time elapsed between the insertion of the sample in the
flow-system and the appearance of the Fl-peak (travel time) was
measured for the photoproducts of trans-RVT and trans-PCD. As
shown in Fig. 4A, in both cases the travel time decreases as the
methanol concentration in the carrier solution increases, up to
a 40% concentration. On the other hand, the difference between
the travel times for Fl-peaks of the photoproducts of trans-RVT
and trans-PCD is significant and equal for methanol concentrations
below 30%. In this range of methanol concentrations, 20 and 25%
provided the highest throughput.

After this, a similar experiment was carried out with purpose of
studying the influence of the methanol concentration in the carrier
solution on the fluorescence intensity. The analytical signal was
measured just at the time corresponding to the maximum of the
Fl-peak of the photoproduct of trans-PCD obtained in the previ-
ous experiment for 20 or 25% methanol concentrations (380s). As
can be seen in Fig. 4B, 20 and 25% methanol concentrations also
provided the highest analytical signal in the determination of PCD,
decreasing this latter for higher and lower methanol concentra-
tions. Finally, the methanol concentration in the carrier solution
was established at 20% (v/v) (see carrier solution 1 in Fig. 1).

The carrier solution 1 (20% methanol) originated a transitory
retention of the photoproducts of trans-PCD and trans-RVT on the

Intensity (a.u.)
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solid support in the detection area, also acting as eluting solution.
Nevertheless, the elution of the photoproduct of trans-PCD was not
sufficiently quick as to allow the recovering of the baseline before
the arrival of the photoproduct of trans-RVT to the detection area,
and an overlapping of both analytical signals was obtained. This
can be seen in Fig. 5A. With the purpose of providing a quicker
elution of the photoproduct of trans-PCD from the active solid
support, a new carrier solution consisting of 45% methanol was
introduced in the flow-system (carrier solution 2 in Fig. 1). This
solution flowed through the system when valve V3 was “ON”, with-
out passing through the minicolumn, so avoiding the arrival of the
photoproduct of trans-RVT to the detection area before the com-
plete elution of that of PCD, which took around 70s. The optimal
time for the insertion of this solution was studied between 345 and
395s. A time of 380 s was selected since allowed the separation of
the analytical signals of the photoproducts of trans-RVT and trans-
PCD and the highest fluorescence intensity for the latter (Fig. 5B).
Later, in order to provide also a rapid elution of the photoprod-
uct of trans-RVT from the minicolumn, the same carrier solution
2 (45% methanol) was inserted in the system again but passing
now through the minicolumn. This was possible by activating Vs
during 250s and maintaining activated V5 during the same time.
Therefore, V3 remained activated a total time of 320s.

332 Amount of solid support in the minicolumn

As above described, both the minicolumn and the flow-cell were
filled with the same solid support, Cig silica gel. With the aim of
getting the complete separation of the photoproducts of trans-RVT
and trans-PCD, the amount of silica gel C1g4 in the minicolumn, and
consequently the length of the solid support filling this latter, was
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Fig. 5. Recorded analytical signals for the photopreducts of trans-PCD and trans-RVT: (A) with 20% methanol as carrier solution 1 and (B) with 20% methanol as carrier
solution 1 and inserting 45% methanol as carrier solution 2 at 380s. 120 mg of Cy 4 silica gel; trans-PCD and trans-RVT concentrations, 1 pgmL-1.
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Fig. 6. Influence of the amount of solid support in the minicolumn: (1) 1p.gmL-!
trans-PCD and trons-RVT solution, 25 mg of Cy; silica gel; (2) 1 pgmL~! trans-PCD
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without column; (5) 1pgmL™' trans-RVT standard sclution, without column. In
1, 2 and 3, the first and second Fl-peaks correspond to trans-PCD and trans-RVT,
Tespectively.

tested between 25 and 130 mg (1 and 4 cm, respectively). The study
was carried out by injecting in the system 2146 L of a solution
containing 1.0 gmL-! of trans-PCD and trans-RVT. As shown in
Fig. 6, for amounts of resin below 120mg an overlapping of the
fluorescence signals of the photoproducts was obtained. This can
be checked by comparing their maximum fluorescence intensities
with the corresponding trans-RVT and trans-PCD standard solu-
tions. Therefore, the minicolumn was filled with this amount of
resin. Higher amounts of resin originated lower sampling frequen-
cies and overpressure problems in the flow system.

3.4, Irradiation time

Irradiation time is, together with pH, a key variable for the
generation of fluorescent photoproducts. To establish the opti-
mal irradiation time, 1 wgmL~! trans-RVT or trans-PCD solutions
were inserted in the system (sampling time, 125s; flow-rate,
1.1 mLmin™1), the flow was stopped just when the whole plug
of sample was within the photoreactor (460 cm) and the sample
was irradiated for increasing periods of time (5-40s). The results
showed that the kinetic of photo-degradation of both compounds
in the working conditions is very quick. The fluorescence sig-
nal increased with the irradiation time up to reach a maximum
value corresponding to the optimal value of this variable (20s for
trans-RVT y 255 for trans-PCD) and thereafter a decrease in flu-
orescence intensity was obtained (Fig. 7). The shape of the curve
obtained suggests a two-step photolysis mechanism, consisting of
the formation of astrongly fluorescent photoproduct and the poste-
rior photodegradation of the latter compound into non-fluorescent
product(s). An irradiation time of 25s was chosen for next exper-
iments, which implied a decrease in the analytical signal of the
trans-RVT photoproduct of 1.5%. The selection of an irradiation time
of 20 s would have originated a reduction in the fluorescence signal
of the trans-PCD photoproduct of 14%.

The residence time of trans-RVT and trans-PCD in the photo-
chemical reactor and, consequently, the irradiation time can be
controlled by the flow-rate of the carrier solution and/or the length
of the tubing around the lamp. The optimal irradiation time was
established by using the maximum flow-tate allowed by the flow-
system, 1.1 mLmin~!, combined with a 92 cm photoreactor. Longer
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photoreactor lengths involved higher flow-rates and the conse-
quent overpressure problems. Shorter lengths allowed working
at lower flow-rates although it caused a significant reduction in
throughput, without providing a higher analytical signal. For these
latter tests, the sampling time was conveniently varied for provid-
ing a same amount of sample.

3.5. Investigation of pH value of the sample

As it is well known, the pH of sample is a critical variable for
the generation of fluorescent photoproducts from a compound
after UV irradiation. Besides, taking into account that the analyt-
ical signal ismeasured on a solid-phase, the optimal working pH is
which provides not only the maximum photoconversion of analyte
into a fluorescent photoproduct but also the maximum sorption of
this latter on the solid support. In order to optimise this variable,
standard solutions with constant trans-PCD and trans-RVT concen-
trations and different pH values (from 2.0 to 7.0) were injected
in the flow-system and their analytical signals were recorded. No
significant variations in the fluorescence signals of the photoprod-
ucts were observed in this pH range. These results were expected
since, as previouslyreported [27,28), trans-RVT and trans-PCD neu-
tral species are the predominant ones in acid and neutral media
and no changes in their UV and fluorescence spectra are observed.
Nevertheless, for a pH of 5.5 a slightly greater difference between
the travel times of the FI-peaks for the photoproducts of trans-RVT
and trans-PCD was obtained and, consequently, this pH value was
selected for further experiments.

Several buffer solutions at pH 5.5 were tested in order to adjust
the sample solution (citric acid/sodium hydroxide; sodium dihy-
drogen phosphatefsodium hydroxide; sodium acetate/acetic acid)

Table 1
Analytical parameters.
Parameter RVT PCD
Linear dynamic range/p.gmL™ 0.03-1.0 0.04-1.0
Calibration graph
Intercept 165+04 208406
Slope (mLpg=1) 5389+05 3523+£09
Correlation coefficient 1 0.9997
Detection limit/pg L™ 9.3 126
Quantitation limit/p.gL-! 31 42
RSD (%) (n=10) 412 3.8
Sampling frequency/h-! 5 5

# trans-RVT and trans-PCD concentration, 0.5 pg mL-1.
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Table 2
Determination of PCD and RVT inwines.

Sample Proposed method Reference method?
Added (pgmL™) Found + ¢” (ugmL") Found + ¢® (ugmL")
PCD RVT PCD RVT PCD RVT

Red wine 1 0.00 0.00 0.66 + 0.04 0.22 £ 0.03 0.68 £0.02 0.23£0.10
0.25 025 095 + 0.03 0.46 + 0.01 - -
050 050 1.13 £ 0.05 0.71 £ 0.05 - -

Red wine 2 0.00 0.00 081 +0.07 0.43 + 0.05 0.84+007 0.41£0.05
0.25 0.25 1.03 £ 0.05 0.69 + 0.05 - -
050 0.50 1.35 £ 0.07 0.93 £ 0.06 - -

‘White wine 1 0.00 0.00 024 4+ 0.04 0.09 £ 0.07 0.23+0.06 0.09+0.13
0.10 010 0.35 + 0.03 0.19 + 0.04 - -
0.30 0.30 052 £ 0.10 0.38 + 0.05 - -

‘White wine 2 0.00 0.00 0.18 +£ 0.07 0.10+£ 0.12 0.20+£0.06 0.09+0.07
0.10 010 0.30 £ 0.05 0.19 + 0.06 - -
0.30 030 0.46 + 0.10 0.41 £ 0.08 - -

+ Ref. [22].

b Standard deviation (n=3).

and the best results were achieved by using NaAc/HAc buffer.
The influence of its concentration on the analytical response was
assayed in the range 0.005-0.06 mol L~1. Finally, a0.04 mol L~ con-
centration was chosen for buffering the sample since it provided an
improvement in the fluorescence intensity of 20 and 30% for trans-
PCD and trans-RVT, respectively, when comparing with using an
aqueous solution.

3.6. Sampling time

In flow-through sensors is possible to improve sensitivity by
only increasing the sample volume inserted in the system. This
effect is a consequence of the sorption on a constant amount of
solid support on increasing amounts of analyte in the detection
area. This effect also allows working in a wider concentration range
and makes possible to reduce the matrix effect by performing only
an appropriate dilution of sample. However, it is also necessary to
take into account that the increase of the sample volume entails a
simultaneous increase in time of analysis and, consequently, both
sensitivity and throughput have to be considered in the optimisa-
tion of this parameter.

In a multicommutated system sample volume can be con-
trolled by varying the sampling time. With the purpose of studying
this variable, a 1gmL-! trans-PCD and trans-RVT solution was
inserted in the system for increasing periods of time (range
40-140s)and the fluorescence signals wererecorded. Inboth cases,
the analytical signals increased up to 125s and then they remained
constant. This sampling time, which corresponds to a volume sam-
ple of 2146 I, was selected for next experiments.

3.7, Method validation

The existence of matrix effect was evaluated by comparing
the slopes of aqueous standards and standard addition calibration
graphs for different wine samples. Since there were no statistically
significant differences between them for trans-RVT and trans-PCD,
it was concluded that there was no matrix effect. Therefore, the
determination of RVT and PCD in wines was carried out by using
external calibration. In the above described optimal working con-
ditions, calibration graphs were established for each stilbene after
inserting in the flow-system standard solutions in triplicate. Data
were fitted by standard least squares treatment. The standard devi-
ation of both intercept and slope was calculated. The results are
summarised in Table 1.

The IUPAC detection and quantification limits were estimated
as the concentration of analyte which produced a fluorescence
signal equal to 3 and 10 times the standard deviation of the back-
ground fluorescence, respectively. This standard deviation was
determined by injecting 10 times the blank solution. Repeatability
was determined by 10 independent replicate analyses on solutions
containing 0.5 wgmL-1 of both stilbenes.

3.8 Analysis of wine samples and recovery assay

With the aim of showing the usefulness of the proposed method
it was applied to the simultaneous determination of RVT and PCD
inred and white wine samples. Results of wine analysis taking into
account the extraction recoveries are shown in Table 2. They were
satisfactorily validated by a reference method. In addition a recov-
ery assay was carried out. Recoveries were estimated on the basis of
determination after spiking the samples with two different known
concentrations of trans-RVT and trans-PCD. The proposed method
showed recoveries for RVT and PCD near 100%. In all the cases, the
amount of PCD found in both red and white wine was higher than
that of RVT. On the other hand, the amount of both stilbenes in
white wine was lower than that in red wine.

4. Conclusions

In this paper a flow-through optosensor, combined with pho-
tochemically induced fluorescence detection, is proposed for the
determination of binary mixtures of PCD and RVT in wine. To date,
it is the first spectroflucrimetric method reported for the simul-
taneous determination of RVT and PCD. The determination of the
total amount of both stilbenes (cis- plus trans-isomer) overcomes
the problems present in chromatographic methods due to the risk
of photoisomerisation of trans- to cis-isomers during the analysis
and the non-availability of commercial ¢fs-PCD and cis-RVT stan-
dards. The resolution of the components of the mixture is based
on the different kinetics of retentionfelution of their fluorescent
photoproducts, generated on-line, on an appropriate solid sup-
port filling minicolumn placed before the flow-cell. The proposed
method offers the possibility of a rapid determination of RVT and
PCD in wines, using low-cost equipment. Sample clean-up with Cqg
cartridges allows the determination of both stibenes by external
calibration, so improving simplicity of the method. The implemen-
tation of multicommutation principles also contributes with low
chemicals consumption, simplicity in the handle and an enhance-
ment in reproducibility, as well as a higher sampling throughput.
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This paper reports the determination of aflatoxin By (AFB ), one of the most carcinegenic substances knowa.
A multi-commnuted flow injection-solid phase spectroscopy (FI-8P8) system combined with photochemically
induced fluorescence (PIFY was developed, for the first time, for its quanititative determination. A strongly
finorescent degradation prodnet was obtained on-line by irradiation with ultraviolet light. The determination was
carried ont by measnring the flnorescence intensity of the photo-praduct at 353/424 (A fhem), Once retained on
Cys silica-ged filling the flow-cell. A linear dynanc range of 0.09-12 pgt ™!, detection Lmit as sensitive as 29 ngl™!
and a relative standard deviation (R8I} of 1.4% were obtained. The method proposed was satisfactorily applied
o the determination of AFR, in different tvpes of beer {normal and non-alcoholic). Hyvdrophobie compounds
were eliminatad from beer samples and AFBy was extracted with acetonitrile by solid-phase extraction on Cyg
sorbent. Recoveries of the target compound {rom spiked beers were between 94 and 106%. The resulis obtained
i the analves of real samples are in good agreement with those provided by a reference chromatographic
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method.

Keywords: screening, sensor; clean-up; myecotoxins, aflatoxins; beer

1. Introduction

Aflatoxins are the main toxic secondary metabolites of
the genus Aspergiliy flavus and Aspergillus parasiticus
(Asis et al. 2002; Ali et al. 2005). Under favourable
conditions of temperature and humidity, these fungi
grow in foed and produce aflatoxins. Mutagenic
amnd carcinogenic activity, teratogenic properties and
hepatotoxic action are the most dangerous effects of
these compounds on human health (Krska et al. 2008},
The occurrence of aflatoxins in food can be caused by
both direct contamination via grain and grain products
or “‘carry over” of these compounds and their metab-
olites into animal tissues, milk and meat after intake
of contaminated foodstuffs. The most toxic aflatoxin
is aflatoxin By (AFBy), classified as Grouap 1 human
carcinogen by the International Agency for Research
on Cancer (IARC) (Wang et al. 1998; IARC 2003},
resulting in median lethal dose (LIDsg) values ranging
from 0.3 to 9.0mgke ™" body weight. Tt is regnlated by
legislation in foods (EC 2006) for direct human
consumption at 2ngg” L)

The analytical determination of AFB, is compli-
cated by two main factors: (1) the complexity of the
sample matrix m which it normally appears (corn,
peanuts, cottonseed, nuts, almond, figs, fruits and
spices) (Gourama and Bulleman 1995, Miller 2008)
{AFB, can colonize and contaminate grain before
harvest or during the storage); and (2) the low levels

present in these samples. Analytical methodologies
must be designed to address these requirements.
Firstly, to avoid matrix interferences, a typical analysis
of AFB, involves a liquid liquid extraction (using
solvents such as methanol, acetonitrile, and/or their
combinations), followed by a clean-up step, e.g. using
multifunctional, Florisil or immunocaffinity columns
(Nawaz et al. 1995; Giray et al. 2007, Fu et al. 2008;
O'Riordan and Wilkinson 2008). Secondly, with
respect to its detection, a reliable and sensitive
method must be selected for the screening and deter-
mination of this compound. Different methods have
been established (Turner 2009), including capillary
electrophoresis (CE) (Pefa et al. 2002), thin-laver
chromatography (TLCY (Stroka et al. 2000; Papp et al.
2002; Braicu et al 2008), high-performance liquid
chromatography (HPLC) {Abdulkadar et al. 2000;
Gilbert and Vargas 2003; Brera et al. 2007), and
enzyme-linked  immunosorbent  assay  (ELISA)
{Garden and Strachan 2001; Lee et al. 2004). For
positive confirmation, LC MS methods have also been
reported (Sforza ot al. 2003; Cavaliere et al 2007).
Although sensitive and accurate, most of the chro-
matographic methods require expensive equipment
and derivatisation after extraction to remove interfer-
ing substances. Also, commercially available ELISA
methods require enzymatic reactions, washing and
separation of bound and free label, while CE has

*Corresponding anthor. Email: anrniz/@ujaen es

188N 1944 0049 priat/ISSN 1944 0057 online
© 2012 Taylor & Francis

hitbpSidx dol.org/ 10,1080/ 19440049201 1.645244
httpffwww tandfontinecom



Downloaded by [UGR-BTCA Gral Universitaria] at 04:03 05 March 2012

remained a research topic rather than finding applica-
tion in routing analysis (Shepard 2009).

The intrinsic fluorescence of AFB;, which is due
to the presence of a chain of conjugated bonds and
heteroatoms in its molecule, could be used for its
determination. Mevertheless, the use of spectrofluori-
metric analysis is difficult due to the complexity of
the matrix, which shows a great variety of natural
fluorescent compounds whose spectra often overlap
the analvte signal. This sitwation demands tedious
separation  sieps to enable AFB; determination.
Different approaches can be used to both avoid
these inconveniences and increase the sensitivity of
the spectrofluorimetric methods; for example: chemical
modification of the molecule with chlorine or bromine
(Mably et al. 2005), the use of p-cyclodextrin as
fluorescence  enhancer (Hashemi et al. 2008) or
organised media based on surfactants (Shtykov 2002;
Goryacheva et al. 2008}, and the possibility of working
with photochemically induced fluorescence (PIF).

The current work focuses on the development of a
novel method for the detection of AFB; in beer.
1ts incidence in this product has been already described
(Scott and Lawrence 1997: Mably et al. 2005
Zoliner and Mayer 2006; Romero Gonzalez et al
2009; Pietri et al. 20103 This presence is due to its
transfer from contaminated grain (barfey and maize)
during the brewing process. The use of adjuncts during
the processing, normally maize grit, explains this
contamination; morecver, AFB; can be also found in
malted barley (Pietri et al. 2010). Sensors may be a
good choice for the amalysis of AFB, due to their
fast, simple, and low-cost detection capabilities.
Nevertheless, to date only electrochemical sensors
(Ammida et al. 2004; Owino et al. 2008; Tan et al.
2009} can be found in literature for the determination
of this aflatoxin in alcoholic beverages. No optical
sensors have been developed for this purpose.

In this paper, we evaluate the potential of combin-
ing PIF with multi-commutation to determine AFB, in
the complex matrix of beer. The method is based on
the on-line generation of a fluorescent photoproduct
from AFB; by UV-irradiation and its monitoring when
adsorbed onto Cyy silica gel. The measurement of the
photoproduct retained on this solid support, packed
in the flow-cell placed in the detection area, was
adopted for mproving both detection limit and selec-
tivity. The enhancement in selectivity makes it possible
to analyse complex samples, such as beer, whose
analysis would not be possible in homogeneous solu-
tion due to the high number of interfering species.
This methodology, called flow injection selid phase
spectroscopy (FI-SPS) or flow-through optosensor,
combines the advantages of FI with analyte pre-
concentration on a small amount of a solid support
(Lopez Flores et al 2005. The use of multi-
commutation, as an alternative to conventional FIA,
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is introduced due to its favourable intrinsic advantages
such ag low-cost equipment, high sample throughput
and simplicity, as long as automation is complete
{Reis et al. 1994; Catald-Icarde et al. 2002). To the
authors’ knowledge, this is the first PIF determination
of AFB, in beer to be reported. This is also the first
application of multi-commuted-flow methodelogy to
the determination of this aflatoxin. Spiked as well as
real samples of beer were used to validate the results.

2. Matcrials and methods

2.1. Apparatus and instrumentation

A Varnan Cary-Hclipse Luminescence spectrometer
(Varian Inc, Mulgrave, Australis) was used for
recording spectra and making fluorescence measure-
ments. It was controlled by a microprocessor fitted
with a Cary-Eclipse (Varian) software package for data
collection and treatment. The following instrumental
parameters were used: excitation and emission slit
widths were set at 10 and 20nm, respectively, and
photomultiplier voltage was 630V, The excitation and
emission wavelengths established were 353/424nm for
the fluorescent photeproduct.

The multi-commuted flow system is shown in
Figure 1. It was built with a four-channel Gilson
Minipuls-3 (Villiers Le Bell, France) peristaltic pump
fitted with a rate selector and Solvflex type pump
tubing (Elkay Products, Shrewsbury, MA, USA), three
161T031  NResearch  three-way  solenoid  valves
{MNeptune Research, Northboro, MA, USA) and an
electronic interface based on ULN 2803 integrate
circuits. The valves were operated at an electric
potential of 12V and a direct current of 100mA.
PTFE tubing (0.8 mm 1.D.) and methacrylate connec-
tions were also used. The software for controlling the
systemn was developed in Visual Basic 6.0 by our
research group. A 176.732-0Q5 Hellma flow cell
(Miillheim, Baden, Germany) (inner volume, 25ul;
Hght path length, 1.5mm) filled with Cyg silica gel was
used in the detection area. The solid support was
loaded as methanol slurry just up to a height which
enabled the light beam to pass completely through
the solid phase and the outlet was locked with glass
wool, to avoid the beads movement and allow the
continuous flow.

For the photochemical on-line AFB; conversion,
a laboratory-made photorcactor was prepared by
loosely coiling 400cm of PTFE tubing around a low-
pressure mercury lamp (15W, 254 nm). The UV lamp
was wrapped in aluminiim paper and it was intro-
duced into an aluminivm box for maximum light
reflection and heat dissipation. The photoreactor
was placed just between V3 and the detection area
(see Figure 1}. All the experiments were carried out
at room temperature,
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Figure 1. Multi-commuted flow-injection system. Carrier solution (25% v/v, methanol/water solution). Vy, V, and Vs: three-way
solenoid valves; PH: photo-reactor. Flow cell filled with Cig silica gel. For each solenoid valve, the solid and dotted lines refer
to “Off” and “On” positions, respectively. Flow-rate: 2mlmin~". The lower scheme shows the valve time program {sampling
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time: 60s).

Other apparatus consisted of a vacuum system
12-port Visiprep SPE Vacumm Manifold (Supelco,
Bellefonte, PA, USA), a Crison Model 2002 pH-meter
with a glass/saturated calomel combination electrode
(Crison, Barcelona, Spain) and a Selecta Ultrasons
ultrasonic bath (Barcelona, Spain).

2.2. Reagents and solutions

AFB, from dspergilfus flavus was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The stock
standard solution (S0mgl1~") was prepared by dissol-
ving 5mg of the analyte in a 50% (v/v) methanol/water
solution. It was kept away from light with aluminium
foil and stored at 4°C in a refrigerator, remaining
stable for at least 4 weeks. Working standard solutions
were prepared daily by taking an aliquot of the stock
solution and diluting with ultrapure water obtained
from a Milli-Q system (Millipore, Bedford, MA,
USA). All reagents were analytical reagent grade.
The carrier solution (25% (v/v) methanol/water solu-
tion) was prepared by dissolving the required volume
of methanol in water. C;3 bonded phase silica gel beads
(55 105um average particle size) (Waters, Milford,
MA, USA) was used as active solid support in the
detection area. Cation and anion exchangers
(Sephadex SP C-25, Sephadex CM (C-25, Sephadex
QAE A-25 and Sephadex DEAE A-25, all of them
having 40 120pm average particle size) (Sigma,
Alcobendas, Madrid, Spain) were also tested for the
retention of AFB; photoproduct.

Methanol, acetonitrile, toluene and cyclohexane
were obtained from Panreac (Barceolona, Spain).

Octadecyl (Cy3) Bakerbond SPE cartridges of 6ml
with 500mg of packing material (J.T. Baker,
Phillipsburg, NJ, USA) and 0.20-um nylon filters
(Millipore Corporation, Bedford, MA, USA) were also
used for solid phase extraction (SPE) procedure.

2.3. Sample preparation

Seventeen different Spanish beers were purchased from
local markets. The sample was kept away from the
daylight, as far as possible, with the aid of aluminium
foil, throughout the process.

2.3.1. Pre-cleaning of the sample

A previous hydrophobic compounds removal, with
toluene and cyclohexane, was carried out to improve
the subsequent extraction. Initially, beers were previ-
ously degassed by sonication and then aliquots of 1 ml
were spiked with known amounts of AFB;. Next, they
were treated under gentle stirring, in consecutive 3-min
steps, first with 1 ml of toluene (twice) and then with
1ml of cyclohexane (twice). At the end of each step,
the mixture was centrifuged for Smin at 3500 rpm,
and the supernatant was discarded. Finally, cleaned
beer was dried under a gentle stream of nitrogen to get
rid of residual solvent.

2.3.2. Exiraction of AFB;

A Cig cartridge was conditioned by passing consecu-
tively 10ml of acetonitrile and 10ml of water.
Subsequently, cleaned beer was loaded onto the
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column at a flow-rate of 2 3mlmin™" under vacuwm.
Then, the cartridge was washed with 10ml of water
and vacuum dried for | min. Finally, AFB; retained in
the cartridge was eluted with 2 x 1ml of acetonitrile
and the eluate was concentrated to dryness under a
gentle stream of nitrogen. The residue was re-dissolved
to a final volume of 10ml in a 3% (v/v) methanol/
water solution and the pI value was adjusted at 5.5 by
adding an HNO, or NaOH solution.

2.4. Procedure

The schematic valve svstem diagram is shown in
Figure 1. All experiments were carried out in triplicate,
and the results are expressed as peak height mean
values. In the initial status, the UV lamp and the
peristaltic pwmp were switched on to condition the
flow system {constant flow rate 2mimin~") until a
stable baseline was recorded. With all valves switched
off, the carrier solution (25% (v/v) methanol/water
sofution) fowed through the system, while the sample
solution was recycled to its vessel. Then, to insert the
sample in the flow system, valves Vi and V, were
switched on for 75s and V5 for 15s. In this way, the
sample solution circulated through the system, whereas
the carrier solution was recveled to its recipient. For
the first 155 of this step, the sample plug was directed
towards the waste through V5, so cleaning the tubing
between Vy and Vs with the new sample solution. Over
the next 60s, as Vy was deactivated, the sample plug
was pumped towards the photo-reactor. After this,
all valves were switched off again for 35s, the tune
required for the sample solution to stay into the photo-
reactor. At this point, valve V| was switched on for
1205, to recycle the carrier solution to its recipient and
stop the flow, so allowing the phote-degradation
process. Finally, when valve V, was switched off and
the photo-degradation product arrived to the flow-cell,
the analytical signal was measured at the correspond-
ing wavelengths, 353/424 nm/nm. The lamp was alwayvs
switched on during a whole experimental session to
obtain the best precision.

3. Results and discussion

3.1. Optinusation of AFB; extraction

The fluorescence photo-degradation product generated
from AFB; is selectively adsorbed on the nowo-ionic
exchanger Cig silica gel under working conditions.
Nevertheless, owing to the fact that some mycotoxins
found in cereals, such as ochratoxin A, aflatoxins,
fumeonisins, and trichothecenes (deoxyaivalenol, T-2,
and HT-2 ioxins), can survive the brewing process,
they can also be detected in beer (Romero Gonzalez
et al. 2009). A previous clean-up step was necessary to
ensure the elimination of others species, including these
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common mycotoxins present in beers, which could be
retained on the solid-phase in the detection area and
compete with the photo-degradation preduct for the
active sites.

Maost often used as a clean-up step and direct
extraction of Hquid samples, in mycotoxins analysis,
is SPE. With the purpose of establishing a reliable
SPE method for the extraction of AFBy from several
types of beer, some recommendations were taken into
account according to the literature (Kralj Cigic and
Prosen 2009). First, C,5 cartridges were selected for the
extraction procedure due to the slightly better affinity
for aflatoxing, compared with others mycotoxins.
Second, to elute the target compound, acetonitrile
was used because it has demonstrated a higher selec-
tivity for aflatoxins (B, B, Gy, and Go) and HT-2 and
T-2 toxins, whilst fumonising (By and By) were not
extracted when this solvent was applied. In addition,
these two latter myeotoxins were eliminated in the
washing step, before elution, due to their high solubil-
ity in water. The washing and elution volumes were
optimised taking into account both the elimination
of the most polar interfering substances without
cluting AFB, and the most complete extraction of
this latter. The volumes selected were 10ml of water
and 2ml of acetonitrile.

Due to a large decrease in the fluorescence of AFB,
and its photoproduct when they were diluted in
acetonitrile, it was necessary to evaporate the extract
and solubilise it in methanol. The percentage of
methanol necessary for the solubilisation of the final
residue, once the target compound extracted of the Cyg
cartridge and evaporated, was tested in the range
0 30% (v/v} methanol/water solution. For dilutions
with methanol in a percentage larger than 10%, the
fluorescence signal decreased. Therefore, the minimum
amount of methanol capable of dissolving AFBy which
was 5% (v/v) methanol/water solution, was selected as
optimum.

A pre-cleaning step, prior to the SPE procedure,
was also necessary to remove hard and soft resins
{Molina Garcia et al. 2011). 1t was lulfilled in the way
described in Section 2.3, If it is not carried out, AFB, is
poorly recovered, probably due to the competition
between the target compound and those high molec-
ular weight sabstances for active sites on the Cig
cartridge.

3.2, Preliminary test of sorption

The native fluorescence of AFB; can be enhanced by
photochemical derivatisation procedures. This tech-
nique allows a significant increase in the fluorescence
signal of AFB, due to the reaction with hydroxyl
radical produced from water by ultraviolet radiation,
which leads to new structures with stable and higher
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fluorescence (Joshua 1993). This is an interesting
alternative to its chemical derivatisation in simplifying
the system, reducing the comsumption of reagents and
enhancing selectivity. With the purpose of improving,
even maore, both the sensitivity and selectivity of the
determination of AFB, after its photo-chemical con-
version with UV irradiation, several sorption tests
of both the original compound and the fluorescent
photoproduct on different solid supperts were car-
ried out. The retention assays were performed at
different pH values and with anion-exchangers
(Sephadex QAE A-25, and Sephadex DEAE-23),
cation-exchangers (Sephadex SP C-25 and Chelex
100) and non-ionic supports (Cpg silica gel). In all
cases, a high signal was obtained when a solid support
was used, being practically insignificant in the case of
cationic exchangers. However, the others (anionic and
non-ionic exchangers) provided a significant retention.
Anion-exchangers allowed a very strong retention of
the AFB; photoproduct, but its complete elution was
very difficult in a reasonable time. Finally, Cyyg silica
gel was selected since it provided both a strong
retention and a quick elution of the AFB;
photoproduct.

Fluorescence spectra of AFB; and its photo-
degradation product, recorded in homogeneous solu-
tion, showed maximum excitation/emission wave-
lengths at 359/446 and 359/435nm, respectively
(Figure 2). This is in agreement with the theoretical
blue fluorescence under UV light (430 530nm for
emission) belonging to AFB; and AFB,, as opposed
to AFG; and AFG,, which have green fluorescence
(530 590nm). The spectra of the AFB; photo-
degradation product retained on Cig resin showed
maxima excitation/emission wavelengths at 353/424 nm
(Figure 2). As a result of the pre-concentration
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process of the AFB; photo-degradation product on
the active sensing area, a 20-fold increase in the
PIF signal was obtained when SPS methodology
was used.

AFB, aflatoxin (AFB;) is an important interfering
species in the fluorimetric determination of AFB; due
to the substantial overlapping of their spectra
(Mohammad et al. 2007). The tolerated AFB,/AFB;
(w/w) ratio in homogeneous solution is about 0.1,
which makes impossible to determine AFB; in the
presence of AFB, without a previous separation of the
latter. As we ascertained, in the established working
conditions, AFB, did not photo-degrade under UV
irradiation, which agrees with the results previously
found by other authors in aflatoxin photo-degradation
tests (Joshua 1993). On the other hand, although AFB,
itself was retained on the Cig silica gel solid support,
it did not interfere in the AFB; determination at
the concentration levels usually found in beer. This fact
can be attributed to the increase in the AFB, fluores-
cence signal provided by both its photo-degradation
and the sorption of the photoproduct generated on
a solid support and to the improvement in selectivity
originated by the measurement of the analytical signal
in solid phase.

Taking into account the possible retention of other
organic compounds of the matrix on Cig silica gel
the emission and excitation slits and filters were
selected to provide the best sensitivity and selectivity,
respectively. The selected excitation and emission slits
were 10 and 20 nm, respectively. Filter ranges were set
at 250 395nm for excitation and 420 1100nm for
emission. These values also supplied the best ratio
between analytical signal and background noise. Using
the same criterion, the voltage of the photomultiplier
tube was set at 630V.
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Figure 2. Excitation and emission fluorescence spectra of: (A) AEB; in homogeneous solution (0.2mg1™") and (B) photoproduct
of AFB; in homogeneous solution (continuous line) and retained on Cig silica gel {dashed line).
Notes: 0.1 mg 1™ of AFB; (in solution); 12 pgl™" of AFB (in solid phase); pH 3.5; irradiation time 120 s.
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3.3. Chentical variables

Photo-chemical conversion of AFB;, as well as the
fluorescence properties of the obtained photoproduct
and its sorption on the solid support is governed by the
pH value. Therefore, this is ene of the most important
variables to be taken into account. The influence of
this variable was studied by inserting into the system
different analyte sclutions adjusted, using HNO;
or NaOH, to pH values ranging from 1 to 11. The
maximum fluorescence signal was obtained when pH
5.5 was used (Figure 3). Higher or lower pH values
caused a decrease in the intensity of fluorescence.
Therefore, a pH value of 5.5 was selected as optimum
for subsequent experiments. Several buffer solutions in
a pH ranging 5.0 6.0 and concentration levels between
0.01 and 0.1moll™" were tested (citric acid/sodium
hydroxide; sodium acetate/acetic acid; tartaric acid/
sodium hydroxide). The same variation was observed
in all cases; fluorescence intensity decreased by half
when comparing to the absence of buffer solution.
This performance may be due to the interference of
buffer ions in the photochemical conversion of AFB,,
so a sample solution without buffering was finally
chosen.

The nature of the carrier solution mainly affects the
sorption of the photo-degradation product on the selid
support. Taking into account the non-polar nature of
the solid support used in this case, aqueous solutions
with different methanol percentage, up to 45% (v/v),
were tested to obtain the maximum retention of the
AFB, photoproduct. A solution of 20% (v/v) metha-
nol provided the highest analytical signal and a
decrease in this latter was observed for higher and
lower methanol percentages. On the other hand,
an incomplete elution of the photoproduct was
achieved for methanol percentages lower than 25%.
Therefore, as a compromise between sensitivity and
complete regeneration of the solid support, a solution
of 25% (v/v) methanol/water was selected as carrier
solution.
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Figure 3. Influence of pH of the sample solution.
Notes: 8ugl™ AFBy; carrier solution 25% MeOH (v/v);
sampling time 60; irradiation time 120s.

Publicacion 7 | 216

Food Additives and Contaminants 397

3.4. Fiow system variables
3.4.1. ILrradiation time

The irradiation time is the residence time of the sample
inside the photo-reactor under UV radiation. It is
another critical variable in PIF methodology. To
optimize this variable, 2ml of §ugl™' AFB, selution
were inserted in the system (2mlmin™?), the flow was
stopped just when the whole plug of sample was within
the photo-reactor (400 cm) and this was irradiated for
increasing periods of time. After turning off the lamp
and re-establishing the flow, the fluorescence signal
was recorded. The results showed that the kinetic of
photo-degradation of AFB; under working conditions
is slow (Figure 4). The maximum fluorescence signal
was obtained with an irradiation time of 120s.
Therefore, this value was selected as optimal.

3.4.2. Flow rate and photo-reactor length

In general, the residence time of the sample in the
photochemical reactor and, consequently, the irradia-
tion time can be controlled by the flow-rate and/or the
length of the tubing around the lamp. As the time
required for AFB, degradation is high, instead of using
long photo-reactor tubing or stopping the peristaltic
pump, the carrier solution was recycled for the
required time (120s) once the sample plug was placed
inside the photo-reactor, so stopping the circulation of
the sample solution through the system. Consequently,
the length of the photo-reactor was selected as the
minimum required to accommodate the whole sample
plug (2ml), namely 400 cm.

Thus, 2mlmin~! was the flow-rate established.
This was the maximum flow-rate allowed by the
flow-system without causing over-pressure problems
and it also allowed the best throughput of the method.
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Figure 4. Influence of irradiation time on the fluorescence
signal of AFB;.

Notes: Sixgl_] of AFB;; sampling time 60s; flow-rate
2mlmin™"; photo-reactor length 400 cm.



Downloaded by [UGR-BTCA Gral Universitaria] at 04:03 05 March 2012

398 L. Molina-Garcia et al.

3.4.3. Sampling time

In flow-through sensors, is possible to improve sensi-
tivity by only increasing the sample volume inserted
in the system. This is a consequence of the sorption of
increasing amounts of analyte in the detection area on
a constant amount of solid support. This feature allows
both the enhancement of sensitivity, by increasing the
sample volume, and the reduction of strong matrix
effects by means of a previous dilution of the sample
betore its insertion in the system.

In a multi-commuted system, the sample volume
can be controlled by varying the sampling time. With a
8 pgl! solution of AFB; and sampling times ranging
from 10 to 80s, the fluorescence signal increased
linearly until a value of 60s. In addition, the through-
put of the system was also affected by this variable.
Figure 5 shows the influence of sampling time.
Sampling times lower than 60s provided a quicker
elution of the photoproduct from the solid support but
they also caused a significant decrease in the analytical
signal. Therefore, a 60-s sampling time was selected as
a compromise between fluorescence intensity and peak
time. Higher sampling times produced higher analyt-
ical signals than that obtained with 60s. However,
they also caused wider flow peaks, so decreasing the
sampling frequency.

3.5. Figures of merit

Under the above established optimum working condi-
tions, a calibration curve was constructed for the
photoproduct of AFB, after injecting, in triplicate,
sample solutions containing increasing concentrations
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of the analyte. Analytical figures of merit are given in
Table 1. Quantification was carried out by using
peak height as analytical signal. Data were fitted by
standard least-squares treatment. The proposed meth-
odology responds linearly in the AFB; concentration
range 0.09 12pgl~'. The standard deviations of the
intercept and slope were also calculated (average of
three determinations). Detection limit (LOD) and
quantification limit (LOQ) were estimated as the
concentration that produced a fluorescence signal
equal to 3 and 10 times the standard deviation of
background fluorescence, respectively (MacDougall
1980). The LOD obtained with the proposed method
allows the determination of this aflatoxin in beer at
trace levels. This value, 0.029 pgl™", is similar to or
lower than, in most cases, previously reported values
(Table 2). On the other hand, the LOQ is much lower

Table 1. Analytical parameters.

Parameter Value
Linear dynamic range (ugl™ 0.09-12
Calibration graph

Intercept 6.68 +0.04
Slope (lug™ 34.840.07
Correlation coefficient 0.9994
Detection limit (ugl™) 0.029
Quantification limit (ugl™) 0.09
Intraday RSD (%)* 1.4°
Interday RSD (%) 2.9°
Sampling frequency (h™") 10

Note: *n=10; J[AFBy] =5 pgl™.
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Figure 5. Influence of sampling time on fluorescence intensity (continuons line) and peak time (dashed lines).
Notes: 8ug 1! AFBy; pH 5.5; irradiation time 120s; flow-rate 2mlmin~'.
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Table 2. Comparison of the proposed method with others reported in the literature.

Methad Linear ravge LoD Sample Ref.
Liguid Chromatography (UHPLC) {(mass 05100 {ug 1™ l) 0.04¢ ngl"'J) Beers Romero Gonzalez
spectrometry) et al. (2009)
Tiguid Chromatography (UPLL) (mass 1-15 (ug1™h 0.1 {ugl™ Beers Ventura et al {2006)
spectrometry)
Liguid Chromatography (fluorsscence 0.019 (ugl™) Bears Scott and Lawrence
detection) (1997
Liguid Chromatography (HPLC)Y (flnores- 5-35 {pgkg™H 0.06 (ugkg™  Animal feads Wejdan et al. {20109
cence detection)
Liguid Chromatography (HPLC) (fluores- 0.05-24 (ugl™  0.015 (pgl™ Food samples Herzallah Sager
cence detection) {2009)
Tignid Chromatography (HPLC) (fluores- 0.5-4 fnegke™  0.02¢ueke™™  Breakfast cereals  Polixeni and
cence datection) Panagiota {2009)
Liguid Chromatography (UV detection) 20200 (ugl ™ 032 ¢uake™™  Corn and peanuts  Fu et al. (2008)
Liguid Chromatography (HPLC-PD-FDj 3.1-20 (nekg™)  0.035 (ugkg™) Cereal flours Quinto et al. 2009)
Liguid Chromatography (BPLC-PCD-FD; - 0.1 {ug kg"i} Rice Mansoorel {2009)
Specirofluorimeiry O-18 (ug kg™ 0.9 {ugkg™ Wheat Hashernt of al.
(2008)
Speciroflnorimetry 0-15 {ugl™ Pistachio ohammad et al.
(2007
Tiguid Chromatography (reversed-phase - 46 (pal™h Beers Mably et al. (2005)
with fluorescence defection)
Electrachemical immunosensor 8.1-10 (ugl™h 0.06 (ugl™) Rice Tan et al. {2009)
Voltammetry 0.4-40 {pgl™h 0.15 fug 1™ Groundnut Hajian and Ensafi
(2009

Table 3. Determination of AFBy in besrs.

Proposed method Refersnce method
Added Found 4+ o* Found £ ¢* )

Sample (el (rel™ (el™ foas” Fad
Bear 1 {MNormaly - (.86 .05 0904002 1.28 6.25

i 1901008 1.95-0.05 (3.87 32
2 283003 2.86+0.10 1.66 G.10
4 4.84 004 4961004 2.12 021
Beer 2 (Normal} - 0.28+0.03 0.29+0.08 0.20 0.14
2 2.33=005 225+£0.06 177 0.70
4 4.24=0.09 4.30+002 1.22 26.25
& 6.3 0.06 6.36 £0.08 1.04 (.56
Beer 3 (Normal} - 0.17+0.07 0.15+0.06 0.37 1.36
3 6224005 6.1940.02 (.96 6.25
8 328008 §1740.09 115 0.79
10 9954002 10,130,023 2.16 1.96

Beer 4 (Normaly - <1.OD < L.OD
i G3.94 = ¢.07 1.06:40.04 2.56 306
3 3084004 2974001 2.68 0.44
5 511008 5.20+0.086 1.56 1.77

Beer & (Now-alcoholic) - <LOD <1LOD - -
7 684005 6.95+0.03 1.54 277
919 =602 8RR+ 001 2.72 G.44
1t 11.74+0.08 11.46£0.08 2.25 (.98

Notes: "Average of three replicates.
“Theoretical value 2.772 {p= 0.03).
“Theoretical value 39.00 (p= 0.05).
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than the maximum  level fixed by Furopean
Commission (EC 2006) regulation for all cereals and
products derived from cereals (2 pgkg ™). so making
the method suitable for routine analysis.

Intra-day repeatability was established by compar-
ing the response of 10 independent determinations
for solutions containing 5ug 17t of AFB;. [nter-day
repeatability was also performed over 10 consecutive
days. The RSDs obtained, in both cases, were low,
even though the measurements are made in the solid
phase.

3.6. Analytical applications

The proposed flow-through optosensor was success-
fully applied to the determination of AFB; in
beer. The pre-treatment and procedure described
in Section 2 were used in each instance. The slope
of the calibration curve obtained by spiking the final
beer extracts with AFB; differed to that obtained
by spiking the original samples, and both differed to
that obtained by external calibration. This demon-
strated the existence of a light {slight) negative matrix
effect, due to the presence in the final extracts
of interfering species and the incomplete recovery of
AFB, after pre-treatment. Consequently, the calibra-
tion curves were constructed with matrix-matched
standards, Le. the analysis was carried out by spiking
different aliquots of a beer sample with increasing
amounts of the analyte. The matrix effect was evalu-
ated by comparing the slopes of aqueocus standards
and standard addition calibration curves for different
beer SZIJHPEGS (,“?Iﬂ!ar\z:\ﬂr(iJJITESI,:lndBE‘d ;1:1(11’!1(31”."’"\‘{0-9}- Of the
17 beers analysed, mcluding normal (n=12) and
non-alcoholic {(#=275) beers, only three samples con-
tained traces of the target compound (0.86, (.28 and
0.17ugl M. AFB; was not detected in the remaining
beer samples investigated, including non-alcoholic
beers.

A recovery study, at three concentration levels, was
also performed on the three samples with and the two
samples without AFB;. The results are summarized
in Table 3. In all cases good recoveries, ranging from
94 to 106%, were achicved. The applicability of the
proposed method to the analysis of AFB, in beer was
demonstrated by comparison with a reference method
(Romero Gonzilez et al. 2009), based on ultra-high
performance liquid chromatography tandem mass
spectrometry. A statistical analysis of precision and
accuracy for both the proposed and reference method
was performed using the £ criterion and #-test, respec-
tively (Saunders and Fleming 1971). The results in
every case {(Table 3) show that there is no significant
statistical difference between the methods, indicating
the utility of the proposed method for routine analyt-
ical control.
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4. Conclosions

A new automatic spectroscopic method for the analysis
of AFB, in beer has been developed. A photochemical-
induced flucrescence-based flow-through sensor,
making use of the mult-commmuted assembly. has
been applied. The fluorescent photoproduct generated
on=line was selectively retained on an active solid
support, causing a  transitory  fluorescent  signal.
This fact, combined with the clean-up step and SPE
extraction of the beer samples, makes the presented
method highly sensitive and selective, with low reagent
coustmption, ease of handling, increased rapidity and
simplicity, and low cost. Although the determination
of AFB, in complex matrices by the proposed method
needs a previous pre-treatment, the time taken is
compensated for by the speed in measurement of the
analytical signal.

The detection limits of the proposed method are
similar or even lower than those obtained using
reported chromatographic methods for AFB, determi-
nation in beer and other matrices. Therefore, it can be
considered as an interesting alternative to the chro-
matographic determination of this aflatoxin, In addi-
tion, the results obtained in the analysis of several
tvpes of beer compare well against those supplied by
a reference liquid chromatography method. All this
shows the feasibility of the proposed optosensor as
a sereening method for the determination of AFB; in
non-alcoholic and normal beers.
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Bisphenal A (BPA) is a polyphenol widely used in industry as an intermediate in the production of poly-
carbonate plastics and epoxy resins, which are applied to produce plastic food containers, inner surface
coating of food and beverage cans. Hence, BPA can migrate from these containers and cans with epoxy

Kf-’J’WUTdS-' coating into foods. It is dangerous taking into account that BPA is considered as a potential endocrine
Bisphenol A disruptor, which mimics the action of the hormone estrogen. The method here proposed for the deter-
Sensor ) mination of BPA invalves the implementation of solid-phase spectroscopy (SPS) in an automatic flow
Multicommutation ! X . . i

Fltores cence system. With this purpose, the measurement of the native fluorescence of BPA, retained on Cyg silica

Milk gel together with the implementation of multicommutation have been employed for its determination
in different types of milk. The analytical measurements were made at 271/305 nm {J.ax/Aem ) obtaining
a detection limit (LOD) of 0.06 ngmL-1. The pre-cleaning procedure and the posterior extraction with
Ciz applied to the samples allowed the removal of proteins and the extraction of BPA from the matrix,
respectively. The method showed an RSD lower than 6.0% (n=10). BPA was determined in powdered
milk, infant formula and pure liquid milk samples, being found in five samples at levels lower than the
maximum residue limit (MRL) established by the European Union. In addition, a recavery study has been
carried out where values close to 100% were abserved in all cases, so demonstrating that the proposed

analytical methad fulfills the requirements for its application in quality control analyses.

© 2012 Published by Elsevier B.V.

1. Introduction

Bisphenol A(2,2-bis(4-hydroxyphenyl )propane), known as BPA,
isa chemical substance widely used inindustry as amonomer in the
production of epoxy resins and polycarbonate plastics (PC), and as
an antioxidant in PVC plastics [1,2]. PC are used in food storage con-
tainers such as water bottles and baby bottles, while epoxy resins
are used as inner surface coating of food and beverage contain-
ers and cans, in order to protect the food from the direct contact
with metal. Therefore, BPA can inevitably migrate into foodstuffs
and beverages from packing of product, and then humans may rou-
tinely ingest trace amounts of BPA. In fact, BPA residues have been
detected in wine, mineral water and different foodstuffs. Health
risks can result from exposure to doses [3] much lower than the
limit of 5 pgkg ! body weight day~1. BPA can potentially interfere
with the endocrine system of wildlife and human, increase the can-
cer rate, reduce immune function and impair reproduction [4]. Its
estrogenic action has been shown both in vitro and in vivo exper-
iments [5]. Hence, the potential effects of BPA in human health
through beverage and food consumption have become a growing
concern.

* Corresponding author. Tel.: +34 953 212759; fax: +34 953 212940,
E-mail address: anruiz@ujaen.es (A. Ruiz-Medina).

0039-9140/$ - see front matter © 2012 Published by Elsevier B.V.
doi:10.1016/j.talanta.2012.02.021

The presence of BPA in complex foodstuff samples, or envi-
ronmental and biological samples, is normally in trace amounts.
Levels found indicate very low concentrations in most of the
cases, below MRL established by the European Union Legislation.
For this reason, several preconcentration andfor clean-up tech-
niques including electrophoresis [6], solid-phase extraction (SPE)
[7], molecularly imprinted solid-phase extraction (MISPE) [8] and
matrix solid phase dispersion (MSPD) [9] have been proposed for
using prior toits determination. To date, analysis of BPA has mainly
been accomplished by gas chromatography (GC)[10-13] and liquid
chromatography (LC) [14-17] both coupled to mass spectrometry
(MS). These chromatographic methods show high sensitivity but
they are time-consuming and expensive. In addition, complicated
instruments and skilled operators are required, which makes their
popularization difficult. Other classic analytical techniques such as
luminescence [18,19] and electrochemical [20,21] detection have
also been employed for the analysis of BPA. Taking into account
the important environmental and health problem originated by the
presence of BPAin different matrices, the complexity of these latter
and the low concentrations to be analyzed, it is of primary interest
the development of analytical methods with quick response, cheap
instrument, low consumption of reagents, simplified operation and
time-saving. Therefore, there is need for researching and revising of
existing methods in order to have reliable tools for risk assessment
and control of human exposure to this compound.
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BPA manifests weak fluorescence property in aqueous solution
because of its low fluorescent efficiency. With the purpose of over-
coming this problem, the use of cyclodextrin complexes has been
proposed [18]. In this paper, we propose a new alternative to that
one previously reported, the use of solid-phase spectroscopy (SPS).
In this technique, proposed by Yoshimura et al. [22], the combined
use of an active solid support to retain the species of interest and
the direct measurement of its emission once retained on the solid
phase allows the improvement of both sensitivity and selectiv-
ity. Separation and preconcentration steps occur simultaneously
with detection. Sensitivity is easily increased, when comparing
with conventional fluorimetric methods in solution, due to the pre-
concentration of BPA on an appropriate solid support. In addition,
the exclusion from this latter of other co-existing species of the
matrix originates an improvement in selectivity. To date, differ-
ent methodologies have been employed in SPS, but nowadays flow
methodologies are the most widely used [23-25]. Several mod-
ifications to conventional flow injection analysis (FIA) [26] have
been introduced in flow systems to obtain complete miniaturiza-
tion, automation, high repeatability and low reagent consumption.
One of these modifications has been multicommutation [ 27], which
consists of the employment of discrete commutation devices to
build up dynamic manifolds that can be easily reconfigured by
software, being insertion volumes replaced with insertion times.
Among the multicommuted flow techniques, multicommuted flow
analysis (MCFIA) has been chosen for the development of the
analytical method here proposed. MCFIA systems are typically con-
stituted by a peristaltic pump and a set of three-way solenoid
valves, automatically controlled by appropriate software, which
can be arranged creating a flow network [28]. Each valve can adopt
two positions, “On™ and “Off”, being the whole system assimilated
to an electronic circuit with a variable number of active nodes.
This approach increases the versatility of the system, allowing its
complete reconfiguration without its physical alteration, by just
changing the valve operation in the computer [29].

The aim of this work was to develop a sensitive, selective,
automatic and reproducible analytical strategy for determining
BPA contents in milk by using an automatic fluorimetric sensor.
To the best of our knowledge, only chromatographic methods
have been proposed to the determination of BPA in this matrix
[9,12,15], being the method here proposed the first one based on
the measurement of its native fluorescence. The optimization of
the multicommuted system, coupled to SPS methodology, just as
all the variables influencing the analytical signal are described. The
developed method has been conveniently validated and applied
to the determination of BPA in powdered milk, infant formula and
pure liguid milk samples.

2. Experimental
2.1. Apparatus and instrumentation

A Varian Cary-Eclipse Luminescence Spectrometer (Varian Inc.,
Mulgrave, Australia) was used for recording spectra and making
fluorescence measurements. It was controlled by a microproces-
sor fitted with a Cary-Eclipse (Varian) software package for data
collection and treatment. The following instrumental parameters
were employed: excitation and emission slit widths were set
at 20 and 10nm, respectively and photomultiplier voltage was
720V. The excitation and emission wavelengths established were
271/305nm, respectively. UV-visible spectra were recorded with
a Varian Cary 50 Spectrophotometer (Madrid, Spain) controlled by
means of a PC fitted with the Varian computerized spectroscopy
software, WIN-UV. A 100-QS Hellma cell with a light path length of
10 mm was employed in this last instrument.

The multicommuted flow system is shown in Fig. 1. This was
built with a four channel Gilson Minipuls-3 (Villiers Le Bell, France)
peristaltic purnp fitted with a rate selector and pump tubing type
Solvflex (Elkay Products, Shrewsbury, MA, USA), three 161T031
NResearch three-way solenoid valves (Neptune Research, MA, USA)
and an electronic interface based on ULN 2803 integrate circuits.
The valves were operated at an electric potential of 12 Vand adirect
current of 100 mA. PTFE tubing (0.8 mm i.d.) and methacrylate con-
nections were also used. The software for controlling the system
was developed in Visual Basic 6.0 by our research group. A176.752-
QS Hellma flow cell (Miillheim, Baden, Germany) (inner volume,
25 pL; light path length, 1.5 mm) filled with Cyg silica gel was used
in the detection area. The solid support was loaded as methanol
slurry just up to a height which enabled the light beam to pass
completely through the solid phase and the outlet was locked with
glass wool, to avoid the beads movement and allow the continuous
flow. All the experiments were carried out at room temperature.

Other apparatus consisted of a vacuum system 12-port Visiprep
SPE Vacuum Manifold (Supelco, Bellefonte, PA), a Crison Model
2002 pH-meter with a glass/saturated calomel combination elec-
trode (Crison, Barcelona, Spain) and a Selecta Ultrasons ultrasonic
bath (Barcelona, Spain).

2.2. Reagents and solutions

All reagents were of analytical reagent grade and ultrapure
water obtained from a Milli-Q system (Millipore, Bedford, MA, USA)
was used throughout.

BPA was purchased from Sigma-Aldrich (St. Louis, MO, USA).
The stock standard solution {120 mg L) was prepared by dissolv-
ing the analyte in 40% (v/v) methanol solution. It was kept away
from light and stored at 4°C in a refrigerator, remaining stable
for at least 4 weeks. Working standard solutions were prepared
daily by taking an aliquot of the stock solution and diluting with
0.08 mol L-! sodium acetatefacetic acid (NaAc/HAc) buffer solu-
tion, pH 6.0. The carrier solution, 60% (v/v) methanol solution, was
prepared by dissolving the required volume of methanol in ultra-
pure water. C1g bonded phase silica gel beads (55-105 p.m average
particle size) (Waters, Milford, MA, USA) were used as active
solid support in the detection area. Cation and anion exchangers
(Sephadex SP C-25, Sephadex CM C-25, Sephadex QAE A-25 and
Sephadex DEAE A-25, all of them having 40-120 jum average par-
ticle size) (Sigma, Alcobendas, Madrid, Spain) were also tested for
the retention of BPA.

Methanol, NaAc, HAc and trichloroacetic acid (TCA) were
obtained from Panreac (Barcelona, Spain). Octadecyl (Cyg) Sep-Pak
Vac 6mL (500mg) SPE cartridges (Waters, Ireland) and 0.20 pm
nylon filters (Millipore Corporation, Bedford, MA) were also used
for SPE procedure.

2.3. Samples treatment

Milk samples were purchased from local markets. Protection
against light was kept during all the process, keeping the samples
in darkness at 4 °C.

2.3.1. Pre-cleaning of the sample

A previous clean-up step was carried out in samples in order
to improve the subsequent extraction of BPA. For this, 20mL of
liquid milk (milk/infant formula milk) or 1 g of powder (powdered
milk{infant formula milk), this latter suspended in 10 mL of water,
were spiked with an appropriate amount of BPA and proteins were
removed from the matrix by adding 2.5% (v/v) TCA solution. Finally,
after being shaken for 30's, the samples were centrifuged for 3 min
(4200rpm) and the supernatant was collected.

Please cite this article in press as: L. Molina-Garcia, et al., Talanta (2012), doi: 10.1016/j.talanta.2012.02.021
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Fig. 1. Multicommuted flow-injection system. Carrier solution (60% (vfv) methanol solution); V1, V; and Vs are three-way solenoid valves; flow cell filled with Cy5 silica gel;
flow rate, 1.7 mLmin~"; sampling time, 110s. For each solenoid valve, the solid and dotted lines refer to “Off” and “On” positions, respectively. The scheme at the lower part

shows the valve time program.

2.3.2. Extraction of BPA

Cyg cartridges were previously conditioned by passing consec-
utively 5mL of methanol and 5mL of water and, subsequently,
cleaned milk samples were loaded onto the column at a flow-rate
of 3-4mLmin~" under vacuum. Then, the cartridges were washed
with 2mL of 30% (v{v) methanol solution and vacuum dried for
1 min. Finally, BPA retained in the cartridges was eluted with 3 mL
of 80% (vfv) methanol solution and the eluate was concentrated to
dryness under a gentle stream of nitrogen. The final residue was
reconstituted to 10mL with 0.08 mol L~! NaAc/HAc buffer solution
(pH 6.0).

2.4, Procedure

Theflow network is shown in Fig. 1. Inthe initial status, all valves
were switched off and the carrier solution, 60% (v{v) methanol solu-
tion, flowed through the system while the sample solution was
recycled to its vessel. In this way a stable baseline was recorded.
Next, valves V1, V2 and V3 were switched on for 125, 125 and 15s,
respectively. Thus the sample solution circulated through the sys-
tem, whereas the carrier solution was recycled to its recipient. For
the first 155 of this step, the sample plug was directed toward the
waste through Vs, so cleaning the tubing between V; and V5 with
the new sample solution. Over the next 110s the sample plug was
pumped toward the detection area. When BPA reached the detec-
tion area, it was temporarily retained on the solid support (Cyg silica
gel) and monitored (271/305 nm, Aex/Aem). Then, the solid support
was regenerated by the carrier solution itself and the system was

prepared for the next insertion of sample. All experiments were car-
ried out in triplicate, and the results are expressed as peak height
mean values.

3. Results and discussion
3.1. Optimization of BPA extraction

In order to both to extract BPA from milk and recover high
amounts of this latter, a previous clean-up step was necessary
to remove proteins. This was carried out by following a pro-
cedure previously described by Ji et al. [30]. In this latter the
proteins were precipitated with 2.5% (v/v) TCA and the precipi-
tate was rinsed with methanol to avoid the adsorption of BPA onto
it.

Next, the optimization of the SPE procedure developed for the
extraction of BPA from milk samples is described. Solutions with
different percentages of methanol (vfv) were tested for the rins-
ing and elution steps. With this purpose, the washout fractions
weremonitored with a UV-spectrophotometer from 250 to 425 nm.
Firstly, aqueous solutions containing different methanol percent-
ages (10, 20, 30, 40 and 50% (v/v)) were assayed for the removal
of potential interfering more polar compounds from the cartridge.
2mlL of a30% (vfv)methanol solution proved to be the optimal one
for this purpose, providing an optimal elimination of other species
of the matrix without the elution of BPA. Secondly, methanol solu-
tions with concentrations ranging from 70 to 100% (v{v) were
tested for the elution of BPA. An 80% (v{v) methanol solution (3 mL)
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Fig.2. (A.1)Excitation fluorescence spectraof 28 ng mL~' BPA in homogeneous solution (%em = 305 nm).(A.2) Emission fluorescence spectra of 28 ng mL~' BPA in homogeneous
solution (7..x =221 nm (dashed line) and % =271 nm (continuous line)). (B) Emission fluorescence spectra of BPA in homogeneous solution (continuous line) and retained

on Cyg silica gel (dashed line). 28 ng mL ! of BPA (homogeneous solution); 3.5 ngmL ! of BPA (solid phase); Jex =271 nm.

was selected for this purpose, since it provided a good recovery
(90-100%) of the BPA amounts assayed.

3.2. Spectral characteristics and selection of the solid support

Spectra of BPA in aqueous solution and in solid phase were
obtained in order to select the working wavelengths. The fluores-
cence spectra in aqueous solution show two maximum excitation
wavelengths at 221 and 271nm, and one maximum emission
wavelength at 305 nm (Fig. 2A.1). The fluorescence signal obtained
for 221 nm excitation wavelength was 3-fold higher than that
obtained for 271 nm (Fig. 2A.2). With the purpose of improving
both sensitivity and selectivity of the determination of BPA, several
tests of sorption on different solid supports were carried out. The
retention assays were performed at different pH values and with
anion-exchangers (Sephadex QAE A-25, and Sephadex DEAE-25),
cation-exchangers (Sephadex SP C-25 and Chelex 100) and non-
ionic supports (Cyg silica gel). In the case of cationic-exchangers,

the analytical signal obtained was very low due to the weak reten-
tion of BPA, which was expected taking into account its structure.
Due to the high value of its pk,, 10.3, [31], BPA could ionize under
conditions of high pH and to be retained on an anion-exchanger
through its hydroxyl groups. Although this fact could be checked,
the pH value necessary for the retention of BPA on the anionic
resins assayed was very high and close to their limit working
pH (around 11.0). Therefore, the use of this type of exchangers
was discarded. Cyg silica gel provided a strong retention of the
analyte. Due to the BPA also could be eluted from this solid sup-
port, it was selected for retention purposes. The emission spectra
of BPA retained on Cyg silica gel (Aex=221nm or Aex=271nm)
showed maxima at the same wavelengths than those in homoge-
neous solution and, in both cases, an important improvement in
the fluorescence signal was obtained. However, for A¢x=221nm
the background fluorescence signal of the solid support was so
high that it was not possible to carry out the analytical measure-
ments. Therefore, 271/305nm were finally chosen as excitation
and emission wavelengths, respectively. As a result of the pre-
concentration process of BPA on the active sensing area, a 33-fold
increase in the signal was obtained when SPS methodology was
used (Fig. 2B).

The emission and excitation slits as well as filters ranges were
established providing the best sensitivity. The selected excitation
and emission slits were 20 and 10 nm, respectively. Filter ranges
were set at 250-395 nm for both excitation and emission, These

values also supplied the best ratio between analytical signal and

background noise. With the same criterion, the voltage of the pho-
tomultiplier tube was set at 720V.

3.3. Chemical variables

The chemical variables studied were the nature of the carrier,
eluting and sample solutions.

Taking into account the non-polar nature of the Cyg silica gel

support, methanol solution was used for BPA elution purposes in
the previously described tests of sorption. Due to the good results
obtained with this solvent, the carrier solution was prepared with
methanol in water and its concentration was tested in the range
from 10 to 80% (v/v). The results obtained showed that concentra-
tions of methanol lower than 60% (v/v) did not allow a complete
and quick elution of BPA from the solid support. On the other
hand, a slight decrease in the fluorescence signal was obtained
with increasing methanol concentrations. For methanol concentra-
tions ranging from 60 to 80% (v/v) the carrier solution itself quickly
eluted BPA from the solid support. Therefore, 60% (v/v) methanol
solution was selected as carrier solution, since provided both a
high analytical signal and a quick and complete regeneration of the
solid phase. Although the use of a carrier solution with methanol
concentration lower than 60% (v/v) combined with the introduc-
tion in the flow system of an additional eluting solution was also
tested, as an alternative to the use of a carrier/eluting solution, it
did not provide a significant improvement in sensitivity or sample
throughput.

The optimum pH of sample solution was also studied. In order
to optimize this variable, standard solutions with a constant BPA
concentration and different pH values (from 2.0 to 9.0), adjusted
with nitric acid or sodium hydroxide solutions, were injected in
the system and the corresponding analytical signals were recorded.
No significant variations in the fluorescence signals were observed
in the assayed pH range. Because the pH of milk is around 6.0,
this value was chosen as working pH for further experiments. Sev-
eral buffer solutions at pH 6.0 were tested in order to adjust the
pH of the sample solution (citric acid/sodium hydroxide, sodium
dihydrogen phosphate/sodium hydroxide and NaAc/HAc). The best
results were achieved with NaAc/HAc buffer solution. The influ-
ence of its concentration on the analytical response was assayed
in the range of 0.005-0.1 mol L. Finally, a 0.08 mol L~ NaAc/HAc

solution was chosen for buffering the sample since it provided the

highest analytical signal.
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Table 1 Table 2
Analytical parameters. Determination of BPA in milk samples.
Parameter Value Sample Type State Found+o*
X - - (ngml™)
Linear dynamic range/ng mL-! 02-5.0
Calibration graph 1 Ay Liquid 226001
Intercept 34.32+0.03 2 Ay Liquid <LOD
Slope/mLng™! 7273+£008 3 Az Liquid 5.47+004
Correlation coefficient 0.9985 4 Ay Liquid <LOD
Detection limit/ng mL-! 0.06 5 Ag Liquid <LOD
Quantification limit/ng mL-! 0.2 6 Ag Liquid 0.38+£0.06
RSD (%)? 7 By Solid (powdered) <LOD
Intra-day .40 8 B2 Solid (powdered) <LOD
Inter-day 5.7° 9 B3 Liquid 6.31+£0.03
Sampling frequency/h-! 30 10 By Liquid <LOD
T N po b
[BPA]=4ngml.~. 13 G Solid <10D
14 G Solid <LOD

2.4 Flow variables

The effect of both the flow-rate and the sampling time were the
flow variables studied.

The influence of the flow-rate was investigated from 0.5 to
2mLlmin~!. A slight decrease in the fluorescence signal was
obtained for increasing flow-rates, although the sampling fre-
quency increased. On the other hand, flow-rates higher than
1.7mLmin~! originated overpressure problems in the flow system.
Finally, this flow-rate value was chosen as a compromise between
sensitivity and throughput.

In multicommutation, sample volumes are replaced by times of
insertion (known the flow-rate and the time of insertion, the vol-
ume can be easily calculated ). When the time of insertion of sample
was increased in the proposed system (20-120s)the analytical sig-
nalincreased, because of a larger amount of BPA wasretained on the
solid support. This feature allows both the enhancement of sensi-
tivity by increasing the time of insertion and the reduction of strong
matrix effects by means of a previous dilution of the sample before
its insertion in the systern. Fig. 3 shows the influence of this vari-
able in the recorded signal. The increase of the fluorescence signal
with the time of insertion was linear up to 110s (3.1 mL). Finally,
this time of insertion was selected for further experiments since
higher values did not provide a significant increment in sensitivity
and the sampling frequency decreased.

3.5. Figures of merits

Following the optimized working conditions above described,
the calibration curve for BPA was obtained by standard addition
calibration method, due to the existence of a considerable matrix
effect. Analytical parameters are shown in Table 1. Quantification
was carried out by using peak height as analytical signal. Data were
fitted by standard least-squares treatment. The proposed method-
ology responds linearlyin the concentration range 0.2-5.0ng mL-1.
The standard deviations of intercept and slope were also calcu-
lated {average of three determinations). Detection limit (LOD) and
quantification limit (LOQ)were estimated as the concentration that
produced a fluorescence signal equal to three and ten times the
standard deviation of background fluorescence, respectively [32].
ALOD as low as 0.06 ngmL~! was obtained. Therefore, the method
exhibits a LOD lower than those ones reported for HPLC methods
with UV [30] or fluorescence detection [33,34].

The reproducibility and robustness of the method were also
studied, using a commercial milk sample. The reproducibility was
assessed by comparison of the intra- and inter-day assay results
undertaken by two analysts. The RSD values (%) for intra- and inter-
day assays did not exceed 4.0 and 6.0%, respectively. The robustness
of the method was investigated under a variety of conditions such
as small changes in the concentration of NaAc/HAc in the sample

A, pure milk; B, infant formula; C, powdered milk.
¢ Average of three replicates.

solution (0.05-0.1mol L-1)and in the flowrate (1.5-1.9mLmin~1).
In all the cases, the BPA recoveries were in the 94-105% range
{considering 100% the recovery value obtained under the opti-
murn conditions), so demonstrating the robustness of the proposed
method.

3.6. Analytical applications

The developed sensor was applied to the determination of BPAin
several milk samples. The pre-treatment and procedure described
in Sections 2.3 and 2.4 were used in each instance. In spite of
the removal of proteins and other species of the matrix carried
out in the sample treatment, a positive matrix effect was noticed
which was evaluated by comparing the slopes of aqueous stan-
dards and standard addition calibration curves for different milk
samples (Mygandard addition! Mstandard ~ 1-3). The slope of the calibra-
tion curve obtained by spiking the final milk extracts with BPA
was different to that obtained by spiking the original sample and
both of them were different than that obtained by external cal-
ibration. This fact is due to the presence in the final extracts of
interfering species and the incomplete recovery of BPA in the SPE
procedure. Consequently, the calibration curves were constructed
with matrix-matched standards, that is, the analysis was carried
out by spiking different aliquots of a milk sample with increasing
amounts of analyte.

Fourteen commercially available milk samples, with different
presentations, were analyzed with the proposed method (Table 2).
BPA was found in three of the six pure liquid milk samples (0.38,
2.26 and 547 ngmL~1) and two of the liquid infant formula sam-
ples (6.31 and 1.26 ngmL-1). Nevertheless, BPA was not detected
in solid infant formula or powdered milk products. Migration of
BPA from cans into solid products is unlikely because those usu-
ally are not coated and, even if there is a coating inside, migration
will be extremely slow compared to that for the liquid products.
BPA concentrations in all of the milk samples studied were in the
range 0.38-6.31ngmL"1 (about 0.37-6.13 pgkg1). These results
are in agreement with previous studies that report BPA concen-
tration between 0.28 and 2.92ngg=" [35] and 1.7 and 15.2ngg™"
[15]. In all cases, the obtained concentrations were lower than the
MRL established by the European Union for BPA content in milk
(0.6 mgkg~1)[36]. However, the low BPA concentrations found are
not reassuring enough if we consider thelong shelf-life of infant for-
mula and powder milks as well as their lipid content (especially in
infant formula), that increase the migration from packaging toward
the sample. For this reason, determination of BPA in milk samples
is essential, considering that its estrogenic activity at low levels is
under discussion and that milk is the main nourishment of babies.
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Fig. 3. Influence of the sampling time in the fluorescence intensity. 4ng mL~! BPA; pH 6.0; flow-rate, 1.7 mLmin~'. Sampling time ranging from 20s to 120s.

Table 3
Recovery study of BPA in milk samples.

Sample Proposed method

Reference method tear® Fearc®

Added (ngmL™")

Found £ (ngmL™")

Found 0% (ngmL~")

- 0.38+0.06
Ag (pure liquid milk) gf; ggi ig:gg
5.0 5.36+0.05
- 6.31+0.03
B; (infant formula) ]gg :égéiggg
20.0 26.50+0.07
- <LOD
B, (infant formula) ;g ;léiggg
40 4034007
- <LOD
C; (powdered milk) ;;3 ;1,:[1)3 . 313?
10.0 9.98+0.06

0.40+0.03 0.55 4.00
0.90+£0.05 0.18 2.56
2.31£0.08 2.03 0.14
5.26+0.04 244 1.56
6.29+0.06 0.51 0.25
11.75+0.06 0.40 1.00
16.50+0.04 2.44 5.06
26.38+0.05 2.44 1.96
<LOD - -

1.10+£0.04 0.19 4.00
2.52+0.02 1.10 225
3.97+£0.03 1.38 544
<LOD - _

0.95+0.03 2.67 277
4.99£0.05 2.68 1.00
10.13+£0.08 2.61 0.56

4 Average of three replicates.
b Theoretical value 2.772 (p=0.05).
¢ Theoretical value 39.00 (p=0.05).

In order to demonstrate the accuracy of the proposed method,
a recovery study at three concentration levels on both two of the
samples containing BPA and two of the samples no-containing this
latter was also performed. The obtained results are summarized
in Table 3. In all cases good recoveries, ranging from 93 to 106%
were achieved. The applicability of the proposed method to the
analysis of BPA in milk was demonstrated by comparison of the
results obtained with those found with a reference method [15]
based on liquid chromatography-tandem mass spectrometry. The
statistical study of precision and accuracy of both the proposed and
the reference method was performed from F criterion and the t
test, respectively [37]. The results show that there is no significant
statistical difference between the values obtained by both methods,
so indicating the utility of the proposed method for BPA routine
analytical control.

4. Conclusions

BPA, a known endocrine disruptor, can be found in milk and
dairy products due to the contact with plastic materials or epoxy
resins during food processing and storage. Therefore, there is a
strong need for specific studies on the levels of migration of BPA in
these samples and, consequently, for the development of sensitive
and quick analytical methods for its determination. The multicom-
muted flow sensor here developed, based on the measurement
of the fluorescence native of BPA, allows the determination of
this compound in milk at concentration levels of 0.2ngmL"!
(0.19 pgkg—1)(LOQ), very lower than the MRL established by Euro-
pean Union (0.6 mgkg='). The application of multicommutation
principles drastically reduces the consumption of reagents and
human intervention compared to FIA or SIA methodologies. Taking
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into account all these features and, in addition, the simplicity of the
systermn used and the high throughput, the method here proposed
can be considered as a suitable alternative to chromatographic
methods, being appropriate for routine analysis in the control of
BPA residues in milk.
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