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OBJETIVOS

El objeto principal de esta Memoria ha consistido en el desarrollo de nuevas

metodologias para la determinacion simultinea de diferentes tipos de sustancias

farmacoldgicamente activas (antibidticos, antiinflamatorios no esteroideos/analgésicos,

B-bloqueadores, reguladores de lipidos, hormonas, antiepilépticos, antidepresivos y

antisépticos) en muestras ambientales, alimentos y fluidos bioldgicos. Para ello se ha

profundizado en el estudio de la primera etapa del proceso analitico, las operaciones

previas, que se encuentran menos desarrolladas que las etapas de medida/transduccion

de la sefial y adquisicion/tratamiento de datos.

a)

b)

d)

Los objetivos mas especificos que se han marcado son:

Puesta a punto de un sistema continuo para la extraccion en fase solida de
sustancias farmacoldgicamente activas basado en el uso de una columna
empaquetada con un sorbente adecuado con el fin de eliminar las interferencias
de la matriz de la muestra y aumentar la sensibilidad a través de la

preconcentracion de los analitos.

Simplificacion de las etapas de pretratamiento de la muestra previa a la
introduccion del sistema continuo para la eliminacion de algunas sustancias
presentes en las matrices de las muestras complejas (suelos, alimentos y fluidos
bioldgicos) que pueden obstruir el sistema continuo, mediante la adiciéon de un

disolvente adecuado y centrifugaciéon o uso de un horno de microondas.

Simplificacion de la etapa de derivatizacion de las sustancias
farmacoldgicamente activas previa a la determinacion mediante cromatografia

de gases-espectrometria de masas.

Aplicacion de las metodologias desarrolladas a la determinacion de farmacos en
diferentes tipos de muestras ambientales (aguas, suelos, sedimentos y lodos),

alimentos (leche, carne y pescado) y fluidos bioldgicos (sangre y orina).






RESUMEN

En la presente Tesis Doctoral se ha planteado como objetivo principal la
simplificacion y automatizacion de las etapas previas de preparacion de muestras para la
determinacion simultanea de diferentes tipos de sustancias farmacologicamente activas
(antibidticos, antiinflamatorios no esteroideos/analgésicos, B-bloqueadores, reguladores
de lipidos, hormonas, antiepilépticos, antidepresivos y antisépticos) en muestras
ambientales, alimentos y fluidos bioldgicos. Se ha puesto a punto un sistema continuo
para la extraccion en fase solida basado en el uso de una columna empaquetada con 60
mg del sorbente Oasis HLB con objeto de eliminar las interferencias de la matriz de la
muestra y aumentar la sensibilidad a través de la preconcentracion de los analitos de
interés. En el caso de matrices complejas, tales como alimentos, suelos y fluidos
biologicos, se han simplificado las etapas de pretratamiento de muestra con objeto de
eliminar los componentes de éstas que pueden perturbar a las etapas de extraccion en
fase solida, separacidon cromatografica o ionizacion en el detector de espectrometria de
masas de los analitos de interés. Esta etapa se ha llevado a cabo mediante la adicion de
un disolvente adecuado (acetonitrilo o metanol) y centrifugacion o extraccion en un
horno de microondas convencional. También se ha minimizado el consumo de reactivos
usados en la etapa de derivatizacion por sililacion de las sustancias farmacoldgicamente
activas, reduciéndose notablemente el tiempo requerido en la reaccién cuando se llevaba
a cabo en un horno de microondas.

Las diferentes metodologias desarrolladas han permitido la determinacion de
hasta 22 sustancias farmacologicamente activas (acido acetilsalicilico, acido clofibrico,
acido mefenamico, acido niflumico, carbamazepina, cloranfenicol, diclofenaco, estrona,
17B-estradiol, 17a-etinilestradiol, fenilbutazona, florfenicol, flunixino, ibuprofeno,
ketoprofeno, metoprolol, naproxeno, paracetamol, propranolol, pirimetamina,
tiamfenicol y triclosan) en diferentes tipos de muestras con la suficiente sensibilidad
para la cuantificacion de estas sustancias a niveles inferiores de ng/l con una buena
precision (desviacion estandar relativa inferior a 7 %) y exactitud (recuperaciones
préximas al 100 %).

Es importante resaltar la gran variedad de muestras que han sido analizadas
mediante los métodos desarrollados en esta Memoria. En la mayoria de las muestras

ambientales (aguas, suelos, sedimentos y lodos), alimentos (leche, carne y pescado) y



fluidos biologicos (sangre y orina) se ha encontrado la presencia de algunos
antiinflamatorios no esteroideos/analgésicos, antibioticos, hormonas y productos de

cuidado personal.

PALABRAS CLAVES: Sustancias farmacoldgicamente activas; matrices ambientales;
alimentos; fluidos biologicos; sistema continuo de extraccion en fase solida;

cromatografia de gases-espectrometria de masas.

SUMMARY

The main goal of this doctoral work was to simplify and automate the preliminary
sample preparation stages required for the simultaneous determination of various types
of pharmacologically active substances including antibiotics, non-steroidal anti-
inflammatories/analgesics, p-blockers, lipid regulators, hormones, anti-epileptics,
antidepressants and antiseptics in environmental, food and biological matrices. To this
end, a continuous solid-phase extraction system based on a column packed with 60 mg
of Oasis HLB sorbent was used to preconcentrate the target analytes by extraction
without interference from the sample matrix in order to increase the sensitivity of the
determination method. The pretreatment steps for complex samples such as foods, soils
and biological fluids were simplified in order to remove any components potentially
interfering with the solid-phase extraction, chromatographic separation or mass
spectrometry ionization detection of the target analytes. This was accomplished by
using an appropriate solvent (acetonitrile or methanol) and centrifugation or extraction
in a conventional microwave oven. Also, reagent consumption in the derivatization of
pharmacologically active substances by silylation was minimized and the process
expedited by conducting the reactions in the oven.

The analytical methods used allowed the determination of up to 22
pharmacologically active substances including acetylsalicylic acid, clofibric acid,
mefenamic acid, niflumic acid, carbamazepine, cloramphenicol, diclofenac, estrone,
17B-estradiol, 17a-ethinylestradiol, phenylbutazone, florfenicol, flunixin, ibuprofen,
ketoprofen, metoprolol, naproxen, paracetamol, propranolol, pyrimethamine,

thiamphenicol and triclosan in various types of samples with a sensitivity enabling their



quantitation at sub-nanogram-per-millilitre levels with good precision (relative standard
deviations less than 7 %) and a high accuracy (near-quantitative recoveries).

Worth special note was the wide variety of samples successfully analysed in this
way. Most of the environmental (water, soil, sediment and sludge), food (milk, meat
and fish) and biological fluid (blood and urine) samples were found to contain non-
steroidal anti-inflammatories/analgesics, antibiotics, hormones and personal care

products.

KEYWORDS: Pharmacologically active substances; environmental matrices; foods;
biological fluids; continuous solid-phase extraction system; gas chromatography-mass

spectrometry.






1. SUSTANCIAS FARCOLOGICAMENTE ACTIVAS

En los ultimos afios, la Quimica Analitica ha jugado un papel importante en la
obtencion de informacion sobre el Medio Ambiente, alimentos y fluidos biologicos. Por
ello, uno de los principales objetivos de la misma es desarrollar nuevos métodos
analiticos para determinar los contaminantes a niveles de trazas en diferentes tipos de
muestras. En este sentido, ha habido en los ultimos afios un nimero elevado de
publicaciones sobre la determinacion de residuos en las aguas (residuales, subterraneas,
superficiales o potables), s6lidos (sedimentos, suelos o lodos), atmosféricas, alimentos
(carne, leche, huevos, verduras, aceites vegetales, etc.) o fluidos bioldgicos (sangre,
plasma, pelo u orina).

Hoy en dia, muchas sustancias han sido identificadas como peligrosas para la
salud humana y/o el Medio Ambiente, y su uso ha sido prohibido o regulado por las
diferentes legislaciones con el fin de reducir la exposicion a este tipo de sustancias. Uno
de los grupos de contaminantes ampliamente estudiados en las muestras ambientales, en
alimentos y en fluidos biologicos son los contaminantes orgdnicos persistentes.
Diferentes estudios han reportado la presencia de contaminantes tales como
hidrocarburos  policiclicos aromaticos, bifenilos policlorados o plaguicidas
organoclorados en las aguas naturales (Zhang et al., 2007), agua de mar (Sapota, 2004),
sedimentos y suelos (Budzinski et al., 1997), atmosfera (Yagoh et al., 2006) y alimentos
(Albero et al., 2003; Ferrer y Thurman, 2007; Garcia-Reyes et al., 2007). Por otro lado,
las sustancias farmacologicamente activas (SFAs) pertenecen a un grupo de
contaminantes que esta teniendo mucho interés por parte de los cientificos y gobiernos

de todo el mundo. Algunos datos preliminares sobre la presencia de SFAs se publicaron



en 1976 en USA y en 1985 en Inglaterra, pero la investigacion sistematica se inicid en
los afios 90 cuando los cientificos alemanes publicaron resultados obtenidos de estudios
de los analisis de aguas de rio (Ternes, 1998). Posteriormente, en diferentes estudios se
ha demostrado que la concentracion de estas sustancias eran bajas (niveles de ng/l) en
muestras de agua de diferentes paises como Espafia (Pedrouzo et al., 2007; Reverté et
al., 2003), Reino Unido (Thomas y Hilton, 2004), Alemania (Sacher et al., 2001) y USA
(Yang y Carlson, 2004; Batt y Aga, 2005). En la ultima década, la investigacion se ha
centrado fundamentalmente en la identificacion, evolucion y los efectos de estos
compuestos en muestras procedentes de plantas de tratamiento de aguas residuales
debido a que el agua después de su depuracion suele ser descargada a los rios, y estos
contaminantes pueden afectar el Medio Ambiente acuético. Por ejemplo, Ternes (1998)
encontrd distintos farmacos tales como el propanolol, carbamazepina, bezafibrato y
diclofenaco en las aguas residuales afluentes y efluentes de distintas estaciones
depuradoras de Alemania. Recientemente, la presencia SFAs también se ha estudiado en
los lodos de depuradora, ya que los lodos pueden ser utilizados como abono agricola y
estas sustancias pueden contaminar las aguas subterrdneas e introducirse en la cadena
alimentaria (Kinney et al., 2008).

Una amplia variedad de sustancias farmacologicamente activas, por ejemplo
antibioticos, antiinflamatorios, hormonas y otros, pueden contaminar a los alimentos en
distintos puntos de la cadena alimentaria. El problema surge cuando residuos de estos
farmacos llegan al consumidor a niveles que pueden ser perjudiciales para su salud. Por
ejemplo, la presencia de residuos de farmacos en la leche, puede inducir alergias y
resistencias bacterianas; a otro nivel puede afectar a los procesos de industrializacion de
la leche. Y quiza el aspecto que mas temor causa, es la incertidumbre de que aiin no se
sabe cudles y que efectos tendran los residuos de multitud de farmacos ingeridos de
manera crénica a lo largo de la vida de un consumidor. Un fairmaco muy estudiado por
sus efectos adversos a la salud humana es el cloranfenicol en los alimentos de origen
animal, demostrandose que 1 ppm de éste puede inducir la aparicion de anemia aplastica
en personas. Por ello es importante detectar los residuos de SFAs en los productos de
origen animal por tres razones principales: a) no hacerlo es un procedimiento ilegal, b)
es posible que estos productos contengan patdogenos ademds de farmacos puesto que
generalmente provienen de una infeccion, y c¢) la presencia de farmacos y sus
metabolitos activos puede facilitar el desarrollo de reacciones anafilacticas o de otros

efectos colaterales. Diferentes trabajos encontrados en la literatura han puesto de



manifiesto la existencia de diferentes residuos de farmacos de diferentes clases
terapéuticas en muestras de alimentos de origen animal y fluidos biologicos. Asi,
Courant et al. (2008) han detectado hormonas esteroideas en leche de origen animal,
leche humana, huevos, carne, plasma y orina. En un estudio llevado a cabo por
Daesleire et al. (2003) han detectado antiinflamatorios en muestras de leche. También
Allmyer et al. (2006a) han encontrado triclosan en plasma y muestras de leche.

El trabajo que se va a desarrollar en esta Memoria se centra en la
determinacion de sustancias farmacologicamente activas en varias tipos de muestras
ambientales, alimentos de origen animal y fluidos biologicos. En la Figura 1 se
muestran las principales vias de introduccion de estas sustancias en el Medio Ambiente
y como pueden introducirse en la cadena alimentaria. El origen de las SFAs puede estar
en el tratamiento de personas o de animales. Las SFAs son excretadas por éstos como el
compuesto original y/o metabolitos y vertidas a las aguas residuales domésticas o
procedentes de granjas. También, a menudo se eliminan de manera inadecuada
medicamentos no deseados o caducados directamente en las aguas residuales. Por lo
tanto, estas sustancias pueden llegar a las plantas de tratamiento de aguas residuales
(E.T.A.R.) a concentraciones elevadas y, si los procesos de depuracion no son efectivos
para su eliminacion de SFAs, pueden permanecer en las aguas superficiales o en los
sedimentos durante mucho tiempo.

Debido al impacto de residuos de SFAs en el Medio Ambiente, alimentos y
fluidos bioldgicos, el interés por el desarrollo de metodologias para la determinacion de
estas sustancias estd teniendo un interés elevado en los ultimos afios. Los métodos
deben ser sensibles y selectivos debido a que estos contaminantes estdn presentes a
concentraciones muy bajas (niveles de ng/l) y en muestras complejas. Para lograr este
objetivo, los métodos utilizados incluyen etapas de extraccidon y/o preconcentracion y de
separacion mediante técnicas cromatograficas acopladas con sistemas de deteccion

sensibles.
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Figura 1: Vias de entrada y distribucion de sustancias farmacoldgicamente activas en el Medio Ambiente

y como pueden llegar a la cadena alimentaria.

Como se ha comentado anteriormente, la etapa de preparacion de muestra es uno
de las etapas mas importantes en el desarrollo de nuevos métodos para la determinacion
de SFAs debido a la complejidad de las muestras analizadas y a la baja concentracion
que se encuentran estos residuos en las muestras analizadas. Para la extraccion de estas
sustancias en muestras solidas o semisodlidas se han utilizado diferentes técnicas de
extraccion tales como la extraccion Soxhlet o ultrasonidos. Hoy en dia, las técnicas
clasicas se estan sustituyendo por otras que se basan en el uso de volumenes reducidos
de disolventes y en el uso de altas temperaturas y presiones. Estas técnicas son la
extraccion asistida por microondas, la extraccion de liquido a presion y la extraccion en
fase s6lida SPE. Esta ultima técnica es la mas empleada actualmente para el tratamiento
de muestras ambientales y de alimentos. Ademads, otras técnicas como la
microextraccion en fase sélida o la microextraccion en fase liquida también se estan
utilizando ampliamente en la actualidad para la extraccion de farmacos de agua o

fluidos biologicos (Ying, 2007).
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Una variedad de técnicas se han utilizado a lo largo de la historia para la
determinacion de SFAs, de ellas las mas utilizadas son la cromatografia de gases (GC) y
cromatografia liquida (LC). En el caso de la cromatografia liquida se han utilizado
diferentes detectores (fluorescencia, UU-vis, quimioluminiscencia), pero el que mas
posibilidades ofrece por su informacién y sensibilidad es el detector de espectrometria
de masas (Botsoglou y Fletouris, 2004; Petrovic et al., 2005). En los métodos basados
en el uso de la cromatografia de gases, se estdn empleando fundamentalmente el
detector de espectrometria de masas (Maurer, 2004). .

La introducciéon de la Memoria estd dividida en dos apartados. En el primero se
van a clasificar a las sustancias farmacoldgicamente activas, indicandose sus
caracteristicas, aplicaciones, modo de accidn, toxicidad y legislacion existente sobre el
uso de estas sustancias, centrandose principalmente en las SFAs objeto de estudio de
esta Memoria en posteriores capitulos. En la segunda parte se describirdn las técnicas
analiticas mas importantes mas para la preparacion de muestra y determinacion de SFAs

en diferentes tipos de muestras.

1.1. Clasificacion de las sustancias farmacologicamente activas

Las sustancias farmacologicamente activas son cada vez mas utilizadas en
medicina humana y veterinaria. Su consumo es un aspecto muy importante, y asi, por
ejemplo en la Unidon Europea se utilizan en medicina humana mas de 3000 sustancias
diferentes (Christen et al, 2010). Los farmacos utilizados en medicina humana mas
consumidos son los antiinflamatorios no esteroideos/analgésicos, antibidticos,
reguladores de lipidos, B-bloqueadores, antiepilépticos, antisépticos y hormonas
esteroideas (Christen et al, 2010; Fent et al, 2006). También un gran nimero de
farmacos se utilizan en veterinaria, entre ellos sobresalen los antibidticos y
antiinflamatorios no esteroideos. Las cifras de ventas en los distintos paises son
relativamente altas como se indica en la Tabla 1. Como se puede observar el acido
acetilsalicilico (aspirina) y el paracetamol son los firmacos mas consumidos en muchos
de los paises estudiados (Stuer-Lauridsen et al., 2000; Jones et al., 2002; Calamari et al.,
2003; Huschek et al., 2004; Khan y Ongerth, 2004; Carballa et al., 2008). En Europa,

alrededor de 350 toneladas de triclosan se producen anualmente para aplicaciones
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comerciales (Singer et al., 2002). En los Estados Unidos, el 76 % de cuatrocientos
jabones comerciales examinados contenian triclosan (Perencevich et al., 2001). De los
farmacos aprobados por la legislacion para su uso en ganaderia, los antibidticos se
encuentran entre los mas ampliamente usados que se utilizan ademas de por su actividad
antibacteriana, para mejorar el crecimiento y la eficacia alimenticia en el ganado sano

(Levy, 1992).

1.2. Aplicaciones y mecanismos de accion de sustancias

farmacologicamente activas

En este apartado se incluye un breve resumen de las aplicaciones y los modos de

accion de los distintos tipos de sustancias farmacoldgicamente activas.

1.2.1. Antiinflamatorios no esteroideos/analgésicos

Los antiinflamatorios no esteroideos (AINEs) son un grupo de compuestos acidos
que pueden presentar diferentes formas quimicas, tales como los derivados del acido
arilacético, acido arilpropidnico, acido inddlico y el acido antranilico, asi como el
oxicams. La caracteristica estructural para la mayoria de los AINEs es su grupo acido,
que se implica un intervalo de pK, entre 3 y 6, por lo cual a pH > 7 estos compuestos
estan presentes principalmente en la forma anionica. No obstante, la existen otros como
el paracetamol o la fenilbutazona que no contienen este grupo acido. Los AINEs son
ampliamente utilizados en medicina humana y veterinaria por su alta capacidad para
suprimir o reducir el proceso inflamatorio y los signos clinicos asociados a ¢l, tales
como calor, dolor, hinchazoén, hiperemia y pérdida de la funcion (Gowik et al., 1998).
En la Tabla 2 se muestran algunas propiedades fisico-quimicas de los antiinflamatorios

no esteroideos van a ser objeto de estudio en esta Memoria.
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Tabla 1: Consumo de algunas sustancias farmacoldgicamente activas en el Mundo (t/afo).

Compuestos Alemania Austria Dinamarca Australia Inglaterra Italia Suiza Espaiia USA
2001 1997 1997 1998 2000 2001 2004 2003 2003

Analgésicos, antipiréticos

y antiinflamatorios

Acido acetilsalicilico 840 78.4 0.21 20.4 43.8

Acido salicilico 71.7 9.6 53

Paracetamol 620 35.1 0.24 300 390 95.2

Naproxeno 4.6 22.8 35.1 1.7 42.6

Ibuprofeno 350 6.7 0.03 14.2 160 1.9 25.0 280

Diclofenaco 85.8 6.1 26.1 4.5 323

p-Bloqueadores

Atenolol 28.9 22.7 3.2

Metoprolol 92.9 2.4 32 2.3

Sotalol 0.70

Reguladores de lipidos

Gemfibrazol 20.0 0.40

Bezafibrato 4.5 7.6 0.76 4,0

Neuroactivos

Carbamazepina 87.6 6.3 10.0 40.3 4.4 20.0 35.0

Diazepam 0.21 0.05 0.90

Antidcidos

Ranitidina 85.8 33.7 36.3 26.7 1.6

Cimetidina 35.6 0.06

Diuréticos

Furosemida 3.74 6.4 1.0

Terbutalina 0.46 0.01

Salbutamol 0.17 0.04

Varios

Estradiol 0.12

17a-etinilestradiol 0.01

Metformina 520 26.4 90.9 200 514
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Los AINEs actuan inhibiendo reversible o irreversiblemente una o ambas de las
dos isoformas de la enzima ciclooxigenasa (COX-1 y COX-2), que catalizan la sintesis
de prostaglandinas diferentes del 4cido araquidonico. Los antiinflamatorios clasicos
inhiben tanto la COX-1 y COX-2 en diferentes grados, mientras que algunos
antiinflamatorios mas novedosos actian de forma mas selectiva sobre la COX-2, la
forma inducible responsable de las reacciones inflamatorias. Las diferencias en el
tamafio de punto de unidon son los responsables de la selectividad de estos fairmacos
(Gierse et al.,, 1999; Kurumbail et al., 1996). Las prostaglandinas desempefian una
variedad de funciones fisioldgicas dependiendo de la fuente de células y de las
moléculas diana. Ellas son conocidas por estar involucradas en distintos procesos, tales
como la inflamacién y el dolor, la regulacion del flujo sanguineo renal en los procesos
de coagulacion, y la sintesis de la mucosa gastrica de proteccion. En el rifidn, las
prostaglandinas estan implicadas en el mantenimiento del equilibrio entre Ia
vasodilatacion y la vasoconstriccion de los vasos sanguineos durante el proceso de
filtracion de la sangre.

Los dos analgésicos que mds se consumen son el paracetamol y el &cido acetil
salicilico como se ha indicado en la Tabla 1. El modo de accion del paracetamol no esta
totalmente dilucidado, pero se supone que este farmaco actiia principalmente mediante
la inhibicién de la ciclooxigenasa del sistema nervioso central y no tiene efectos
antiinflamatorios, debido a la falta de inhibicion de la ciclooxigenasa periférica
involucrada en los procesos inflamatorios. Los efectos adversos del paracetamol se
deben principalmente a la formacién de metabolitos hepatotdxicos, principalmente la
imina N-acetil-p-benzoquinona. El paracetamol también induce la proliferacion de
cultivos de células de cancer de mama a través de los receptores de estrogenos sin

unirse a ellos (Harnagea-Theophilus et al., 1999).
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Tabla 2: Propiedades fisico-quimicas de algunos antiinflamatorios no

esteroides/analgésicos.

Compuestos pK. logk,,y, Numero CAS Masa Férmula Estructura

molecular molecular

O\ OH
Acido acetil  3.50 1.19 50-78-2 180.16 CoHgO4 &OTCHQ
o]

salicilico

Acido 3.75 5.19 61-68-7 241.285 CsHsNO, @NH o
mefenamico o
Acido niflamico  4.76 - 4394-00-7 282.22 C3HoF5N,0O, X@ N
Fenilbutazona 4.40 3.16 853-34-9 308.374 CoH sN,0; é

Diclofenaco 4.14 4.51 15307-86-5 296.15 C..H,,CLNO, [ w

Flunixino 5.82 4.9 38677-85-9 296.24 Ci4H;,1F5N,0, _

Ibuprofeno 491 3.97 15687-27-1 206.28 C3H 50,
Ketoprofeno 4.45 3.12 22071-15-4 254.28 Ci6H1403
Naproxeno 4.20 3.20 22204-53-1 230.26 CisH 1405
Paracetamol 9.38 0.46 103-90-2 151.16 CsHoNO, H3C>:D

1.2.2. Reguladores de lipidos
Hay basicamente dos tipos de medicamentos reguladores de lipidos, las estatinas y

los fibratos debido a su elevado uso y su posible toxicidad. En la Tabla 3 se muestran

las propiedades fisicas y quimicas de algunos reguladores de lipidos. Ambos tipos se
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utilizan para disminuir la concentraciéon de colesterol (estatinas y fibratos) y
triglicéridos (fibratos) en el plasma sanguineo. Las estatinas actian como inhibidores de
la sintesis del colesterol mediante la inhibicion de la 3-coenzima A
hydroxymethylglutaril reductasa (HMG-CoA), responsable de la etapa limitante en la
sintesis del colesterol, es decir, la conversion de la HMG-CoA en mevalonato (Laufs y
Liao, 1998). Como consecuencia de la disminucion intracelular de colesterol, la
expresion de receptores de LDL en las membranas de los hepatocitos es mayor y por lo
tanto, la reabsorcion del colesterol LDL en el plasma sanguineo aumenta. Hay evidencia
de que las estatinas afectan a la sintesis de la hormona juvenil en los insectos
(Debernard et al., 1994), por ejemplo la fluvastatina suprime por completo su biosintesis

in vitro y en el 6rgano mandibular de la langosta (Li et al., 2003).

Tabla 3: Propiedades fisico-quimicas de algunos reguladores de lipidos.

Compuestos pK. logk,, Numero Masa Formula Estructura
CAS molecular molecular
o CHs
' g
Acido 346 2.60  882-09-7 214.65 CiH,CIO; o S
clofibrico

Clofibrato — 3.62 637-07-0 242.7 C12H;5ClO5

Pitavastatin

147511-69-1 421.46 Ci2H,5ClO5

Entre los fibratos, estan el acido clofibrico que se metaboliza en el cuerpo
humano, y la mayoria de los estudios de la presencia de este compuesto en muestras
ambientales han reportado niveles de concentracion bastantes elevados de éste farmaco
y de su metabolito (Petrovic et al., 2005). Los fibratos actiian probablemente activando
la enzima lipoproteina lipasa, que es principalmente responsable de la conversion de las
lipoproteinas de muy baja densidad (VLDL) a las lipoproteinas de alta densidad (HDL),
disminuyendo por lo tanto, la concentracion plasmatica de triglicéridos (Staels et al.,

1998). Los fibratos estimulan la captacion celular de acidos grasos, la conversion a
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acetil-CoA derivados, y el catabolismo de las vias de la beta-oxidacion, lo que
combinado con una reduccién en la sintesis de 4cidos grasos y triglicéridos, se traduce
en una disminucion en la produccion de VLDL (Staels et al., 1998). En un estudio
llevado a cabo con ratas se han observado dafios hepaticos después de la exposicion
cronica a los fibratos (Qu et al., 2001) debido posiblemente al estar relacionado con la
inhibicion de la oxidacion mitocondrial (Keller et al., 1992). Cajaraville et al. (2003)
han observado una fuerte correlacion entre la exposicion a los fibratos y el cancer
hepatico en roedores. Estos hallazgos aumentan el interés por el impacto

ecotoxicologico de esta clase terapéutica de medicamentos.

1.2.3. p-bloqueadores

Los pB-bloqueadores se utilizan principalmente para el tratamiento de la
hipertension arterial, insuficiencia cardiaca congestiva, los ritmos anormales del
corazon, para aliviar la angina de pecho, y para prevenir infartos cardiacos. Estos
farmacos actiian por inhibicién competitiva de los receptores -adrenérgicos. El sistema
adrenérgico estd involucrado en muchas funciones fisioldgicas tales como la regulacion
de la necesidad de oxigeno del corazon, los mecanismos de vasodilatacion de los vasos
sanguineos, y broncodilatacion. Ademaés se ha demostrado que el sistema adrenérgico
interactiia con el metabolismo de carbohidratos y lipidos, principalmente en respuesta a
las necesidades de estrés, tales como el hambre (Jacob et al., 1998).

La mayoria de los B-bloqueadores son compuestos débilmente basicos con pK,
entre 8,7 y 9,7. Estos compuestos contienen un grupo amino secundario y un grupo
hidroxilo situado en 4tomos de carbono adyacentes Tabla 4. Los efectos secundarios de
esta clase de farmacos consisten principalmente en la broncoconstriccion y la
perturbacion de la circulacion periférica (Hoffman y Lefkowitz, 1998). Debido a su
lipofilia se supone que deben atravesar la barrera hematoencefalica y actuar en el

sistema nervioso central (Soyka, 1984).
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Tabla 4: Propiedades fisico-quimicas de algunos B-bloqueadores

Compuestos pK, logk,,, Numero Masa Formula Estructura

CAS molecular molecular

NH.
CH, :
L 3
HyC NH/\hO

Atenolol 9.60 - 29122-68-7  266.34 C14H2N,04 om
oH
cl NH7<CH3
Clembuterol — — 37148-27-9 277.19 C12H18N2C120 - HaC Chs
’ al
Metoprolol OJHVNHYCHS

9.70  1.88 37350-58-6  267.36 CisHysNO;

O OH
Propranolol  9.50 2.60 525-66-6 259.34 C16H NO, °Qv““y°”3
CHg

1.2.4. Antibiéticos

Los objetivos del uso de los antibidticos son: (1) para el tratamiento de
enfermedades en humanos y en animales, (2) como promotores del crecimiento, y (3)
para mejorar la eficacia nutricional de los alimentos (Levy, 1992; Lai et al., 2009). Hoy
en dia, los antibidticos juegan un papel importante en la ganaderia moderna y en la
acuicultura, y su uso se ha incrementado notablemente en muchos paises desarrollados
(Sarmah et al., 2006). Estos antibidticos son principalmente administrados a través de
los piensos medicamentosos. En la Tabla 5 se muestran algunas de las propiedades
fisico-quimicas de los antibidticos objeto de estudio en esta Memoria.

El mecanismo de accion es idéntico en los tres antibidticos (cloranfenicol,
tianfenicol y florfenicol). Las primeras investigaciones sobre el cloranfenicol sefialaron
que su mecanismo de accidn se basa en una potente, aunque reversible, inhibicion de la
biosintesis de proteinas en los microorganismos, actuando sobre el centro peptidil-
transferasa del ribosoma bacteriana (Weisblum y Davies, 1968). Para llevar a cabo la
inhibicion de la sintesis bacteriana, los tres analogos estructurales, penetran en el
interior de la célula bacteriana, atravesando la membrana de la bacteria mediante
difusion facilitada (Kapusnik-Uner et al., 1996). Estos compuestos actian sobre las
células procariotas, y, en menor medida, también actiian sobre las células eucariotas. En
concreto, el cloranfenicol actua sobre la linea roja de mamiferos (médula 6sea) (Yunis y
Bloomberg, 1964), debido al proceso metabolico que sigue su grupo p-nitro en el

higado, o por la accion de la flora del tracto gastrointestinal, formandose un derivado
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nitroso que reacciona fuertemente con el ADN, desencadenando una aplasia medular,
principal consecuencia toxicologica derivada del uso de cloranfenicol (Rosenkranz,
1988; Yunis, 1988;). Asi pues, su aplicacion terapéutica, da lugar a una serie de
alteraciones hematicas. Por ello en muchos paises se ha prohibido su uso en animales
productores de alimentos con el fin de proteger la salud de los consumidores (Shen et

al., 2009).

Tabla 5: Propiedades fisico-quimicas de algunos antibioticos

Compuestos pK, logk,,w Numero Masa Férmula Estructura
CAS molecular

molecular

Cloranfenicol  9.61 - 56-75-7 323.131 C1H2N,ClL,05 0-\N+©/KH§HCI\G

OH Cl
NH
Florfenicol 903 - 73231-342 35821 CiH,CLENO,S  #e Wk
043\\0 F
H,N N
- W‘/\ CH,
Pirimetamina 7.34 58-14-0 248.71 C,H5CIN, "
NH, al
OH Cl
NH
Tianfenicol 976 73231342 35821 CiH sCLFNOSS Wk
S, HO

El tianfenicol es un analogo del cloranfenicol en el que se sustituye el grupo nitro
en el anillo de benceno con un grupo metilsufonico. El florfenicol, un derivado fluorado
de tianfenicol que tiene un 4tomo de fluor en lugar del grupo hidroxilo situado en la C-3
y que se utiliza exclusivamente en veterinaria, solo provoca la inhibicion de la sintesis
de proteina mitocondrial tras su administracion a dosis elevadas y esto se debe a la
accion de su metabolito acido oxdmico sobre el ADN mitocondrial. Sin embargo, y a
diferencia de las alteraciones producidas por el cloranfenicol, esta es una discrasia
sanguinea dosis-dependiente y transitoria. En contraste con respecto el cloranfenicol, el
tianfenicol y florfenicol son menos toxicos por la ausencia de un grupo nitro, pero sus
efectos secundarios se deben que tener en cuenta ya que residuos de estos farmacos
pueden suponer un riesgo para la salud de los consumidores (Nagata y Oka, 1996;

Campa-Cérdova et al., 2006). No obstante los tres fenicoles actian sobre la linea
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mieloide de mamiferos (Paape y Miller, 1990), provocando una alteracion de la
morfologia de los neutréfilos y neutropenia, que parece deberse a la accion depresora de
los tres compuestos sobre la flora digestiva de los animales, disminuyendo asi la

estimulacion de sus sistemas de defensa.

1.2.5. Hormonas

Los farmacos estrogénicos, principalmente xenoestrogenos sintéticos, se utilizan
ampliamente en la terapia de reemplazo de estrdgenos y de los anticonceptivos orales,
en veterinaria para la mejora del crecimiento y en humanos como anticonceptivos. No
obstante, las hormonas, tanto de origen animal como sintéticas, se han convertido en un
tema de preocupacion en las Ciencias Ambientales y Ciencias de la Salud Publica
durante las ultimas décadas por sus posibles efectos secundarios (Yan et al., 2009).

Se ha estudiado profundamente la accién gendmica clasica de las hormonas
esteroideas que actuan a través de receptores intracelulares. Se tienen evidencias de que
las hormonas esteroideas pueden ejercer la accion no-clésica que se caracteriza por un
rapido efecto a corto tiempo. En la mayoria de estos casos, el efecto de la hormona se
produce en el nivel de la membrana y no esta asociada con la entrada en la célula. Los
posibles mecanismos de estas acciones no-clasicas por parte de estas hormonas son: (a)
cambios en la fluidez de la membrana, (b) actuacion sobre los receptores en las
membranas plasmaticas, (e) regulacion de los receptores GABA en las membranas
plasmaticas, y (d) activacion de los receptores esteroideos de factores tales como EGF,
IGF-1 y la dopamina.

Las hormonas naturales, como 17B-estradiol y estrona Tabla 6 juegan un papel
importante en homeostasis bioldgica durante el control de las funciones de reproduccion
en humanos y animales. La hormona sintética 17 a-etinilestradiol se utiliza ampliamente
como un anticonceptivo para humanos y/o como principio activo en los preparados
farmacéuticos destinados para el control del sindrome de la menopausia y la
posmenopausia. Esta sustancia también se utiliza en la terapia del reemplazo fisioldgico
en condiciones de deficiencia, y en el tratamiento del cancer de prostata o de mama
(Kuster et al., 2004). Por otro lado, algunas hormonas se utilizan ilegalmente como
promotores del crecimiento en el ganado vacuno para aumentar el peso, y también son
objeto de abuso en el deporte para mejorar el rendimiento de los atletas. Después de que
se utilizan, una parte se excreta y el resto permanece en el cuerpo del animal. Por lo cual

estos compuestos pueden ser transferidos a las aguas o a los alimentos. Existe en la
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bibliografia muchos estudios que indican que la exposicion a las hormonas naturales y
sintéticas a niveles bajos pueden ser un riesgo potencial para seres humanos y animales
(Shao et al., 2005). Asi, se ha demostrado que se asocia a muchas enfermedades tales
como cancer de mama y cancer de utero en seres humanos y el hermafroditismo en la
fauna silvestre, y también son conocidos como productos quimicos disruptores

endocrinos.

Tabla 6: Propiedades fisico-quimicas de algunas hormonas.

Compuestos pK. logk,,y, Numero Masa Formula Estructura
CAS molecular molecular
Estrona 1020 3.69 53167 270366 CysHp0,
17B-estradiol 1027 413 50-282 27238 C1sH240;
.. . ool
17a-etinilestradiol 10.24 425 57-63-6  296.403 CyH,40,

HO

1.2.6. Compuestos neuroactivos

Los farmacos neuroactivos, entre los que se encuentran los antiepilépticos y
antidepresivos, se caracterizan porque interactiian sobre el sistema nervioso central. Los
antiepilépticos actiian sobre el sistema nervioso central disminuyendo la actividad
neuronal en general Tabla 7. Esto se puede lograr mediante el bloqueo de los canales de
sodio dependientes de las neuronas excitadoras (por ejemplo la carbamazepina), o
mediante la mejora de los efectos inhibidores del neurotransmisor GABA al unirse a un
sitio especifico en la subunidad gamma de los receptores correspondientes (por ejemplo,
diazepam) (Study y Barker, 1981; MacDonald y Olsen, 1994; Rogers et al., 1994).

Entre los farmacos neuroactivos, la fluoxetina es un antidepresivo muy utilizado,
que actta inhibiendo la captacion de la serotonina. Este neurotransmisor esta implicado
en muchos mecanismos hormonales y neuronales, y también es importante en funciones

tales como la ingesta de alimentos y el comportamiento sexual. La serotonina
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interviene, entre otras, en las funciones endocrinas en organismos acuaticos (Fong et al.,
1998; Foran et al., 2004). La fluoxetina y la sertralina y metabolitos de la norfluoxetina
y desmetilsertralina son potencialmente bioacumulables porque se han detectado en

muestras de pescado en la USA (Brooks et al., 2005).

Tabla 7: Propiedades fisico-quimicas de algunos compuestos neuroactivos.

Compuestos pK. logk,, Numero Masa Férmula Estructura

CAS molecular molecular

Carbamazepina 7.00 2.47 298-64-4 236.27 C;sH,N,O O "

O,
Diazepam 340 - 439-14-5 284.74 C16H3CIN,O \{

e o
Fluoxeteina - 4.65 54910-89-3  309.33 Cy7H;5F5N,0 6 \©><F

Serotonina - 1.39 - 176,21 C0H12N,O NH,

1. 2.7. Antisépticos

El antiséptico més utilizado es el triclosan [5-cloro-2-(2,4-diclorofenoxi) fenol],
que es un polvo cristalino, soluble en muchos disolventes organicos, con muy baja
solubilidad en agua (10 mg/l), y muy lipofilico (log K, (octanol-agua) = 4,80) Tabla 8.
Fue fabricado por primera vez por Ciba-Geigy Co (Basilea, Swizerland) bajo el nombre
comercial DP Irgasan 300 o MP Irgasan (Sanches-Silva et al., 2004). Es un agente
sintético de amplio espectro antibacteriano que se ha utilizado ampliamente durante mas
de 20 afios en una variedad de productos de cuidado personal, incluyendo pasta de
dientes, enjuagues bucales, desodorantes, jabones, textiles (por ejemplo, calcetines, ropa
interior), y utensilios de cocina de plastico (Ye et al., 2008). La similitud de la

estructura de triclosan con las hormonas tiroideas, sugiere que este contaminante
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quimico puede afectar a la accion de estas hormonas que desempefian un papel muy
importante en el desarrollo normal de muchas especies. Por ejemplo puede interferir la
metamorfosis de los anfibios (Shi, 2000).

Otra sustancia perteneciente a este grupo es el hexaclorofeno que se utiliza como
bactericida y fungicida. Usado antiguamente para el tratamiento topico de la piel. Sus
efectos neurotoxicos se observaron en los afios 70, cuando se bafaba a los recién
nacidos para evitar infecciones. Se absorbe por la piel y produce edema intramielinico
seguido de desmialinizacion (sobre todo en intoxicaciones severas). El hinchazén del
cerebro produce un aumento de la presion intracraneal y también afecta a los
fotoreceptores de la retina. Los sintomas son debilidad generalizada, confusion,

convulsiones, y en intoxicaciones severas, coma y muerte.

Tabla 8: Propiedades fisico-quimicas de algunos antisépticos.

Compuestos pK. logk,,, Numero Masa Férmula Estructura
CAS molecular molecular
Cl
Hexaclorofeno — - 70-30-4 406.90 C,HsO,Clg  © Q “
o
CHg
A
Cl
Cl HO Cl
Triclosan 7.80 4.80 3380-3-5 289.54 C,H,0,Cl; o:©/

1.3. Toxicidad de sustancias farmacologicamente activas

Para que un firmaco produzca sus efectos terapéuticos o toxicos, debe alcanzar un
intervalo preciso de concentraciones en la biofase, es decir, el medio en que interactua
con sus receptores. Debajo de este intervalo, no se observard ningun efecto
farmacoldgico o éste serd subterapéutico; por encima, el efecto puede ser excesivo o
pueden aparecer otros efectos no deseados. La concentracion de un farmaco que se

alcanza en su lugar de accion es la consecuencia de los siguientes procesos Figura 2:
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a)

b)

Absorcion, es decir, la entrada del farmaco en el organismo que incluye los
procesos de liberaciéon de su forma farmacéutica, disolucion y absorcion
propiamente dicha.

Distribucién del farmaco desde el lugar de absorciéon a la circulacion
sistémica y desde ella hasta los tejidos. Para que el farmaco alcance su lugar
de accion, debe atravesar diversas membranas para llegar a la sangre y para
pasar de ésta al liquido intersticial y, en su caso, al interior de las células. El
paso del farmaco de la sangre a los tejidos depende de la fijacion del farmaco
a las proteinas del plasma, ya que so6lo el farmaco libre difunde libremente a
los tejidos.

Eliminacion del farmaco, sea por metabolismo principalmente hepatico o por
excrecion del fArmaco inalterado por la orina, bilis, etc. En algunos casos, este
metabolismo puede producir metabolitos activos cuya presencia también

deberé tenerse en cuenta por su posible toxicidad.
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Fijacion a tejidos inactivos

FP -— F M MP
Plasma Tejidos activos
D+—- = D-f—= F - F
-
FP —————— M
F—M F M
Metabolismo Excrecidn
FQ)C ME’X

Figura 2: Procesos farmacocinéticos. D = Dosis administrada; Def = Cantidad de farmaco absorbida; F =
Farmaco libre; Fex = Farmaco excretado; FP = Farmaco unido a proteinas; M = Metabolito activo libre;

Mex = Metabolito activo excretado; MP = Metabolito activo unido a proteinas.

En general, la literatura muestra que la mayoria de los medicamentos, cuando se
detectan, se encuentran en muestras medioambientales a niveles de ppb o ppt
(Koutsouba et al., 2003; Bishop y Mitra, 2005). Aunque a estos niveles de
concentraciones no suelen inducir efectos adversos, representan un riesgo ecologico.
Por otro lado, también se tiene conocimiento que a pesar de que la concentracion de los
farmacos sea baja si se combinan con otros farmacos pueden provocar efectos aditivos o
sinérgicos (Hernando et al., 2004). En este sentido, existe una creciente demanda de
informacion sobre la toxicidad potencial de los residuos de farmacos. Sin embargo, hay
una falta de datos relativos a sus efectos sobre la fauna terrestre o acuatica. Hasta la

fecha, la mayoria de la literatura relacionada con los efectos toxicos de residuos de
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farmacos se centra en los organismos representativos de la cadena alimentaria. La
Organizacion para la Cooperacion y el Desarrollo Econdmicos (OCDE) ha definido las
directrices de los métodos estdndar de ecotoxicidad (incluyendo algas, bacterias,
invertebrados, peces) (OECD Guidelines for the Testing of Chemicals, 2002). Los datos
de ecotoxicidad sobre diferentes especies representativas son complicados de interpretar
debido a la variabilidad en los procedimientos experimentales y en las condiciones. En
la literatura de ecotoxicidad, algunos autores hacen uso de la Directiva 93/67/CEE de la
UE para interpretar los datos de toxicidad, que clasifica a las sustancias de acuerdo
dosis letal del 50 % de los individuos tratados (valor LCsy) (Commission of the
European Communities, 1993). Una LCsy <1 mg/l implicaria la calificacién de "muy
toxico para los organismos acuaticos"; de 1 a 10 mg/l "toxicos", y de 10 a 100 mg/l
"nocivo para los organismos acuaticos". Las sustancias con un LCsy > 100 mg/l no se
clasificarian. En la Tabla 9 se incluyen las LCsy de algunos farmacos que dependen de
la especie en la cual se hayan realizado los estudios de toxicidad. A continuacion se
comentaran los efectos toxicos mas importantes que se han encontrado en las SFAs mas

importantes.

1.3.1. Antiinflamatorios no esteroideos/analgésicos

Como se ha comentado anteriormente, los antiinflamatorios no esteroideos son
ampliamente utilizados en medicina humana y veterinaria, para el tratamiento de
procesos inflamatorios. Su rutina o su uso prolongado pueden causar varios efectos
secundarios toxicos, tales como hemorragia gastrointestinal, ulcera intestinal, anemia
aplésica, la inhibicion de la agregacion plaquetaria, y cambios en la funcion renal. Se ha
demostrado que la exposicion prolongada a la fenilbutazona induce tumores renales en
ratas y tumores de higado en ratones. Ademas de su uso con fines terapéuticos, los
AINE:s se utilizan en la produccion animal por sus efectos farmacoldgicos secundarios,
para mejorar algunas caracteristicas de calidad de las carnes (Vinci et al., 2006). Los
dafios renales e insuficiencia renal cronica después de un tratamiento antiinflamatorio

parecen ser provocados por la falta de prostaglandinas en la vasodilatacion.
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Tabla 9: Dosis letal (LCsp en mg/l) de algunas sustancias farmacoldgicamente activas.

LCsy (mg/1)
Grupo terapéutico Farmaco Bacterias Algas Invertebrados Peces
Antiinflamatorios/analgésicos Diclofenaco 13.5-14.4 7.5-200 2-224 -
Ibuprofeno 12.1-19.1 22-315 9-108 -
Naproxeno 21.2-35.6 24-320 174 -
Ketoprofeno 15.6-19.3 — — —
Regulador de lipidos Acido clofibrico 0.09-0.1 89-200 106-740 2.5-1400
p-Bloqueadores Metoprolol - 7.3-320 100-200 -
Propranolol - 5.8-114 3.1-17 —
Antibidticos Cloranfenicol — 2.7-48 - -
Florfenicol = 0.2-243 = =
Tianfenicol — 35-1550 - -
Hormonas 17a-Etinilestradiol - 0.8 0.1 -
Antiepilépticos Carbamazepina 0.081 0.1-74 0.007-0.013 50-754
Antisépticos Triclosén - - - -
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Los dafios gastricos se cree que son causados por la inhibicion de ambas
isoformas de la enzima ciclooxigenasa (Wallace, 1997; Wallace et al., 2000). Por el
contrario, los dafios en el higado se producen debido a la formacién de metabolitos
reactivos (por ejemplo, glucurénidos acilo) (Bjorkman, 1998). A pesar del creciente
interés en estos farmacos desde el punto de vista medioambiental, las investigaciones
sobre sus efectos adversos son muy reducidas. Los estudios actuales realizados en
bacterias han revelado la alta toxicidad ("clase muy toxico") de anti-inflamatorios, tales
como el diclofenaco, ibuprofeno, naproxeno o ketoprofeno (Daughton y Ternes, 1999;
Farré et al., 2001; Ferrari et al., 2003). También se han encontrado efectos tdxicos del
diclofenaco o ibuprofeno sobre invertebrados (Cleuvers, 2003; Ferrari et al., 2003;
Halling-Serensen et al., 1998) y algas (Cleuvers, 2003; Ferrari et al., 2003). Sin
embargo, se han observado diferencias respecto a los efectos del diclofenaco y el
ibuprofeno sobre diferentes especies de un mismo grupo taxonémico (Halling-Serensen
et al., 1998; Ferrari et al., 2003). Los mismos resultados de toxicidad se han obtenido
para el naproxeno sobre algas (Cleuvers, 2003; Ferrari et al., 2003). En la Tabla 9 se
muestran los valores de LCs de diferentes anti-inflamatorios no esteroideos/analgésicos

encontrados en la bibliografia para algunos grupos taxonéomicos.

1.3.2. Reguladores de lipidos

Los efectos toxicos de los reguladores de lipidos son muy variados sobre la base
de los valores reportados de LCs, para bacterias (Bound y Voulvoulis, 2004; Ferrari et
al., 2003; Henschel et al., 1997) e invertebrados (Henschel et al., 1997; Ferrari et al.,
2003; Hernando et al., 2004). Algunos reguladores de lipidos tales como el acido
clofibrico y gemfibrozilo son muy téxicos para las bacterias, y son muy poco dafiinos
para los invertebrados y peces, con la excepcion de fenofibrato, que es perjudicial

(Henschel et al., 1997; Ferrari et al., 2003; Jos et al., 2003; Koutsouba et al., 2003).

1.3.3. p-bloqueadores

Los B-bloqueadores son excepcionalmente toxicos y la mayoria de ellos poseen
un intervalo terapéutico estrecho, y si se sobrepasa este intervalo puede ser muy
perjudicial para la salud. Sus concentraciones inusualmente bajas en la sangre humana,

hacen que su analisis sea dificil. Los efectos secundarios de esta clase terapéutica son
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principalmente broncoconstriccion y perturbacion de la circulacion periférica (Hoffman
y Lefkowitz, 1998).

Se ha encontrado una heterogeneidad en los efectos de los B-bloqueadores para las
algas (Cleuvers, 2003) e invertebrados (Halling-Serensen et al., 1998; Boyd et al., 2003;
Cleuvers, 2003). En el caso del propanolol se han observado diferentes efectos toxicos
sobre algas, en contraste con metoprolol, atenolol o betaxolol que no son toxicos. En la

Tabla 9 se muestran los valores de LCsy de algunos B-bloqueadores.

1.3.4. Antibioticos

Los antibioticos se consideran como potenciales microcontaminantes debido a que
en el Medio Ambiente se encuentran a concentraciones muy bajas (ppb o menos)
(Ferreira et al., 2007; Le Bris y Pouliquen, 2004). En algunos casos estos pueden
encontrarse en los ambientes acuaticos a mayor concentracion, debido a circunstancias
externas (por ejemplo, la escorrentia de suelos contaminados, el desbordamiento de los
estanques usados en acuicultura, o a efluentes domésticos, industriales o de hospitales)
(Ferreira et al., 2007; Sarmah et al., 2006).

Esta bien documentados los efectos de resistencia de bacterias debido al amplio (y
algunas veces indiscriminado) uso de antibidticos (Daughton y Ternes, 1999). Por
ejemplo el cloranfenicol produce efectos toxicos en el sistema hematopoyético (The
Joint FAO/WHO Expert Committee on Food Additives, 1988; IARC, 1990; Young y
Alter 1994). El primer efecto que produce es la anemia y con frecuencia se produce una
leve reticulocitopenia, acompafiada a veces de leucopenia y trombocitopenia, efectos
que son en la mayoria de los casos reversibles y depende de la dosis de firmaco
administrada. El segundo efecto adverso en la sangre es la anemia aplasica (Festing et
al., 2001), que no esta relacionada con la dosis administrada y que se desarrolla varias
semanas o meses después del tratamiento, y es a menudo irreversible y fatal (Yunis et
al., 1988).

El florfenicol no tiene el riesgo de inducir anemia aplasica en humanos. Este
farmaco no estd sujeto a la accion de la acetiltransferasa, que es utilizado por las
enzimas de las bacterias para desarrollar resistencia al cloranfenicol y tianfenicol (Park
et al., 2008).

Estudios recientes sobre los efectos de algunos antibioticos sobre diferentes tipos

de organismos representativos han propuesto valores reducidos de LCsy para la
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estreptomicina, flumequina o oxitetraciclina y oxofloxacin en el caso de bacterias; o
bien de la tilosina, oxitetraciclina, clortetraciclina o eritromicina para las algas (Halling-
Serensen, 2000; Eguchi et al., 2004; Lalumera et al., 2004). Estudios realizados
mediante bioensayos han demostrado que la sulfadimetoxina y oxitetraciclina son
toxicas para los invertebrados; por el contrario, la flumequina y tilosina presentan
efectos nocivos o no toxicos para los invertebrados (Halling-Serensen et al., 1998;

Wollenberg et al., 2000).

1.3.5 Hormonas

La mayoria de los datos de toxicidad sobre las hormonas esteroideas estan
relacionados con el 17 a-etinilestradiol, el dietilestilbestrol, y el acetato de
dietilestilbestrol (Halling-Serensen et al., 1998). Aunque en los efluentes de las
industrias de produccion de anticonceptivos orales (17a-etinilestradiol) las
concentraciones son bajas (<7 ng/l), se ha demostrado la feminizacion en los peces
machos (Desbrow et al., 1998; Routledge et al., 1998). Por otro lado, la noretindrona
produce una alteracion endocrina que induce el desarrollo de glandulas mamarias en
ratones machos (Repetto et al., 2001). Los estudios realizados por Halling-Serensen et
al. (1998) han demostrado la toxicidad del acetato de 17a-etinilestradiol,

dietilestilbestrol y el dietilestilbestrol para las algas, invertebrados y peces.

1.3.6. Antiepilépticos

Los antiepilépticos se encuentran frecuentemente en las aguas superficiales
porque los procedimientos de depuracion de aguas no son efectivos para la degradacion
de farmacos. Asi por ejemplo la carbamazepina ha sido detectada a concentraciones
elevadas (6.3 pg/l) en un estudio realizado en aguas procedentes de depuradoras
(Ternes, 1998). El LCs, de este compuesto es menor de 1 mg/l para las bacterias, las
algas y la mayoria de las especies evaluadas de invertebrados (Cleuvers, 2003; Ferrari et
al., 2003); en cambio para peces el LCsy es mayor de 100 mg/l (Ferrari et al., 2003;
Halling-Serensen, 2000).
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1.3.7. Antisépticos

El triclosan que es ampliamente empleado como un aditivo en muchos productos,
debido a su accién bactericida y propiedades antimicrobianas puede sufrir una serie de
reacciones de transformacion produciéndose unos compuestos mas toxicos y
bioacumulables como son los dicloro y triclorofenoles (Morales et al., 2005 ). Por ello
este antiséptico puede plantear una amenaza significativa para los sistemas biologicos y
el desarrollo normal de las especies de la fauna y los seres humanos. Los estudios
realizados sobre la toxicidad del triclosan han demostrado que puede bioacumularse en
los peces a concentraciones subletales (Valters et al., 2005) y actuar como un téxico en
diferentes especies acuaticas en las primeras etapas de la vida de la trucha, crustaceos y
algas (Tatarazako et al., 2004). Debido a que el triclosan se ha detectado en leche
humana a concentraciones entre 60 y 300 ng/g de peso ha suscitado a que sea necesario
un mas estudio exhaustivo de la toxicidad de esta sustancia en los seres humanos
(Adolfsson-Erici et al., 2002). Unos estudios in vitro realizados en ratas han puesto de
manifiesto que bajas concentraciones de triclosdn puede alterar la homeostasis de los

sistemas metabolicos y hormonales (Allmyr et al., 2006b).

1.4. Legislacion y Regulacion

Diferentes organizaciones internacionales, tales como la Comision Mixta
FAO/OMS, el Codex Alimentarius, la Oficina Internacional de Epizootias (OIE) y la
Organizacion Internacional de Normalizacion (ISO), con el objetivo de proteger la salud
de los consumidores y asegurar la aplicacion de practicas equitativas en el comercio de
alimentos de origen animal, han elaborado en conjunto un programa sobre Normas
Alimentarias, en el cual estdn incluidas los programas de controles de residuos de
farmacos veterinarios.

Por otro lado, la Organizacion Mundial de Comercio (OMC) establecido un
acuerdo entre los paises miembros sobre la Aplicacion de Medidas Sanitarias y
Fitosanitarias, que se refiere a la aplicacion de reglamentaciones en materia de
inocuidad de los alimentos y control sanitario de los animales y vegetales. En este

acuerdo, si bien es cierto que la OMC autoriza a los paises a establecer sus propias
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reglamentaciones, estimula a los gobiernos a que armonicen sus medidas,
recomendando que se utilicen normas y, directrices internacionales elaboradas por el
Comité Mixto FAO/OMS de Expertos en Aditivos Alimentarios (JECFA) y el Codex
Alimentarius cuando existan. Por otro lado, sefala que los paises pueden aplicar
medidas mas rigurosas, si hay una justificacion cientifica sobre la base de una
evaluacion adecuada del riesgo, con el fin de que estas no sean causas de obstaculos
innecesarios para el comercio internacional.

Abocados fundamentalmente en el concepto de armonizaciéon, en el afio 1996
comenz6 a funcionar un Comité Internacional de Armonizacion en Veterinaria (VICH),
en el cual participan organizaciones internacionales y gubernamentales y cuyo objetivo
principal es armonizar el uso de medicamentos en animales de produccion, con el fin de
asegurar su eficacia en las especies de destino y la inocuidad de los alimentos
provenientes de animales tratados a la poblaciéon humana.

Para definir un producto libre de residuos quimicos los paises y organizaciones
internacionales establecieron los limites maximos residuales (LMRs) para la mayoria de
los plaguicidas y bastantes firmacos que se utilizan en animales de produccion de
alimentos. El Codex Alimentarius define los LMR como: la concentracion maxima
(expresada en miligramos por kilo o en microgramos por kilo) de residuos, resultante
del uso de un medicamento veterinario y que se recomienda, se permita legalmente o se
reconozca como admisible dentro del alimento o en la superficie del mismo (Codex
Alimentarius, 2011). Cuando en un alimento se detectan concentraciones residuales
superiores a los LMRs, estos se consideran contaminados y dafiinos para el consumidor.

El uso generalizado de medicamentos veterinarios en los animales productores de
leche puede inducir la presencia de residuos de estas sustancias en la leche. Los
antibioticos son en la actualidad los fArmacos que mas frecuentemente se encuentran en
la leche y que tiene efectos indeseables sobre la calidad y propiedades tecnologicas de
este alimento y sus derivados, y que puede afectar a las salud humana. De hecho, la
leche contaminada puede causar reacciones alérgicas o problemas indirectos en el
tratamiento clinico, debido al desarrollo de resistencia bacteriana (Ortelli et al., 2009).
Los AINEs son también muy utilizados en veterinaria, para el tratamiento de procesos
inflamatorios y los efectos clinicos relacionados, y algunas enfermedades del ganado
bovino respiratorio, junto con los antibidticos (Lockwood et al., 2003). Cuando se
suministran altas dosis de AINEs por via oral a los animales de granja en fechas

cercanas a su sacrificio, la agregacion plaquetaria es inhibida resultando en el sangrado
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después de la sacrificio rapido, dando asi un aspecto palido de la carne de cerdo y carne
de vacuno, un parametro de calidad que atrae a muchos consumidores. Ademas, estos
farmacos pueden reducir la lipogénesis (reaccion bioquimica por la cual son sintetizados
los acidos grasos y esterificados o unidos con el glicerol para formar triglicéridos o
grasas de reserva), y, en consecuencia, las grasas comestibles. Asi, la presencia de
residuos de AINEs en los alimentos puede suponer un riesgo para la salud de los
consumidores, provocando diferentes efectos secundarios dependiendo del farmaco,
como ya se ha indicado en un apartado anterior de esta Memoria (Vinci et al., 2006).
Por estas razones, la Comision Europea decididé controlar la presencia de residuos de
AINEs como parte de los programas de vigilancia llevada a cabo por los Estados
miembros. Para muchos AINEs ha sido establecido por la Comision Europea un nivel
maximo aceptable de residuos tolerable en los alimentos (LMR) a través del
Reglamento 2377/90/CEE y sus posteriores modificaciones (Commission of the
European Communities, 1990; Commission of the European Communites, 2010). En el
Anexo I de este Reglamento se incluye a diferentes AINEs (carprofeno, diclofenaco,
acido tolfenamico, vedaprofeno y flunixino) y los LMR provisionales para las diferentes
especies animales y matrices. El uso de diclofenaco estd prohibido para los animales
productores de leche, y solamente se puede emplear en los animales que van a ser
sacrificados para el consumo de su carne. El ketoprofeno, acido salicilico y salicilatos,
asi como el 4cido acetilsalicilico y acetil salicilatos, figuran en el anexo II del
Reglamento, como sustancias permitidas solo para las especies que no produzcan leche
ni huevos para el consumo humano. Como consecuencia de ello, la Comisién Europea
recomienda un control riguroso de estas sustancias en animales productores de
alimentos, ya que el uso considerable de los AINEs se puede presumir, y los posibles
efectos teratogénicos y carcinogénicos causados por algunos de ellos no pueden ser
excluidos.

El cloranfenicol como se ha indicado en un apartado anterior puede causar
problemas en la sangre del hombre, por lo cual estd prohibido su uso en animales
productores de alimentos en la UE, USA y Canada (Tabla 10). En cambio el tianfenicol
y el florfenicol, que pueden sustituir al cloranfenicol, si estan autorizados para su uso
en el tratamiento de ganado. EI LMR establecido en los alimentos para la tianfenicol es
de 50 pg/kg y para el florfenicol de 200-3000 pg/kg (dependiendo de la especie).

(Commission of the European Communites, 2010).
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Las hormonas naturales y sintéticas son usadas ilegalmente como promotoras del
crecimiento en el ganado vacuno y terneros para aumentar la ganancia de peso de los
animales, y también son objeto de abuso en el deporte para mejorar el rendimiento de
los atletas (Colborn y Clements, 1992; Holmes et al., 1997). Por lo tanto, estos
compuestos han sido prohibidos en la Unidon Europea (UE) desde 1988 y también en
China en los alimentos de origen animal (Commission of the European Communities,
1996; The Ministry of Agriculture of PR China, 2011). En los Juegos Olimpicos
Internacionales, las hormonas naturales y sintéticas y sustancias similares a hormonas
también estan prohibidas (The World Anti-Doping Code, 2010).

Los B-bloqueadores que se utilizan para el tratamiento de diversos trastornos
cardiovasculares como la hipertension, la angina de pecho y arritmia cardiovascular
estan prohibidos su uso por el Comité Olimpico Internacional y las Federaciones
Internacionales de Deportes (International Olympic Committee, 1995) debido a sus
propiedades simpaticomiméticas, al igual que otros estimulantes del sistema nervioso
central, y debido a su actividad como agentes anabolizantes.

Finalmente y para los agentes antimicrobianos incorporados en las peliculas de
plastico (compuestas de acidos organicos y ésteres, enzimas y bacteriocinas) usadas
para envolver los alimentos no se ha legislado todavia en la Unidon Europea (Vermeiren

et al., 2002).
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Tabla 10: Limites maximos de residuos (LMR) para algunas sustancias

farmacoldgicamente activas.

Sustancias Animal LMR Tejidos diana
farmacolégicamente activas
Diclofenaco Bovinos 5 ng/kg Musculo
1 pg/kg Grasa
5 ng/kg Higado
10 pg/kg Rifnon
0,1 pg/kg Leche
Porcinos 5 ng/kg Musculo
1 png/kg Piel y grasa
5 ng/kg Higado
10 pg/kg Riféon
Florfenicol Bovinos, ovinos y 200 pg/kg Misculo
caprinos 3000 pg/kg Higado
300 pg/kg Rifién
Porcinos 300 pg/kg Musculo
500 pg/kg Piel y grasa
2 000 pg/kg Higado
500 pg/kg Rifién
Aves de corral 100 pg/kg Misculo
200 pg/kg Piel y grasa
2500 pg/kg Higado
750 pg/kg Rifién
Peces 1000 pg/kg Musculo
Todas las demas 100 pg/kg Musculo
especies destinadas 200 pg/kg Grasa
a la produccion 2000 pg/kg Higado
de alimentos 300 pg/kg Rifén
Flunixino Bovinos 20 ng/kg Musculo
30 pg/kg Grasa
300 pg/kg Higado
100 png/kg Rifon
Porcinos 50 pg/kg Musculo
10 pg/kg Piel y grasa
200 pg/kg Higado
30 pg/kg Rifién
Equidos 10 pg/kg Musculo
20 pg/kg Grasa
100 pg/kg Higado
200 pg/kg Rifén
Ketoprofeno Bovinos, porcinos No se exige No procede
y équidos LMR
Tianfenicol Todas las especies 50 pg/kg Musculo
destinadas a la 50 pg/kg Grasa
produccion de alimentos 50 pg/kg Higado
50 pg/kg Rifion
50 pg/kg Leche
Cloranfenicol Prohibido Prohibido Prohibido
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2. DETERMINACION DE SUSTANCIAS
FARMACOLOGICAMENTE ACTIVAS

La determinacion de sustancias farmacologicamente activas en muestras
ambientales, alimentos y fluidos bioldgicos requiere de una serie de etapas (muestreo,
pretratamiento de muestra, extraccion, clean-up/preconcentracion, deteccion, calculo y
evaluacion de resultados) que se esquematizan en la Figura 3. En este apartado se

estudiaran los aspectos mas importantes de estas etapas.

Muestras
[
Muestreo

[
Pretratamiento

. MAE, PLE, SFE, USE
SPE y SPME Extraccion LLE y Soxhlet

Clean-up/Preconcentraciéon
[

Derivatizacion Cromatografia de Liquidos
| |
Cromatografia de Gases LC-UV/DAD

| LC-MS

GC-FID LC-MS/MS

GC-ECD

GC-MS

GC-MS/MS

\— Calculo y Evaluacion de Resultados

Figura 3: Las principales etapas del proceso analitico para la determinacion de sustancias
farmacoldgicamente activas en muestras ambientales, alimentos de origen animal y fluidos biologicos.
DAD: detector de diodos en fila; ECD: detector de captura de electrones; FID: detector de ionizacion de
llama; GC: cromatografia de gases; LC: cromatografia de liquidos; LLE: extraccion liquido-liquido;
MAE: extraccion asistida por microondas; MS: espectrometria de masas; MS/MS: espectrometria de
masas en tandem; PLE: extraccion acelerada con disolventes; SFE: extraccion con fluidos supercriticos;
SPE: extraccion en fase solida; SPME: microextraccion en fase solida; USE: extraccion asistida por

ultrasonidos; UV: detector de ultravioleta
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2.1. Muestreo, conservacion y pretratamiento de muestras

Cuando el analista se enfrenta a la toma de muestra como etapa previa a la
resolucion de un problema analitico tendrd que basarse en el conocimiento previo ya
existente, donde la toma de muestra puede estar ya documentada o descrita en forma de
procedimientos normalizados de trabajo. Muchos de los protocolos recomendados en el
muestreo se encuentran recogidos en diferentes guias o normas de caracter
internacional, tales como las editadas por organizaciones como la Organizacién
Internacional para la Estandarizacion (ISO) o la Sociedad Americana para Pruebas y
Materiales (ASTM), que editan normativas recomendando protocolos para asegurar la
calidad de todo el proceso analitico, incluyendo la etapa de toma de muestra. El estado
fisico de la muestra condicionard en muchos casos la forma de tomar la muestra. La
homogeneidad que suele acompanar a las muestras de liquidos y gases permite
planificar una toma de muestra para la recogida de pequenas cantidades o volumenes,
con un riesgo menor de falta de representatividad. En cambio, en el caso de muestra
solidas, su inherente mayor heterogeneidad aconseja llevar a cabo un pretratamiento
previo con el fin de disminuir los problemas derivados de dicha heterogeneidad.

Una vez tomada la muestra y en la mayoria de los casos son necesarias medidas
preventivas antes de llevar a cabo la preparacion de la muestra y determinacion de los
analitos. Estas etapas previas incluyen la conservacion de la muestra, la filtracion, el
ajuste del pH de las muestras acuosas, secado y homogeneizacion de muestras sélidas.
Aunque estas etapas previas suelen ser poco complejas, si no se realizan correctamente
la composicion de la muestra original se podria ver seriamente modificada. Incluso el
almacenamiento y envio de muestras puede ser una etapa critica para la posterior
preparacion de la muestra. En el caso de SFAs, Lee et al. (2003) observaron pérdidas
significativas de acido salicilico, paracetamol y fenofibrato en el almacenamiento de
aguas residuales en la oscuridad a 4 °C. También el almacenamiento de las muestras
puede influir en la concentracion de aductos como sulfatos y glucoronides (Reddy et al.,
2005). Por ello en muchos casos es conveniente analizar las muestras tan pronto como
sea posible, o almacenarlas en la oscuridad a -20 °C si no se puede llevar a cabo el
analisis de una manera inmediata.

Una etapa muy comin para la conservacion de la muestra es el ajuste del pH.

Este ajuste del pH se debe de llevar a cabo después de la filtracion con el fin de evitar
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posibles pérdidas durante esta etapa, debido al aumento en el analito hidrofobicidad. Por
ejemplo, algunos medicamentos fibratos tales como las tetraciclinas pueden sufrir
epimerizacion a pH acido (Beausse, 2004).

La complejidad de las matrices bioldgicas puede ser muy variada (tejido> leche >
sangre> plasma > suero > orina> saliva). En estas matrices y con vistas a la eliminacién
de proteinas, lipidos y otras sustancias se suelen llevar a cabo distintos tipos de
procedimientos, tales como el tratamiento con un acido o base fuerte a alta temperatura,
0, mas comunmente, el uso de un disolvente organico (acetonitrilo, metanol, mezcla de
disolvente organicos, o mezcla de agua-disolventes organicos). La mayoria de los
métodos bioanaliticos suelen emplear un minimo de tres partes de disolvente organico
por una parte de matriz, a continuacion se lleva a cabo el mezclado de ambas fases y
finalmente se realiza una centrifugacion. De esta manera, se separan las proteinas y
otras especies interferentes del sobrenadante que contiene a los analitos de interés. En
algunos casos se seca este sobrenadante y luego se redisuelve con un disolvente

adecuado.

2.2. Preparacion de muestra

Una vez obtenida una muestra representativa para su analisis, la siguiente
operacion dentro del proceso analitico general es la preparaciéon o tratamiento de
muestra. Se debe de tratar de disminuir la manipulacion de la muestra que conlleve a
determinar el analito en ausencia de interferencias. De esta manera, aparte de resultar la
determinacidon mas rapida y econdmica, se minimizan los problemas de contaminacion y
pérdidas de analito. La extension del proceso de preparacion de muestra puede incluir
etapas tales como aislamiento, purificacion y preconcentracion del analito. En los
métodos analiticos donde estén implicadas las técnicas cromatograficas, en muchos
casos también es necesaria una etapa de derivatizacion. A continuacion se van a tratar
las técnicas de extraccion madas utilizadas para la determinacién de sustancias
farmacoldgicamente activas y finalmente se describirdn algunas de las reacciones de

derivatizacion utilizadas para este tipo de estas sustancias.

2.2.1. Extraccion
El objetivo de la etapa de extraccidon es “arrancar el analito de la matriz de la

muestra a que esta unido. Para ello, la muestra se tiene que poner en contacto con un
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extractante (so6lido, liquido o fluido supercritico) en unas determinadas condiciones (pH,
temperatura, fuerza ionica) de tal forma que se debiliten completamente las
interacciones ‘“‘analito-matriz de la muestra” a la que vez que se incrementan las
interacciones “analito-extractante”. En el caso de extraccion de sustancias
farmacologicamente activas se estan utilizando diferentes técnicas analiticas como se
indica en la Figura 4. La técnica mdas utilizada para llevar a cabo la purificacion y
extraccion de SFAs presentes en muestras ambientales, alimentos y fluidos biologicos
es la extraccion en fase solida, que ha desplazado a la extraccion liquido-liquido
empleada tradicionalmente. Especial interés estdn tomando otras alternativas como la

microextraccion en fase solida y la extraccion con fluidos supercriticos.

USE
2%

Soxhlet 1%

PLE

Otras técnicas
3%

LLE
18%

4%

SPE
49%

Figura 4: Porcentajes de empleo de distintas técnicas de extraccion sustancias farmacologicamente
activas en ambientales, alimentos y fluidos bioldgicos en las publicaciones aparecidas en el periodo 2005-
2011. [Fuente: Scopus; palabras claves: “pharmaceuticals”, “environmental samples”, “foods animal
origin”, “biological fluids”, “solid-phase extraction” (SPE), “solid-phase microextraction” (SPME),
“liquid-liquid extraction” (LLE), “microwave-assisted extraction” (MAE), “supercritical fluid extraction”

(SFE), “pressurized liquid extraction” (PLE) or “ultrasonic solvent extraction” (USE)].

La etapa de extraccion es esencial en el andlisis de muestras ambientales (aguas,
suelo, sedimentos y lodos), alimentos de origen animal (leche, musculo, higado,
rifiones, etc.) y fluidos bioldgicos (orina, sangre y plasma) debido a la complejidad de la
matriz y a los bajos niveles de los contaminantes que estan presentes en dichas

muestras. En esta seccion se comentaran las principales ventajas e inconvenientes de
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cada una de las técnicas mas empleadas para la extraccion de SFAs en estos tipos de
muestras.
2.2.1.1. Extraccion y microextraccion liquido-liquido

La extraccion liquido-liquido (liquid-liquid extraction, LLE) es un proceso de
transferencia de uno o varios analitos desde una fase liquida (muestra problema) a otra
también liquida inmiscible con la primera. Inicialmente, se mezcla un disolvente
insoluble (generalmente organico) con la muestra (generalmente acuosa) para obtener
un sistema de dos fases. La seleccion del disolvente apropiado, el ajuste del pH de la
fase de agua y la adiccion de agentes salinos son fundamentales para conseguir un
eficacia en la extraccion (Falbe y Regitz, 1995; Cammann, 2001). En la Tabla 11 se
incluyen algunos ejemplos representativos de la aplicacion de la LLE a la determinacion
de farmacos. Como se puede observar el acetato de etilo es el disolvente mas empleado
para la LLE de farmacos (Pfeifer et al., 2002; Greiner-Sosanko et al., 2007; Yilmaz et
al., 2009; Nguyen et al., 2011).

No obstante la LLE tiene una serie de inconvenientes como son la formacion de
emulsiones, el manejo de volimenes elevados de muestra, el empleo de disolventes
toxicos e inflamables, asi como los riesgos de pérdidas o contaminaciones durante las
distintas etapas. Por lo tanto estd técnica esta siendo desplazada por la extraccion en
fase solida u otras técnicas de microextraccion. Entre estas Ultimas se encuentra la
microextraccion liquido-liquido (liquid-phase microextraction, LPME) que posee varias
ventajas (simplicidad, barata, reducido consumo de disolventes orgéanicos, y alta
eficacia de enriquecimiento). Desde su descubrimiento en 1996, se han desarrollado
diferentes modalidades de LPME, tales como microextracciéon sobre una sola gota
(single-drop microextraction, SDME), microextraccion liquida-liquida-liquida (liquid-
liquid-liquid microextraction, LLLME) y la microextraccion liquido-liquido dispersiva
(dispersive liquid-liquid microextraction, DLLME) (Herrera-Herrera et al., 2010;
Rezaee et al., 2006; Xu et al., 2007). Esta ultima modalidad ha sido aplicada con éxito
para la determinaciéon de clembuterol (Melwanki y Fuh, 2008), antisépticos (Guo et al.,
2009) y anti-inflamatorios no esteroideos/analgésicos (Zgota-Grzéskowiak, 2010) en

muestras de agua.
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Tabla 11: Aplicaciones de la técnica de extraccion liquido-liquido para la determinacion
de sustancias farmacoldgicamente activas

Farmacos Muestras disolvente Referencia

Antibidticos Estiércol Hexano-acetato Pfeifer et al., 2002
de etilo

Medicamentos de uso Aguas Diclorometano Soliman et al.,

humano, hormonas,
antioxidantes y un
plastificante
Antiepilépticos
Cloranfenicol

tiamfenicol, florfenicol

Metoprolol

Hormones

Analgésicos/antiinflamatorios
Antiepilépticos

Suero y plasma
humanos

Carne e higado
de cerdo y pollo

Plasma humano
Fluidos
cerebroespinales

Sangre humana

Acetato de etilo
Hexano

Acetato de etilo y
éter dietilico

Acetato de etilo

Metanol y
acetonitrilo

2004

Greiner-Sosanko et
al., 2007

Shen et al., 2009
Yilmaz et al., 2009

Nguyen et al., 2011

Serensen, 2011

2.2.1.2. Extraccién en fase sélida

La extraccion en fase solida (solid-phase extraction, SPE) es actualmente la

técnica mas empleada para la preparacion de la muestra y ha reemplazado en muchos

casos a la extraccion liquido-liquido. En ella se hace pasar la muestra a través de una

fase solida (polar, apolar, intercambio i6nico, etc.), quedando retenidos algunos de los

compuestos y el resto pasan inalterados. Posteriormente, si los analitos de interés han

quedado retenidos, éstos podran ser eluidos con un pequefio volumen de disolvente.

Los objetivos que se consiguen con la SPE son: a) preconcentracion de trazas, b)

limpieza de muestras, c) estabilizacion de muestras, d) cambio de fase, y e)

fraccionamiento de mezclas complejas.
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El modo de adsorcion del analito en el material de SPE depende de las
caracteristicas de los materiales aplicados. El mecanismo de interaccion del soluto con
la superficie de la fase estacionaria (RP-C;s, poliestireno-divinilbenceno, etc.) se lleva a
cabo por fuerzas de Van der Waals, de dispersion o hidrofébicas. Es un proceso de baja
energia (5 Kcal/mol) analogo al que tiene lugar en la extraccion liquido-liquido.
También pueden darse en menor proporcion y dependiendo del sorbente, otros tipos de
interacciones como dipolo-dipolo, enlaces de hidrégeno e intercambios i6nicos (Dean,
1998; Masqué et al., 1998; Thurman y Mills, 1998). En la Tabla 12 se incluyen algunas
caracteristicas de los materiales sorbentes mas utilizados para la SPE de sustancias

farmacologicamente activas y a continuacion se comentaran.

Tabla 12: Caracteristicas fisicas de sorbentes utilizados en la SPE de sustancias

farmacologicamente activas.

Sorbente Estructura® Superficie especifica Didmetro de
(m?*/g) particula (um)
Amberlita XAD-1 PS-DVB 100 —
Amberlita XAD-2 PS-DVB 300 20-60
Amberlita XAD-4 PS-DVB >750 20-60
Amberlita XAD-7 MA-DVB 450 20-60
Amberlita XAD-8 MA-DVB 310 —
Isolute ENV+ PS-DVB-OH 1000-1100 90
LiChrolut EN PS-DVB hc. 1200 40-120
Oasis HLB DVB-VP 830 50-65
Oasis MCX DVB-VP — 30-60
PLRPS PS-DVB 550 15-60
Strata X PS-DVB cm 800 —
Gel de silice —Si—-OH — 15-35
Florisil MgSiOs — 50-200
Isolute NH, —Si—(CH;);—NH; — 45-65
RP-Cys —Si—(CH,),7CHj3 — 40-63

"PS-DVB, poliestireno-divinilbenceno; F-PS-DVB, poliestireno-divinilbenceno con grupo funcional;
DVB-VP, divinilbenceno-vinilpirrolidona; MA-DVB, metacrilato-divinilbenceno; hc, pypercrosslinked;
cm, chemically modified.
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e Silices modificadas

Estos sorbentes se pueden clasificar como: a) en fase inversa, formados por
silice enlazada a hidrocarburos alifaticos o aromaticos, tales como octadecilo (Cjs),
octilo, etilo, fenilo y ciclohexilo; b) en fase normal, formados por la silice enlazada a
otros grupos funcionales, tales como el cianopropilo, aminopropilo y diol (Thurman y
Mills, 1998). Sus mecanismos de interaccion se basan principalmente en las
interacciones hidrofobas (fuerzas de Van der Waals) entre los analitos y la fase
estacionaria (Fritz, 1999). El uso de estos absorbentes pueden presentar algunos
inconvenientes tales como la reducida eficacia en la extraccion de compuestos polares,
la inestabilidad a pH extremos y la presencia de algunos grupos silanol residuales
(Poole, 2003).

En las Tablas incluidas en el siguiente apartado de aplicaciones de las técnicas
analiticas se resumen algunos métodos representativos que utilizan C;g3 como sorbente
para la SPE de farmacos de distintos tipos de muestras (ambientales, alimentos y fluidos
biologicos) (Ternes et al., 2002; Tuerk et al., 2006; Vinci et al., 2006, Bianchi et al.,
2007; Togola y Budzinski, 2007; Ye et al., 2008; Rejtharova y Rejthar, 2009; Sun et al.,
2009; Samaras et al., 2011). Los disolventes elegidos para la elucion de los analitos
retenidos en este tipo de sorbente son: acetato de etilo, acetona, acetonitrilo,

diclorometano, éter o metanol).

e Carbonos activados grafitizados

El carbon grafitizado es un adsorbente no-especifico y no-poroso con una
superficie especifica de unos 100 m*/g. Estos adsorbentes son, en ocasiones, los tnicos
que pueden retener muchos solutos organicos altamente polares. Aparentemente, la
adsorcion no sélo se debe a interacciones hidrofobicas, sino que en muchas ocasiones se
producen interacciones electronicas especificas con el analito (Yang, 2003). Se piensa
que el carbon grafitizado contienen carbono-oxigeno que proporcionan sitios con carga
positiva que actian como intercambiadores de aniones en presencia de muestras
acidificadas y permiten la adsorcion de analitos extremadamente polares. Una de las
desventajas que presentan estos adsorbentes es la excesiva retencion de algunos
analitos, que en algunos casos pueden ser adsorbidos irreversiblemente. En el caso de

sustancias farmacologicamente activas se han utilizado carbon activado para la
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extraccion de acido clofibrico e ibuprofeno presentes en fluidos bioldgicos y diferentes

tipos de aguas con rendimientos de extraccion entre 80 y 100 % (Neng et al., 2011).

e Sorbentes polimeéricos

Los sorbentes mas utilizados son los copolimeros de estireno-divinilbenceno (PS-
DVB), que tienen una superficie hidrofoba y areas superficiales comprendidas entre 600
y 1200 m’/g. Estos materiales superan muchas de las limitaciones de las silices
enlazadas, ya que tienen mayor estabilidad en un intervalo de pH mas amplio (1-14) y
retienen mas eficazmente a los analitos, principalmente polares, porque su superficie
hidrofoba contiene un gran nimero de sitios aromaticos activos lo cual permite
interacciones -1 con analitos no saturados. La eficacia de estos polimeros depende de
varios pardmetros fisico-quimicos: tamafio de particula, area superficial, didmetro de
poro, volumen de poro, grado de reticulacion y distribucion del tamafio de particula
(Liska, 2000; Masqué et al., 2001). En la Tabla 12 se incluyen algunas de las
caracteristicas fisicas de los sorbentes poliméricos mas utilizados para la SPE de
farmacos. Igualmente en la Figura 5 se pueden observar las estructuras quimicas de

algunos de ellos.
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Figura 5: Estructura quimicas de los sorbentes poliméricos mas utilizados para la SPE de SFAs.
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Estos materiales poliméricos estan siendo los mas utilizados como sorbentes en la
SPE de SFAs como se puede observar en las Tablas incluidas en el apartado siguiente
dedicado a las diferentes técnicas analiticas para la determinacién de SFAs. De todos
ellos, el preferido por muchos investigadores es el Oasis HLB (Weigel et al., 2004;
Shao et al., 2005; Lin et al., 2005; Babic et al., 2006; Diaz-Cruz et al., 2006; Gomez et
al., 2006; Koesukwiwat et al., 2007; Lajeunesse y Gagnon, 2007; Togola y Budzinski,
2007; Raich-Montiu et al., 2007; Zhang y Zhou, 2007; Shen et al., 2009; Vazquez-
Roig et al., 2010; Magiera et al., 2011). Otros autores han utilizado el sorbente Oasis
MAX con este mismo objetivo (Lee et al., 2005; Kasprzyk-Hordern et al., 2007; Zang et
al., 2008).

e Polimeros impresos molecularmente

Una nueva tecnologia conduce a la obtenciéon de polimeros sintéticos muy
estables, que poseen propiedades de reconocimiento molecular selectivo y que se
denominan polimeros impresos molecularmente (molecularly imprinted polymers). Los
lugares de reconocimiento dentro de la matriz polimérica son complementarios al
analito en el perfil y posicion de grupos funcionales. Estos sorbentes se preparan
sintetizando polimeros altamente entrecruzados en presencia de una molécula plantilla
(template). Después de separar la molécula, el polimero puede utilizarse como un medio
de union selectivo para la plantilla (analito) o compuestos relacionados estructuralmente
(Pichon, 2007). Estos polimeros han sido utilizados para la SPE de cloranfenicol en
leche, miel o fluidos biologicos (Boyd et al., 2007; Mohamed et al., 2007). También han
sido aplicados este tipo de sorbente para la extraccion de antibidticos derivados de la

tetraciclina en huevos y tejidos animales (Chen et al., 2009b).

2.2.1.3. Microextraccion en fase sélida

La técnica de microextraccion en fase solida (solid-phase miroextraction, SPME)
se basa en la particién de los analitos contenidos en una matriz y el recubrimiento de
una fibra de silice fundida con un liquido polimérico o un sorbente sélido. El pequefio
tamafio de la fibra y su geometria cilindrica permiten incorporarla en una jeringa. La
fibra estd unida a un piston de acero inoxidable cubierto por una aguja protectora,

adaptada a un cuerpo de jeringuilla, pero en este caso el émbolo no va a aspirar la
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muestra, sino que solo se va a encargar de hacer salir la fibra al exterior o de
introducirla en el interior del dispositivo (Lord y Pawliszyn, 2000). La técnica de SPME
surge para eliminar o reducir las limitaciones de SPE, ya que ofrece una rapida
transferencia de masa durante la extraccion y la desorcion, previene las obstrucciones
que se pueden producir en la SPE, reduce o elimina el consumo de disolventes y facilita
el manejo e introduccion directa en los instrumentos analiticos de medida (Figura 6).

Tiene limitaciones relacionadas con el coste y la reproducibilidad, principalmente.

Cromatografia
U a Liquida

c—a Cc

— — —_

b Cromatografia
de Gases
Detector

e | | | d .

— i — — BE

Figura 6: Esquema del proceso de SPME acoplada a CL o a CG; (a) inmersion directa; (b) espacio de

cabeza; (c) desorcion con disolventes; (d) desorcion térmica.

Los materiales sorbentes mas utilizados en las fibras de SPME son el
polidimetilsiloxano (PDMS), policrilato y divinilbenceno. También algunos
investigadores prefieren el uso de otros materiales como el Carbowax o Carboxeno. El
proceso de extraccion finaliza con la desorcién térmica para cromatografia de gases

(GC) o con disolventes para cromatografia liquida (LC). Existen tres modos de
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extraccion en SPME: a) por inmersion directa de la fibra en la muestra liquida, b) por
introduccion de la fibra en el espacio de cabeza (headspace, HS), y c) por proteccion de
la fibra con una membrana semipermeable, impidiendo que compuestos con elevado
peso molecular tales como 4cidos hiimicos o proteinas lleguen a la fibra y puedan
dafiarla (Risticevic et al., 2009).

En las Tablas incluidas en el apartado se han incluido algunos métodos en los que
se utiliza SPME para extraccion de algunos tipos de SFAs. Asi por ejemplo, Souza et al.
(2011) han empleado fibras de polidimetilsiloxano para la adsorciéon de anfetaminas
presentes en fluidos procedentes de la boca. Otros autores han preferido fibras de
polimetilsioloxane-divinilbenceno para la SPME de antiinflamatorios y antiepilépticos
en aguas de rio (Vera-Candioti, 2008). Jarmalavi¢iene et al. (2008) han utilizado un
nuevo material “restricted-access media” como sorbente para la SPME de diferentes

tipos de analgésicos y cafeina en plasma de vaca.

2.2.1.4. Extraccién en barra

La extraccion en barra (stir-bar sorptive extraction, SBSE) se basa en ¢l uso de
una pequefia barra magnética agitadora recubierta de un polimero que actua de
adsorbente (1 mm de PDMS), comercializada con el nombre de Twister en dos tamafios
diferentes (10 mm x 3.2 mm; y 40 mm x 3.2 mm) recomendadas para volumenes de
muestras de 1-50 ml y 100-250 ml, respectivamente. En esta técnica se introduce la
barra magnética en una matriz liquida donde se agita durante un tiempo, reteniendo en
el material sorbente a los analitos. Finalmente, éstos se desorben con un disolvente o
térmicamente en una unidad de desercion (150-300 °C) para su determinacion por GC
(Sanchez-Rojas et al., 2009).

La SBSE se ha aplicado con éxito para el andlisis de trazas de compuestos
volatiles y semi-volatiles en muestras ambientales y en muestras biologicas. Por
ejemplo, Silva et al. (2008) han aplicado esta técnica para la extraccion de anti-
inflamatorios no esteroides/ analgésicos y reguladores de lipidos de muestras de agua.
Otros autores han usado la técnica SBSE para la extraccion de hormonas y
antiepilépticos en muestras bioldgicas (Almeida y Noguerira, 2006; Queiroz et al.,

2008).
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2.2.1.5. Extraccion asistida por microondas

En los ultimos afos la extraccidon asistida por microondas (microwave assisted
extraction, MAE) ha aparecido como una clara alternativa a la extraccion Soxhlet ya
que permite un calentamiento mas rapido y eficiente de la muestra. La muestra se extrae
aplicando energia de microondas en un disolvente adecuado. Las muestras junto con el
disolvente de extraccion se irradian con las ondas de microondas durante cortos
periodos de tiempo y como consecuencia se produce un aumento de la temperatura que
favorece la transferencia de los compuestos retenidos en la matriz al disolvente. Esta
técnica de extraccion es rapida, ya que los tiempos de irradiacién son muy cortos y,
ademas, se pueden extraer varias muestras simultaneamente. Sin embargo, presenta
algunos inconvenientes tales como la dificultad de ser automatizada o acoplada a las
técnicas de analisis, asi como la necesidad de centrifugar o filtrar la muestra después del
proceso de extraccion.

Los parametros a tener en cuenta a la hora de optimizar un método basado en la
extraccion MAE son la composicion del agente extractante y su volumen, la
temperatura y el tiempo de extraccion, asi como la naturaleza de la matriz. Esta técnica
de extraccion depende de la matriz y limita los disolventes que se pueden emplear, ya
que conviene que €stos no sean transparentes a la radiacion de microondas y que tengan
un elevado momento dipolar, sin olvidar la solubilidad de los analitos en los mismos.
En general, cuanto mayor sea el momento dipolar del disolvente, mayor serd su
capacidad de extraccion. Asi, el hexano, cuyo momento dipolar es practicamente nulo,
es transparente a la radiacion de microondas y apenas se calienta cuando se usa dicha
radiacion. En cambio, metanol, etanol, acetonitrilo, agua y acetona tiene un momento
dipolar més alto (Tabla 13) y se calentardn en pocos segundos, aunque algunos
compuestos organicos presentan una mejor solubilidad en metanol y agua (Letellier y
Budzinski, 1999; Eskisson y Bjorklund, 2000). Como disolvente extractante se suele
utilizar mezclas de agua con metanol o acetonitrilo, aunque algunos autores prefieren
cloruro de metileno (Rice y Miltra, 2007) o agua (Dobor et al., 2010; Varga et al.,
2010) para la extraccion de SFAs en lodos y sedimentos consiguiéndose una eficacia en
la extraccion similar a la que se obtiene con disolventes organicos, pero es mas barata,

segura y ecoldgica.
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Tabla 13: Propiedades dicléctricas de varios disolventes utilizados en el MAE.

g e’ tan3(x10%)
Hexano 1.89 0.00019 0.10
Acetato de etilo 6.02 3.2 5312
Acetona 21.1 11.5 5555
Metanol 23.9 15.3 6400
Etanol 24.3 6.1 2500
Acetonitrilo 37.5 23 620
Agua 76.6 12.0 1570

La temperatura juega un papel muy importante en el proceso, ya que un aumento
de la temperatura se refleja en una mayor capacidad del disolvente para solubilizar los
analitos. No obstante un exceso de temperatura puede favorecer la degradacion de los
mismos. A modo de resumen en la Tabla 14 se incluyen algunos ejemplos de
aplicaciones de MAE en la determinacion de sustancias farmacologicamente activas en
muestras solidas tales como suelos, sedimentos y lodos. Como se puede observar, en la
mayoria de los casos se seca, tamiza (0.5—-1 mm) y homogeniza la muestra previa a la
extraccion con MAE. En algunos casos se controla la temperatura (100-150 °C) del
tratamiento con MAE (Liu et al., 2004a; Matejicek et al., 2007; Forster et al., 2009;
Dobor et al., 2010). En otros casos se controla la potencia entre 30 y 800 W durante
2-15 min (Labadie y Budzinski, 2005; Rice y Mitra, 2007; Cueva-Mestanza et al.,
2008; Varga et al., 2010).
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Tabla 14:_Aplicacion de la técnica de extraccion asistida por microondas para la determinacion de sustancias farmacoldgicamente activas en

muestras solidas.”

Muestras Pretratamiento  Condiciones de MAE  Tratamiento del extracto Determinacion Parametros Referencia
de muestra analiticos

Hormonas Sedimentos = 110 °C, 15 min Centrifugacion GC-MS LOD: 0.2-1 ng/g Liu et al., 2004a
(5g seco) 25 ml metanol SPE (gel de silice, acetato de  Derivatizacion con Rec: 62-133 %

etilo- hexano) BSTFA+1%TMCS RSD: <24.3 %

Hormonas Particulas - 30 W, 5min Centrifugacion GC-MS LOD: 0.4-1.9 ng/g Labadie y
flotantes en 10 ml metanol:agua SPE (Oasis HLB, metanol- Derivatizacion con Rec:72-91% Budzinski, 2005
agua del rio Milli-Q (55:45, v/v) agua) MSTFA,

(150 mg) mercaptoetanol, y
NH,I)

Hormonas Sedimentos Tamizado (1.0 100 °C, 10 min SPE (Oasis WAX, agua- LC-MS/MS LOD:0.14-0.98 ng/g Matejicek et al,
derio (1 g) mm) y 10 ml agua:metanol tetrahidrofurano-NH,OH) Rec:83-107 % 2007

homogenizado  (25:75, v/v) RSD: 4.9 - 9.6 %.

Cafeina, analgésicos/  Sueloy Secado y 800 W, Centrifugacion GC-MS Rec: 25-90 % Rice y Mitra, 2007

ANEs, antiepilépticos, sedimentos homogenizado  Cloruro de metileno: SPE (columna de gel de Derivacion con

hormonas Beg metanol (2:1, v/v) silice;  hexano-cloruro de BSTFA-piridina

metileno-acetona)

Analgésicos/ANEs, Sedimentos Secado 500 W, 6 min; 8 ml Filtracién, LC-UV LOD: 4-167 ng/g Cueva-Mestanza et

RL, B-bloqueadores, 2g POLE SPE (Oasis HLB, metanol) Rec: 6-116 % al., 2008

antiepilépticos RSD: <11 %
Antibioticos y sus Suelo (10 g) Secado, 150 °C, 15 min, — LC-MS/MS Rec: 95-101 % Forster et al., 2009
metabolitos tamizado y acetonitrilo:agua (1:4,
homogenizado  v/v)

Analgésicos/ANEs Lodo (0.5g)  Secado, 100 °C, 30 min Centrifugacion GC-MS LOQ: 15-22 ng/g Dobor et al., 2010
tamizado y 50 ml de agua SPE (Oasis HLB) Derivatizacion con Rec: 80-105 %
homogenizado hexametildisilazano+  RSD: 10-17 %
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en piridina)

Analgésicos/ANEs Aguaderio, Secado, 600-700 W, 30 min SPE (Oasis HLB) GC-MS LOQ: 2-90 ng/l Varga et al., 2010
sedimentos tamizado y 50 ml de agua Derivatizaciéon con 2-38 ng/g
(GF) homogenizado  destilada hexametildisilazano+  Rec: 95-103 %

acido trifluoroacético RSD:9-13 %
y hidroxilamina-HCI
en piridina)

*ANEs: Antiinflamatorios no esteroideos; BSTFA: N,O-bis-(trimetilsilil)trifluoroacetamida; DAD: detector de diodos en fila; GC: cromatografia de gases; LC:
cromatografia de liquidos; LOD: limite de deteccion; LOQ: limite de cuantificacion, MAE: extraccion asistida por microondas; MS: espectrometria de masas;
MS/MS: espectrometria de masas en tindem; MSTFA: N-metil-N-(trimetilsilil)trifluoroacetamida; POLE: polioxietileno; Rec: recuperacion; RL: reguladores de

lipidos; RSD: desviacion estandar relativa; SPE: extraccion en fase solida; UV: detector de ultravioleta.
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2.3. Técnicas analiticas para la determinacidbn de sustancias

farmacoldgicamente activas

Como se puede observar en la Figura 7, donde se recogen las publicaciones
analiticas sobre sustancias farmacologicamente activas en muestras ambientales,
alimentos y fluidos bioldgicos durante el periodo comprendido entre 2005-2011, las
técnicas mas empleadas para el anlisis de SFAs son la cromatografia de liquidos y la
cromatografia de gases, seguidas por la electroforesis capilar y las técnicas
espectroscopicas, espectrofluorimétricas y quimioluminiscentes. A continuaciéon se
tratardn los aspectos mas importantes de estas técnicas, distinguiendo entre

cromatogréaficas y no cromatogréficas.

Otras técnicas
7%

SP, SFy CL
11%

40%

Figura 7: Numero de publicaciones aparecidas en el periodo 2005-2011 relacionadas con la
determinacién de sustancias farmacoldgicamente activas. [Fuente: Scopus; palabras claves:
“pharmaceuticals”, “environmental samples”, “foods”, biological fluids”, “gas chromatography” (GC),
“liquid chromatography” (LC), “capillary electrophoresis” (CE), “spectrophotometry” (SP),
“spectrofluorimetry” (SF), immunochemical (IM) or “chemiluminescence” (CL)]

2.3.1. Técnicas cromatograficas

Estas técnicas se han convertido en unas herramientas esenciales en la Quimica

Analitica moderna y en las Ciencias relacionadas con la separacion de mezclas de
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componentes en muestras complejas. De las diferentes modalidades existentes, la
cromatografia de gases y cromatografia de liquidos son las mas se utilizan para la
determinacion de SFAs en diferentes tipos de muestras. A continuacién se comentaran
algunos aspectos importantes relativos a la determinacion de estas sustancias mediante
GCyLC.

2.3.1.1. Cromatografia de gases

Los primeros métodos basados en la técnica de GC datan de 1970 donde se
determiné residuos de cloranfenicol en tejidos animales y penicilinas en leche. Esta
técnica ha sido ampliamente utilizada para la determinacion de SFAs. No obstante y
debido a que estos compuestos, en la mayoria de los casos, son poco volatiles y polares,
es necesaria la derivatizacion previa para su separacién por esta técnica.

En cuanto a las columnas utilizadas para la separacion cromatografica de SFAsS,
las fases mas utilizada son las no polares como la de 5 % fenil-metilpolisiloxano (Liu et
al., 2004b; Weigel et al., 2004; Lee et al., 2005; Morales et al., 2005; Canosa et al.,
2007; Lajeunesse y Gagnon, 2007; Beck et al., 2008; Yilmaz et al., 2009; Magiera et
al., 2011; Souza et al., 2011) o 100 % dimetilpolisiloxano (Seo et al., 2005; Rejtharova
y Rejthar, 2009) debido a su alta estabilidad térmica y a que son inertes del punto de
vista quimico.

Las sistemas de deteccion que normalmente se han utilizado son el detector de
captura de electrones (ECD) y el de ionizacién de Illama (FID). Por ejemplo, para la
determinacion de cloranfenicol y otros farmacos con grupos halogenados se ha utilizado
el detector ECD por su alta sensibilidad y selectividad a estos compuestos (Ding et al.,
2005; Zhang et al., 2006). El detector de ionizacion de llama, aunque es menos sensible,
lo han utilizado algunos autores para la determinacion anti-inflamatorios no esteroideos
(Es’haghi, 2009) o parabenos (Farajzadeh et al., 2010) en muestras de agua. En estos
métodos utilizan una etapa de preconcentracion de microextraccion liquido-liquido
mejorando notablemente la sensibilidad.

Actualmente la espectrometria de masas es el sistema de deteccion més utilizado
para la determinacion de SFAs por GC debido a que ademas de ofrecer informacion
acerca de su estructura quimica, permitiendo su identificacion inequivoca, se puede
aplicar a la determinacién cuantitativa de las mismas. Como se puede observar en la
Tabla 15, la mayoria de los métodos propuestos para la determinacién de estos

compuestos en muestras Medio Ambientales, alimentos o fluidos bioldgicos se basen en
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Tabla 15: Métodos para la determinacion de sustancias farmacologicamente activas en muestras ambientales, alimentos y fluidos bioldgicos
mediante cromatografia de gases.

Compuestos/Clases Muestras Preparacion de muestra” Reactivos de Determinacion Columna Parametros Referencia
terapéuticas * derivatizacion © cromatografica analiticos ©
Cloranfenicol, Pescado Centrifugacion BSA GC-MS (EI) HP-5MS LOD: 5 pg/kg Nagata y Oka, 1996
florfenicol, tianfenicol SPE Rec: 61-82 %
(Florisil; metanol- éter etilico)
Hormonas Plasma, orina, SPE MSTFA/NHL/DTE GC-MS (EI) Ultra-2 LOD: 0.2-3 pg/l Choi et al., 2002
pelo, leche (Oasis HLB; metanol) Rec: 73-104 %
materna RSD: 1.9-14.3 %
Hormonas Lodos, Sonicacion, centrifugacion MSTFA/TMSI/DTE, GC-MS/MS (EI, XTI-5 LOQ: 0.2—4 ng/g Ternes et al., 2002
sedimentos SPE (Cis, acetona), GPC trampa de iones) Rec: 57-121 %
Hormonas, fenoles Aguaderioy  SPE (gel de silice; acetato de etilo) BSTFA+1%TMCS GC-MS/MS (EI, ZBS LOD: 0.3-3.4 ng/l Liu et al., 2004b
de mar trampa de iones) Rec: 41-114 %
RSD: <20 %
ANEs, antiepilépticos, Agua SPE MSTFA GC-MS/MS (EI, HP-5MS LOQ: 0.05-0.38 ng/l Weigel et al., 2004
B-bloqueadores, superficial (Oasis HLB; acetato de etilo) trampa de iones) Rec: 70-100 %
hormonas, RL, RSD: 1-21 %
antisépticos
ANESs, hormonas, Aguas SPE TBSTFA- GC-MS (EI) Restek Rtx- LOD: 0.01-0.1 pg/l Lee et al., 2005
PCPs, fenoles residuales (Oasis MAX; metanol- acido 1% TBDMSCI; PFPA 5Sil Rec: 87-110 %
formico) RSD: < 7%
ANEs, antiepilépticos, Aguas de rio, SPE (Oasis HLB; acetona- metanol) TBA-HSO, GC-MS/MS (EI, DB-5MS LOQ: 1.0-8.0 ng/l Lin et al., 2005
RL grifo y trampa de iones) Rec: 50-108 %
residuales RSD:1-10 %
Triclosén y Lodos, MAE MTBSTFA GC-MS/MS (EI, HP-5MS LOD: 0.4-0.8 ng/g Morales et al., 2005
clorofenoles sedimentos SPE (Oasis HLB; acetato de etilo) trampa de iones) Rec: 78-106 %
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Hormonas

Hormonas

Parabenos y triclosan

ANEs, antiepilépticos,
PCPs, RL

Hormonas

ANEs antiepilépticos
PCPs, fenoles,
herbicidas

ANEs, RL,
antiepilépticos, cafeina

Hormonas

ANEs, EDCs, RL,
hormonas, PCPs

Carne

Fluidos
foliculares de
cerdo

Polvo

Aguas
residuales

Pescado

Aguas de
grifo, pozo,
rioy
residuales
Aguas
residuales y

superficiales

Suelo

Suelo

Sonicacion
SPE (Cs. metanol)
SPE (NH,: acetato de etilo-metanol)

MSPD (C;g ; éter etilico)
SPE (Cig; éter etilico)

MSPD (C,3 y Florisil; acetonitrilo)

SPE (Oasis- HLB
Strata-X; acetato de etilo)

Sonicacion

SPE (C;g; acetonitrilo)

SBSE (PDMS; acetato de etilo)

SPE
(Cyg, Oasis HLB; acetona—acetato de
etilo)

PLE
SPE ( Cs; acetone:diclorometano)

Sonicacion
SPE (Cis; acetato de etilo)

MSTFA/NH,/DTE

TFA

MTBSTFA

BSTFA +10% TMCS

MSTFA-TMIS-DTE

MTBSTFA

MSTFA

MSTFA

MTBSTFA
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GC-MS

GC-MS

GC-MS/MS (EL,

trampa de iones)

GC-MS/MS (EI,
trampa de iones)

GC-MS (EI)

GC-MS/MS (EL,
trampa de iones)

GC-MS (EI)

GC-MS (EI)

GC-MS (EI)

DB-1MS

HP-5 MS

Phenomenex
ZB-5ms

HP-5 MS

DB-XLB

HP-5MS

HP-5MS

HP-5MS

LOD: 0.1-0.4 pg/kg
Rec: 68-106 %
RSD: 5-16 %

LOQ:0.2-0.8 pg/kg
Rec: 81-98 %
RSD: <7 %

LOQ: 0.6-2.6 ng/g
Rec: 80-114 %
RSD: 2.8-13.0 %

LOD: 1-18 ng/l
Rec: 72-102 %

LOQ: 0.2 pg /kg
Rec: 69-100 %
RSD: 4.8-10.1 %

LOD 1-800 ng/1
Rec: 70-130 %
RSD: < 20 %

LOD: 0.4 — 2.5 ng/l
Rec: 53 -99 %
RSD: <15 %

LOD: 1-20 ng/ml
Rec: 79-103 %
RSD: <13 %

LOD: 0.55-9.08 ng/g
Rec: 52 111 %

Seo et al., 2005

Bianchi et al., 2007

Canosa et al., 2007

Lajeunesse y
Gagnon, 2007

Long et al., 2007

Quintana et al., 2007

Togola y Budzinski,
2007

Beck et al., 2008

Xu et al., 2008



Hormonas

ANEs

Antibioticos

Antibioticos

Metoprolol

ANEs, hormonas,

PCPs, fenoles

Parabenos

Drogas de abuso

ANEs/analgésicos,
hormonas,

Leche,
huevos, carne

Aguas de
grifo,
superficiales y
residuales

Orina, agua de
alimentacion,
leche, miel

Carne e
higado de
cerdo y pollo

Plasma
humano

Aguas de
rios,
superficiales

Tomate frito,
salsa y
preparados

farmacéuticos

Pelo

Aguas de rios

SPE (Cis; acetato de etilo/
H,S0,)

LPME (octanol)

SPE (Cyg; acetonitrilo-agua
MIP (diclorometano-acido acético-
metanol)

Centrifugacion
LLE (acetato de etilo-amoniaco)
SPE(Oasis HLB; metanol)

Centrifugacion
LLE (acetato de etilo-éter dietilico)

SPE (Oasis HLB; metanol,
diclorometano)

Extraccion con disolvente a presion
Centrifugacion
DLLME (acetona-octanol)

Centrifugacion
SPE (Bond Elut;
diclorometano:propanol-amoniaco)

SPE (Strata-X; acetato de etilo)

MSTFA/TMIS/DTE
PFBBr/BSTFA

TBA

BSTFA +1% TMCS

BSTFA+ 1% TMCS

MSTFA

PFBBr, PFBOCI

MTBSTFA-
TBDMSCI

Metilacion
(diazometano)
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GC-MS/MS
(NCI, triple
quadrupolo)

GC-FID

GC-MS (NCI)

GC-MS (NCI)

GC-MS (EI)

GC-MS (NCI)

GC-FID

GCxGC-TOF-

MS

GCxGC-TOF-
MS

ZB-5MS

HYDRODEX
B-6TBDM

HP-1MS

HP-5MS

HP-5MS

DB35-MS

SPB-50

DB-5MS

BPX50

TRB-5MS,
TRB-50HT

LOD: 10 ng/kg

LOD: 1-2 ng/l
Rec: 89—-108 %
RSD: 3.4-10.2 %

LOD: 0.005-0.2 ng/ml

RSD: 2.5-7.0 %

LOD: 0.1-0.5 pg/kg

Rec: 79-106 %
RSD: <17 %

LOD: 5 ng/ml
Rec: 91 %
RSD: < 6.4 %

LOD: 0.2-2.2 ng/l
Rec: 43 145 %

LOD: 5-15 ng/ml
Rec: 25-72 %
RSD: 2-3 %

LOD: 0.5-100 ng/1
Rec: 41-113 %

Courant et al., 2008

Es’haghi, 2009

Rejtharova y Rejthar,

2009

Shen et al., 2009

Yilmaz et al., 2009

Zhao et al., 2009

Farajzadeh et al.,
2010

Guthery et al., 2010

Matamoros et al.,
2010



antisépticos,
antiepilécticos, otros

compuestos organicos

B-bloqueadores,
flavonoides,
isoflavonas y sus
metabolitos
ANEs

ANEs, PCPs, fenoles

Anfetaminas

Orina humana

Lana

Aguas
residuales,
lodos

Fluidos
bucales

SPE (Oasis HLB; tert-butil metil
éter- metanol-acido formico)

Sonicacion

Sonicacidn, centrifugacion
SPE (Cis; acetato de etilo)

SPME (PDMS)

MSTFA

BSTFA +1% TMCS

BSTFA+1% TMCS

Formacion de
alquilcloroformatos

GC-MS (EI)

GC-MS (EI)

GC-MS (EI)

GC-MS (EI)

HP-5-MS

ZB-1

DB-5MS

HP-5MS

RSD: < 20 %

LOD: 0.6-9.7 ng/ml
Rec: 70-100 %
RSD: < 5%

LOD: 0.3-33 ng/l
Rec: 84-117 %
RSD: 1.7-13 %

LOD : 0.5-2 ng/ml
Rec: 7-112 %
RSD: < 15%

Magiera et al., 2011

Richards et al., 2011

Samaras et al., 2011

Souza et al., 2011

* ANEs: Antiinflamatorios no esteroideos; EDCs: compuestos disruptores endocrinos; PCPs: productos de cuidado personal; RL: reguladores de lipidos.
® ASE: extraccién acelerada con disolventes; DLLME: microextracciéon liquido-liquido dispersiva; GPC: cromatografia de geles; LLE: extraccion liquido-liquido; LPME:

microextraccion liquido-liquido; MAE: extraccion por microondas asistida; MSPD: extraccion de la muestras en fase solida; MIP: polimeros impresos molecularmente; PLE:

extraccion acelerada con disolventes; PDMS: polidimetilsiloxano; SBSE: Extraccion con barra;. SPE: extraccion en fase solida; SPME: microextraccion en fase solida.

°BSA: N, O-bis (trimetilsilil)acetamida; BSTFA: N, O-bis (trimetilsilil)trifluoroacetamida; DTE: ditioeritritol; MSTFA: N-metil-N-(trimetilsilil)trifluoroacetamida; MTBSTFA: N-

metil-N-(tertbutildimetilsilil)trifluoroacetamida; TMIS: yoduro de trimetilsilano; PFBOCI: cloruro de pentafluorobenzoilo; PFBBr: bromuro de pentafluorobenzilo; PFPA: anhidrido

pentafluoropropionico;, TBDMSCI: tert-butildimetilclorosilano; TBSTFA: N-t-butildimetilsilil-N-metiltrifluoroacetamida; TBA: tetrabutil amonio; TBA-HSO,: sulfato acido de

tetrabutilamonio; TFA: anhidrido trifluoroacético; TMCS: trimetilclorosilano; TMSI: trimetilsilisimidazol.

4 FID: detector de ionizacion de llama; EI: ionizacion por impacto electronico; GC: cromatografia de gases; MS: espectrometria de masas; MS/MS: espectrometria de masas en

tandem; NCI: ionizacién quimica negativa.

¢ LOD: limite de deteccion; LOQ: limite de cuantificacion; Rec: recuperacion; RSD: desviacion estandar relativa.
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al., 2005; Gémez et al., 2006; Kasprzyk-Hordern et al., 2007; Zhang et al., 2008; Chen
et al., 2009a; Sun et al., 2009; Yan et al., 2009; Vazquez-Roig et al., 2010; Gracia-Lor
et al., 2011). Por otro lado, Chiuminatto et al. (2010) han utilizado un nuevo método de
atomizacion como es mediante turbo i6n spray.

La Directiva 2002/657/EC propone que se necesita un minimo de tres o cuatro
puntos de identificacion en el andlisis de residuos de farmacos (Comision of the
European Communities, 2002). En este sentido el analizador en tandem cumple con el
requisito de las normas Europeas, y es muy utilizado por los investigadores para la
identificacion de SFAs y sus derivados (Gros et al., 2006). En la Tabla 16 se incluyen
algunos ejemplos del uso del analizado de triple cuadrupolo para la identificacion de
farmacos en diferentes tipos de muestras (ambientales, alimentos y fluidos biologicos).
Otros analizadores como el trampa de iones (Vinci et al., 2006; Chen et al., 20092a) o
bien el de tiempo de vuelo (Peters et al., 2009; Villar-Pulido et al., 2011) también han
sido utilizados pero con menos frecuencia para la determinacion de SFAs. Jelic et al.
(2009) han utilizado como analizador un hibrido entre triple cuadrupolo y trampa de
iones lineal (hybrid triple quadrupole-linear ion trap mass spectrometer, QqLIT-MS)
para la determinacion un gran numero de SFAs, consiguiendo unos limites de deteccion

entre 0.01 y 8.84 ng/g.
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Tabla 16: Métodos para la determinacion de sustancias farmacologicamente activas en muestras ambientales, alimentos y fluidos

bioldgicos mediante cromatografia de liquidos.

Compuestos/Clases

terapéuticas®

Muestras

Preparacion de muestra®

Determinacion ©

Fase estacionaria (FE)

Fase movil (FM)

Parametros
Analiticos ¢

Referencia

Acido niflimico y sus
metabolitos
Hormonas

Hormonas

Antibioticos

Antibioticos

Plasma humano

Carne, rifiones,

higado y leche

Aguas, orina

Aguas residuales

Lodos

Centrifugacion

Centrifugacion
SPE (Oasis HLB; metanol-
trietilamina)

SBSE (polidimetilsiloxano)

SPE
(Oasis HLB; metanol)

PLE
SPE (Oasis HLB; metanol,
acetona)

LC-UV (A 288 nm)

LC-ESI-MS/MS

(QqQ)

LC-DAD (A 200 nm)

LC-DAD (2 280 nm)

LC-ESI-MS/MS
(QqQ)
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FE: RP-Clg
FM: metanol-agua

FE: RP-C 18
FM: acetonitrilo-agua;
metanol-agua

FE: RP-C 18
FM: acetonitrilo-agua

FE: LiChrosphere 100
CN

FM: acetonitrilo-
disolucion acuosa de
acido oxalico

FE: RP-Clg

FM: acetonitrilo-
disolucion acuosa de
acido férmico

LOQ: 50 —100 ng/ml
Rec : 90-99 %
RSD: 2.1 -9.5%

LOD : 1.0-120 ng/kg
Rec : 64-104 %
RSD : 2.8-29.1 %

LOD: 0.3-1.0 pg/l
Rec: 11 - 100 %
RSD: 2.1-17.1 %

LOQ: 1.5-100 pg/l
Rec: 68 — 98 %
RSD: 3.3-10.1 %

LOD: 0.001-0.27 ng/g
Rec: 58 — 104 %
RSD: 9-17 %

Jang et al., 2005

Shao et al., 2005

Almeida y

Nogueira, 2006

Babic et al., 2006

Diaz-Cruz et al.,
2006



ANEs/analgésicos,
antibioticos, p-
bloqueadores,
antidepresivos

ANEs/analgésicos

Antibioticos

ANEs

Antiepilépticos,
antibioticos, -
bloqueadores, ANEs/
analgésicos, RL,
broncodilatadores,
antagonistas del calcio,
antidepresivos

Antibioticos

Antibioticos

Aguas residuales
del hospital

Plasma humano

Orina

Suero y plasma
de animales

Aguas

superficiales

Leche de oveja

Aguas
superficiales,
suelos

SPE (Oasis HLB; metanol)

Hidrolisis
SPE (Oasis HLB; éter
dietilico-metanol)

SPE (C;s; metanol-
tetrahidrofurano)

Centrifugacion
SPE (Cig; n-hexano-éter
dietilico)

SPE (Oasis MCX; metanol,
metanol- amoniaco)

SPE (Oasis HLB; metanol)

MAE

SPE (Oasis HLB; acetonitrilo-
agua); Derivatizacion
(fluorescamina)

LC-ESI-MS-MS (QqQ)

LC-ESI-MS

LC-DAD (A =200-450
nm)

LC-MS

LC-MS/MS (QqQ)

LC-ESI-MS-MS
(trampa de iones)

LC-ESI-MS-MS
(QqQ)

LC-ESI-MS

LC-FLD (Aex/Aem:
405/485 nm)
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FE: RP-Clg

FM: acetonitrilo-
disolucion acuosa de
acido formico

FE: RP -Clg

FM: acetonitrilo-
disolucion acuosa de
formato de amonio
FE: RP-Cm

FM: acetonitrilo-
disolucion acuosa de
acido formico

FE: Max RP80

FM: acetonitrilo-
disolucion acuosas de
acido acético

FE: RP-Cm
FM: metanol-disolucién
acuosa de acido acético

FE: RP -Clg

FM: acetonitrilo-
disolucion acuosa de
acido oxalico

FE: RP-Clg

FM: acetonitrilo-tampon
acetato de amonio-acido
acético

LOD: 7-47 ng/l
Rec: 45-114 %
RSD: 0.3-4.9 %

LOD: 0.01-0.9 pg/ml
Rec: 77-91 %
RSD: 5.2-14.1 %

LOD : 0.03-70 pgl
Rec: 61 - 102 %
RSD: 5.1-21 %

Rec: 72— 101 %
RSD : 1.0-21.9 %

LOD: 0.1 —20 ng/l
Rec:9-146 %
RSD : <10 %

LOD: 0.5-3 ng/ml
Rec: 70-106 %

LOD: 1- 8 ng/l
LOD: 1-6ng/g
Rec: 60-104 %
RSD: 2-11 %

Goémez et al.,
2006

Suenami et al.,
2006

Tuerk et al.,
2006

Vinci et al.,
2006

Kasprzyk-Hordern

et al., 2007

Koesukwiwat

et al., 2007

Raich-Montiu
etal., 2007



ANEs/analgésicos,
antibioticos, B-
bloqueadores,

Antibioticos

ANEs/analgésicos,
antiepilépticos

Triclosan, parabenos,
fenoles

Cloranfenicol,
tianfenicol, florfenicol

ANEs/analgésicos,
antiepilépticos,
antibioticos, p-
bloqueadores, RL

Antibioticos

PCPs

Aguas derioy
de mar

Leche de vaca

Aguas de rios

Leche humana

Carne de pollo

Lodos,
sedimentos

Suelos

Lodos de aguas
residuales

SPE (Oasis HLB; metanol)

QuEChERS

SPME (polidimetilsiloxano

/divinilbenceno)

Centrifugacion

SPE en linea (C;g; metano-

agua)

LLE (acetato de etilo)

SPE (Oasis MCX; metanol-

amoniaco)

PLE
SPE en linea (Oasis HLB;
metanol)

MAE
SPE (Alimna; disolucion
acuosa de acido acético)

PLE

LC-ESI-MS/MS (QqQ)

LC-ESI-MS/MS (QqQ)

LC-DAD (A 200 y 350
nm)

LC-MS/MS (QqQ)
(fotoionizacion a presion
atmosférica)

LC-ESI-MS/MS (QqQ)

LC-ESI-QqLIT-MS/MS

LC-ESI-MS/MS (trampa
de iones)

LC-ESI-MS/MS (QqQ)
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FE: RP-Cjg

FM: acetonitrilo-
disolucion acuosa de
acido formico; metanol

FE: RP-Cm
FM: metanol-disolucion
acuosa de acido formico

FE: RP-C16

FM: acetonitrilo-
disolucion acuosa de
KH,PO,

FE: RP- Cy
FM: metanol-agua

FE: RP-Clg
FM: acetonitrilo- agua

FE: RP-C;
FM: acetonitrilo-metanol-
agua

FE: RP -Clg

FM: acetonitrilo-
disolucion acuosa de
acido acético

FE: RP-Cjg
FM: metanol-disolucion
acuosa de acido acético

LOD: 1-288 pg/l
Rec: 65-103 %
RSD: < 16 %

LOD : 1-4 pg/kg
Rec : 70-110 %
RSD: < 21 %

LOD: 0.5-3.0 pg/l
Rec: 72— 123 %
RSD: 3.4-8.2 %

LOD: 0.1-1.0 ng/ml
Rec: 84-119 %
RSD: 3.5-16.3 %

LOD: 0.1-1.0 pg/kg
Rec: 95-107 %
RSD: < 10.9 %

LOD: 0.01- 8.84 ng/g
Rec: 33-215%
RSD: 1-15 %

LOD: 1.44.8ng/g
Rec: 86-102 %
RSD: 2.7-6.7 %

LOD: 1.25- 8 pg/kg
Rec: 30-108 %
RSD: 1-13 %

Zhang y Zhou ,
2007

Aguilera-Luiz

etal., 2008

Vera-Candioti

et al., 2008

Ye et al., 2008

Zhang et al., 2008

Jelic et al., 2009

Chen et al., 2009a

Nieto et al., 2009



Antibidticos,
tranquilizantes, ANEs

Hormonas

Hormonas y bisfenol A

Antiepilépticos, drogas de
abuso

Antibidticos y metabolitos

ANEs/analgésicos,
antiepilépticos,
antibioticos, p-
bloqueadores, RL, drogas
de abuso

Carne, pescado y
huevos

Aguas de grifo,
rio, pantano,
residuales

Leche de vaca

Orina humana

Orina humana

Suelos y
sedimentos

Centrifugacion

SPE (StrataX ; metanol-
acetato de etilo; metanol-
acetonitrilo

SPE (C,s; Cg; acetonitrilo)
SPE (Cs; acetonitrilo) discos

Centrifugacion
SPE en linea (Csp; acetato
amonico)

Hidrolisis enzimatica
SPE en linea (Strata X-CW;
acetonitrilo)

Centrifugacion SPE (Bond
Elut Plexa; metanol,
acetonitrilo, diclorometano)

PLE
SPE (SAX; Oasis HLB;
metanol)

LC-TOF-MS

LC-ESI -MS/MS (QqQ)

LC-ESI-MS

LC-MS/MS (QqQ)
(ionizacion mediante turbo
i6n spray)

LC-DAD (A 230-280 nm)
LC-FLD (Aex: 235-265
nm; Aem: 296—430 nm)

LC-ESI-MS/MS (QqQ)
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FE: RP-C 3

FM: acetonitrilo-
disolucion acuosa de
acido formico

FE: RP-C 18
FM: metanol-acetonitrilo-
agua

FE: RP-Clg
FM: metanol-agua

FE: RP-Clg

FM: acetonitrilo-
disolucion acuosa de
acido formico

FE: RP-Clg

FM: acetonitrilo-
disolucion acuosa de
acido formico

FE: RP-C;
FM: metanol-disolucion
acuosa de acido formico

Rec: 70-100 %
RSD: 8-20 %

LOD: 0.5-3.4 ng/l
Rec: 76 — 101 %
RSD: 0.4-7.4 %

LOD: 0.05-0.30 ng/ml
Rec: 71-97 %
RSD: 8.6-15.0 %

LOD: 0.20 —1.52 pg/l
Rec: 94 — 105 %
RSD: 0.1-9.3 %

LOD: 0.01-0.32 pg/ml
Rec: 33-102 %
RSD. 0.53-11.3 %

LOD: 0.1- 6.8 ng /g
Rec:50 — 105 %
RSD: 0.7-14.5 %,

Peters et al., 2009

Sun et al., 2009

Yan et al., 2009

Chiuminatto et al.,
2010

Fernandez-Torres
etal., 2010

Vazquez-Roig
et al., 2010



Antibiéticos, ANEs/ Aguas derioy SPE (Oasis HLB; metanol) LC-ESI-MS/MS (QqQ) FE: RP-C3
analgésicos, RL, residuales FM: metanol- disolucion
ansioliticos, acuosa de acido formico
cardiovasculares y acetato amonico
Antibioticos Camarones QuEChERS LC-ESI-MS (TOF) FE: RP-Cg

LLE (acido tricloroacético) FM: acetonitrilo-

MSPD disolucion acuosa de

acido formico

LOD: 0.1-86 pg
Rec: 51-142 %
RSD: 1-21 %

LOD: 0.06-7 ng/kg
Rec: 58-133 %
RSD: 5.2-14.9 %

Gracia-Lor et al.,
2011

Villar-Pulido et al.,
2011

* ANEs: antiinflamatorios no esteroideos; EDCs: compuestos disruptores endocrinos; PCPs: productos de cuidado personal; RL: reguladores de lipidos.

® QUEChERS: técnica de extraccion rapida, facil, barata, efectiva, robusta y segura (quick, easy, cheap,effective, rugged, y safe); MAE: extraccién asistida por

microondas; MSPD: extraccion en fase solida por dispersion de matriz; extraccion acelerada con disolventes; SBSE: extraccion en barra; SPE: extraccion en fase

solida; SPME: microextraccion en fase solida: LLE: extraccion liquido-liquido: PLE: extraccion acelerada con disolventes.

 ESI: ionizacion por electrospray; DAD: detector de diodos en fila; FLD: detector de fluorescencia; LC: cromatografia de liquidos; MS: espectrometria de masas;

MS/MS: espectrometria de masas en tandem; QqQ: triple cuadrupolo; QqLIT: hibrido triple cuadrupolo y trampa de iones lineal; TOF: espectrometria de masas con

tiempo de vuelo; UV: detector de ultravioleta.

4 LOD: limite de deteccion; LOQ: limite de cuantificacion; Rec: recuperacion; RSD: desviacion estandar relativa.
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2.3.2. Técnicas no cromatograficas

2.3.2.1. Electroforesis capilar

La electroforesis capilar (CE) es una técnica de separacion muy atractiva que esta
teniendo un répido crecimiento en los Ultimos afios como queda demostrado en el gran
nimero de publicaciones en las que se utiliza. En esta técnica la separacion se lleva a
cabo en un capilar de silice fundida, de 25-75 pm de didmetro interno y de 50-100 cm
de longitud, rellena de un electrolito de fondo (background electrolite). Las
caracteristicas mas importantes de la CE son:

a) Elevada velocidad de separacion al emplear voltajes y capilares

relativamente cortos.

b) Alta eficacia (el nimero de platos teoéricos varia entre 100000 y 500000).

Al utilizar capilares de didmetros muy pequefios se disipa muy bien el
calor generado por la aplicacion de voltajes elevados, lo cual minimiza el

ensanchamiento de las zonas del soluto.

c) Requiere volumenes de muestra (1-10 ml).

d) Consumo minimo de reactivos (electrolitos).

e) Gran versatilidad en cuanto a modos de operacion y aplicabilidad.
f) Es facilmente automatizable.

Para conseguir una alta resolucion en electroforesis capilar, la anchura de la zona
de inyeccion en la separacion debe ser pequeiia, por lo cual es necesaria la inyeccion de
un volumen muy pequefio de muestra en los capilares. Debido a este motivo y con los
sistemas de deteccion usuales (UV, por ejemplo) se consiguen limites de deteccion del
orden de mg/l, muy por encima de lo que se requiere en muchos analisis. La solucién a
este inconveniente se consigue con la preconcentracion de los analitos de dos modos: 1)
preconcentracion fuera de linea mediante diferentes técnicas (SPE, SPME, etc.), o bien
i1) preconcentracion en linea en el propio capilar una vez que la muestra haya sido
inyectada. En esta ultima alternativa, la preconcentracion se lleva a cabo mediante la
técnicas de inyeccion de campo amplificado, entre las que se encuentra la isotacoforesis
y el hacinamiento de muestra (Sample stacking), con o sin eliminacion de la matriz.

En el area de determinacion de SFAs la CE esta teniendo un elevado crecimiento

su uso como se puede observar en la Figura 7. En la Tabla 17 se han incluido algunos de
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los métodos utilizados para la determinacion de SFAs en distintos tipos de muestras,
basados en el uso de la técnica de CE. Como se puede observar, para la determinacion
de estos compuestos se han utilizado varias modalidades, entre las que destaca la
electroforesis capilar de zona (Veraart et al., 1998; Beltran et al., 2004; Macia et al.,
2004; Jarmalaviciene et al., 2008; Bailon-Pérez et al., 2008) o cromatografia capilar
electrocinética micelar (Nozal et al., 2007). Los sistemas de deteccion mas utilizados
para este propodsito son los espectrofotométricos UV y diodos en fila (Veraart et al.,
1998; Beltran et al., 2004; Nozal et al., 2007; Sun et al., 2007; Jarmalaviciene et al.,
2008; Bailon-Pérez et al., 2008; Gibbons et al., 2011; Maijé et al., 2011; Villar Navarro
et al., 2011). En algunos casos también se ha utilizado el detector de fluorescencia para
la determinacion de antibiodticos en sangre y aguas superficiales (Ferdig et al., 2004) o
bien el detector de electroquimioluminiscencia para la determinacioén de B-bloqueadores
en orina (Wang et al., 2011). No obstante y como en el caso de las GC y LC, el detector
de espectrometria de masas se esta imponiendo para la cuantificacion de SAFs por su
poder de identificacion y su sensibilidad (Ahrer et al., 2001; Macia et al., 2004; Servais
et al. 2006). En todos los casos incluidos en la Tabla 17 se ha utilizado la ionizacion

mediante electrospray.
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Tabla 17: Métodos para la determinacion de sustancias farmacologicamente activas en muestras ambientales, alimentos y fluidos

bioldgicos mediante electroforesis capilar

Compuestos/Clases

terapéuticas®

Muestras

Preparacion de muestra °

Determinacion ©

Electrolito ¢

Parametros Analiticos ®

Referencia

ANEs/analgésicos

ANEs/analgésicos;
RL; antieplipticos;
antibidticos

Antibioticos

Antibioticos

Naproxeno y RL

Salbutamol

ANEs/analgésicos

Antibioticos

Suero y
orina

Aguas de rio

Sangre y
aguas
superficiales

Carne de
pollo

Aguas
superficiales
y residuales

Orina
humana

Orina

Carne de
cerdo

SPE (Cyg; tampon fosfato-

acetonitrilo)

LLE (MTBE- hexano); SPE

(LiChrolut EN-C,g-Oasis
HLB; metanol)

Centrifugacion
SPE (Oasis HLB;
metanol-agua)

Centrifugacion
SPE (C,g; acido

trifluoroacético en agua 'y

acetonitrilo)

Filtracion
SPE(C,g; metanol)
LLE (hexano-MTBE)

Centrifugacion
SPE (Cys)

LPME (polipropileno
hidrofilico)

Sonicacion
Centrifugacion
Filtracion
(0.22 pm)

CZE-UV (A 200
nm)

CE-ESI-MS
LC-ESI-MS

CE-FD (Aeye 240-
400 nm; A 435
nm)

CZE-DAD (A
190- 450 nm)

CZE-ESI-MS

CE —ESI-MS
(Trampa de
iones)

MEKC-DAD (A
214 nm)

CE-DAD (A 280
nm)
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Tampodn acetato sodico (pH
4-5)

Tampoén acetato amonico ( pH
5 > 1 )

Tampon fosfato (pH 7.0-7.5)

Tampon fosfato (pH 8.2)

Tampon acetato amonico
disuelto en metanol-agua

Tampo6n de formato amonico-
acido formico y B-ciclodextrina
(pH écido)

NazHPO4, SDS y B-
ciclodextrina (pH 9.0)

NaH2PO4 —N32B407— H3BO3
(pPH 9)

LOD: 0.04-0.4 pg/ml
RSD: <15 %

LOD: 18-134 pg/l
Rec: 63-80 %
RSD: 16-30 %

LOD: 0.5-50 pg/l
Rec: 70-109 %
RSD: <3 %

Rec: 93-101 %

LOD: 100 ng/1
Rec: 50-89 %
RSD: 2-13 %

LOQ: 20 ng/ml
RSD: <7 %

LOD: 1.2-1.7 pg/l
Rec: 99 — 104 %
RSD: 1.4-3.1 %

LOD: 0.01-0.04 mg/kg
Rec: 72-93 %
RSD: <10 %

Veraart et al., 1998

Abhrer et al., 2001

Ferdig et al., 2004

Beltran et al., 2004

Macia et al., 2004

Servais et al., 2006

Nozal et al., 2007

Sun et al., 2007



Analggésicos, cafeina Plasma de
vaca
Antibidticos Aguas de
pozo,
de rio

y residuales

ANEs/analgésicos, Aguas
antiepilépticos, PCPs  residuales

ANEs/analgésicos, Agua de rio
RL

ANEs/analgésicos Agua
residuales

B-bloqueadores Orina y
preparados
farmacéuticos

Centrifugacion
SPME

SPE
(Oasis HLB; acetonitrilo)

SPE (Oasis HLB; metanol-
acetona)

SPE (Oasis HLB; metanol)

LPME

CZE-UV (L 218

nm)

CZE-DAD

CE-UV (A
200-280 nm)

CE-DAD (A 214

nm)

CE-DAD (.
220-318 nm)

CE-ECL

Tampdn borato-fosfato (pH
8.5)

Tris(hidroximetil)aminometano
(pH 8)

Tampodn borato (pH 8.5-9.5)

Acetato amonico (pH 9)

Tampodn de acetato
(pH 4) y acetonitrilo

Tampo6n fosfato y poli-p-
ciclodextrina (pH 10)

LOD: 0.3-1.9 ng/ml
RSD: 0.8-4.5 %

LOD: 0.08-0.80 pg/l
Rec: 94 — 99 %
RSD: 3.3-7.2 %

LOD: 1.6 —68.7 pg/l

LOQ: 0.06-1.0 ng/ml
Rec: 82 -116 %
RSD: 0.9-7.1 %

LOD: 0.25- 0.86 ng/ml
Rec: 60-93 %

LOD: 0.1-0.5 umol/l
Rec: 99-105 %
RSD: 0.6-6.6 %

Jarmalaviciene et
al., 2008

Bailon-Pérez et al.,
2008

Gibbons et al.,

2011

Maijo et al., 2011

Villar Navarro et
al., 2011

Wang et al., 2011

* ANEs: antiinflamatorios no esteroideos; PCPs: productos de cuidado personal; RL: reguladores de lipidos.
® LPME: microextraccion liquido-liquido; MTBE: metil tert-butil éter; SPE: extraccién en fase solida; SPME: microextraccion en fase solida.
¢ CE: electroforesis capilar; CZE: electroforesis capilar de zona; DAD: detector de diodos en fila; ECL: detector de electroquimioluminiscencia; FD: detector
fluorescente, LC: cromatografia de liquidos; MEKC: cromatografia capilar electrocinética micelar; UV: detector de ultravioleta.

4 SDS: dodecil sulfato sodico.

®LOD: limite de deteccion; LOQ: limite de cuantificacion; Rec: recuperacion; RSD: desviacion estandar relativa.
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2.5.2.2. Técnicas espectroscopicas

Desde el pasado se han utilizado metodologias basadas en las medidas mediante
técnicas de espectroscopia de absorcidn molecular o espectrofluorometria para el
screening y cuantificacion de residuos de SFAs. Estos métodos requieren del manejo de
gran cantidad de muestras y disolventes y de laboriosas etapas de extraccion, clean-up y
de evaporacion del extracto. Presentan la ventaja de que no requieren de
instrumentacion especial como es el caso de las técnicas de GC, LC y CE, descritas en
apartados anteriores. La mayoria de los métodos basados en técnicas espectroscopicas
poseen una adecuada sensibilidad pero adolecen de especificidad, los cuales se
sustentan solamente en las caracteristicas espectrales, que no puede diferenciar entre el
analito y las sustancias interferentes, si no se utiliza previamente una técnica de
separacion previa a la determinacion espectroscopica.

En la mayoria de los casos los métodos basados en la determinacion
espectroscopica se fundamentan en la formacion de complejos coloreados entre las
SFAs y el reactivo. Asi por ejemplo, varios B-bloqueadores se han hecho reaccionar con
cobre (II) o cobalto (IT) para formar complejos que absorben radiacion en el visible (613
nm) (Golcii et al., 2004). Thanasarakhan et al. (2011) han desarrollado un método para
la determinacion de antibioticos que utiliza ytrio (III) y un surfactante cationico para la
formacion de complejos amarillos que pueden ser medidos a diferentes longitudes de
onda dependiendo del farmaco. Este método ha sido aplicado a la determinacion de tres
farmacos en muestras de miel y leche con limites de deteccion entre 4.9 10°y 7.8 10°°
mol/l y con recuperaciones cercanas al 100 %. También se han utilizado sistemas
continuos para llevar a cabo la derivatizacion de penicilinas y determinacion de sus
derivados 4,6-dinitrobenzonfuroxan a 510 nm (Evgen'ev et al., 2001). En cuanto a los
métodos basados en medidas espectrofluorimétricas, El-Kommos et al. (2003) han
puesto a punto un método para la determinacion de antibidticos derivados de la
quinolona basado en la formacion de quelatos metalicos fluorescentes, el cual ha sido
aplicado para el analisis de estos fArmacos en orina y plasma con limites de deteccion
entre 1.2 y 2.0 ng/ml. También se ha aplicado la espectrofluorimetria para la
determinacion de ibuprofeno en suero y preparados farmacéuticos, previa la reaccion de
¢éste farmaco con la B-cliclodextrina para la formacién de un complejo con un limite de

cuantificacion de 4.7 pg/ml (Hergert y Escandar, 2003).
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El uso analitico de la quimioluminiscencia esta experimentando un creciente
interés debido a que representa una alternativa simple, barata y sensible para cuantificar
una gran variedad de compuestos frente a las técnicas anteriormente comentadas. En el
caso de farmacos se han propuesto diferentes metodologias quimioluminiscentes que se
caracterizan por su sensibilidad, su amplio rango lineal y en muchos casos se consigue
automatizar mediante el uso de un sistema continuo (Mervartova et al., 2007). Asi por
ejemplo, se ha utilizado un sistema de flujo para la reaccion del ibuprofeno con sulfito
sodico y permanganato potdsico en medio acido y determinaciéon del derivado
quimioluministente en muestras de orina humana y en preparados farmacéuticos (Payan

et al., 2009).

2.3.2.2. Métodos immunoquimicos

Los métodos inmunoquimicos (IM) son bien conocidos desde hace afos por su
elevada especificidad y sensibilidad respecto a los métodos clasicos, pero en muchos
casos, las aplicaciones comerciales de estos métodos han sido de escasa implantacion
debido por una parte a su desconocimiento y en otros casos a su elevada complejidad.
Actualmente, con el avance de nuevos métodos inmunoquimicos, el andlisis de
alimentos y muestras Medio Ambientales puede llevarse a cabo en tan solo unos pocos
minutos, ademas, dichos ensayos pueden realizarse in Situ, sin la necesidad de grandes
equipos o incluso ninguno. Estos métodos se basan en la interaccién antigeno-
anticuerpo, que cuenta con una gran afinidad y especificidad, convirtiéndolos en unas
metodologias muy sensibles y selectivas. Estas metodologias se pueden basar en
distintas modalidades de IM, pero el mas utilizados es el ensayo por inmunoabsorcion
ligado a enzimas (enzyme-linked immunosorbent assay, ELISA), en el cual un antigeno
inmovilizado se detecta mediante un anticuerpo enlazado a una enzima capaz de generar
un producto detectable como cambio de color o alglin otro tipo. En ciertas ocasiones y
con el fin de reducir los costos del ensayo, nos encontramos con que existe un
anticuerpo primario que reconoce al antigeno y que a su vez es reconocido por un
anticuerpo secundario que lleva enlazado la enzima anteriormente mencionada. Los
ensayos ELISA han sido utilizados para la determinacion de las hormonas 17-estradiol
y 17a-etinilestradiol en distintos tipos de aguas con una excelente sensibilidad (limites
de deteccion entre 0.01-0.05 ng/l) (Hintemann et al., 2006). Este mismo grupo de

investigacion ha desarrollado uno método basado en ELISA para la determinacion de
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carbamazepina en aguas superficiales y residuales en el intervalo entre 0.03 y 10 pg/l y

con una desviacion estandar relativa menor del 30 % (Calisto et al., 2011).

3. AUTOMATIZACION, MINIATURIZACION Y SIMPLIFICACION EN
QUIMICA ANALITICA

Ente las tendencias actuales de la Quimica Analitica se encuentran la
automatizacion, miniaturizacion y simplificacidon con tres objetivos claros: reduccion la
intervencion humana, reduccion del tamafio y reduccién de la envergadura de los
procesos, respectivamente. Tal como se muestra graficamente en la Figura 8, estas
tendencias no son independientes, sino que existe una relacion sinérgica entre ellas
(Valcarcel y Cardenas, 2000). De esta manera cuando se transforma un método manual
en automatico casi siempre implica un grado mas o menos intenso de miniaturizacioén y
simplificacion; la simplificacion de un proceso exige casi siempre la integracion de

moddulos (miniaturizacion) y la reduccion de la intervencion humana (automatizacion).

. - -
—> AUTOMATIZACION <

MINIATURIZACION SIMPLIFICACION//
— —

Figura 8: Relaciones sinérgicas mutuas entre tres tendencias de la Quimica analitica: automatizacion,

miniaturizacioén y simplificacion.

La creciente implantacion de estas tres tendencias en las herramientas y procesos
analiticos esta suponiendo y supondra una “revolucion” técnica en la Quimica Analitica,
asi como un cambio notable en el establecimiento de los compromisos de calidad

implicitos al caracterizar los procesos y resultados mediante las propiedades analiticas.
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La automatizacién en los procesos analiticos surge como consecuencia de la
creciente necesidad que existe en areas como salud, Medio Ambiente o alimentacion, de
incrementar la capacidad para llevar a cabo un gran niimero de controles analiticos
eficaces que permitan obtener resultados mdas precisos, especificos y con mayor
rendimiento. Los objetivos de la automatizacion en Quimica Analitica deben ser
coherentes, por una parte, con sus fines y objetivos y, por otra, con las ventajas
estratégicas generales que implica la sustitucion de la participacion humana en los

procesos de una organizacion:

o Mejores decisiones basadas en informacion fundamentada y
eficaz.

o Mejora de la productividad.

o Reduccion de riesgos para los empleados y el Medio Ambiente.

Los nueve objetivos que puede perseguir la automatizacion en Quimica
Analitica se exponen esquematicamente en la Figura 9.

Por lo tanto, la integracion de la automatizacion en los procesos analiticas ha sido
y continlla siendo una tarea muy importante en Quimica Analitica. El desarrollo de
estos métodos surgi6 de la necesidad de llevar a cabo ensayos analiticos con un menor
coste de material y tiempo, a la vez que disminuye la participacion humana, con la
ventaja que ello implica de mayor comodidad, mejora en la productividad, asi como
disminucion de errores, riesgo para empleados y medio ambiente.

Se considera que el uso de los métodos automaticos de analisis va ligado al
concepto de la sustitucion de una operacion o medida estatica realizada manualmente
por una operacion o medida continua o secuencial. Esta concepcion fue introducida por
Skeegs en 1957 al describir el primer sistema de andlisis segmentado en flujo continuo,
y que constituye el primer paso en el desarrollo de los métodos automaticos. En general
en los sistemas de flujo se puede realizar una clasificacion atendiendo a la forma de
introduccion de la muestra y a la introduccion de burbujas (flujo segmentado o no
segmentado).

Los sistemas de flujo segmentado se caracterizan porque se introducen las
muestras de forma secuencial. Son aspiradas y espaciadas entre si por medio de
burbujas de aire, procurando en todo momento evitar el efecto de transporte,

promoviendo la mezcla de muestras y reactivos, y limpiando las paredes del tubo.
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Figura 9: Fines que puede perseguir la sustitucion de la intervencion humana en Quimica Analitica y

aspectos genéricos con los que estan relacionados.

Los sistemas de flujo no segmentado se caracterizan por la ausencia de burbujas
de aire en el sistema. Las muestras se introducen de forma secuencial en el analizador,
mediante inyeccion o insercion en una corriente de portador. Una diferencia muy
importante de estos sistemas con los de flujo segmentado es que en el momento de
llevar a cabo la deteccion, no se ha alcanzado ni el equilibrio fisico (homogeneizacion
del flujo) ni quimico (desarrollo completo de la reaccion analitica). De todos estos
sistemas de flujo no segmentado, la técnica mas empleada actualmente es el Analisis
por Inyeccion en Flujo (FIA).

Entre las distintas etapas que se pueden automatizar en el proceso analitico, la
etapa de preparacion de la muestra es en la que mas se han realizado esfuerzos los
investigadores en los ultimos afios. Asi por ejemplo, se han desarrollado sistemas
continuos con objeto de reducir la manipulacion humana, el tiempo de andlisis y el

consumo de reactivos y muestras, ademas de mejorar la precision y exactitud en las
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medidas. Por ejemplo, se ha desarrollado un sistema continuo para la extraccion en fase
solida basado en el uso de una columna de sorbente incorporada en el bucle de una
valvula de inyeccion para la preconcentracion y eliminacion de interferencias en la
determinacion de plaguicidas organofosforados (Ballesteros y Parrado, 2004) muestras
de aguas. Ademas se ha propuesto un sistema continuo para la discriminacion de N-
nitrosaminas aromaticas y alifaticas mediante el uso de dos columnas empaquetadas con
dos materiales sorbentes (Cqp y LiChrolut EN) y que se esquematiza en la Figura 10
(Jurado-Sanchez et al., 2009). El método se aplico a la determinacion de N-nitrosaminas
en distintos tipos de aguas (potables, rio, pozo, pantano, piscina y residual) por

cromatografia de gases-espectrometria de masas.

A)
mL min-1
SAMPLE 25
Pump
B)
mL min-1
AIR 30
Pump

Figura 11: Sistema de flujo continuo para la extraccion en fase s6lida de N-nitrosaminas

En el caso de la determinacion de SFAs se han aplicado el uso de sistemas
continuos. Asi, Cardenas et al. (1996) han propuesto un sistema continuo para el
tratamiento de fluidos bioldgicos y determinacion de drogas mediante cromatografia de
gases-espectrometria de masas. Llorent-Martinez et al. (2007) han desarrollado un

optosensor fluorimétrico basado en el uso de un sistema de andlisis por inyeccion
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secuencial para la determinacion de paracetamol en diferentes preparados farmacéuticos
con un limite de deteccion de 2 pg/ml.

La miniaturizacién de los procesos analiticos y bioanaliticos se ha convertido en
una importante area de investigacion y desarrollo durante los ultimos 10 afios, como una
continuacion de la tendencia general de reduccidon de tamafno de los analizadores de
laboratorio Analitico. La miniaturizacion presenta unas ventajas significativas en los
ambitos cientificos y tecnologicos reflejados en el Figura 11. Esta tendencia bésica
también permite a la Quimica Analitica alcanzar importantes objetivos; los mas
relevantes de los cuales se esquematizan en dicha Figura. Tal como puede observarse,
se clasifican en tres tipos: genéricos (A), basicos (B) y especificos (C). Entre ellos existe
una jerarquia de importancia y extension: A>B>C, es decir, un objetivo especifico se
enmarca en uno basico que contribuye a alcanzar el general.

Hasta ahora, ha sido una practica habitual el uso de grandes volumenes de
disolventes orgénicos en el proceso de preparacion de la muestra, pero debido a la
peligrosidad que conlleva el uso de éstos, se tiende a utilizar técnicas en las que las
cantidades de disolventes sean menores que en las habituales. Ademads es una tendencia
significativa en la preparacion de muestras conforme con los principios de "Quimica
Verde”. Por ello, diferentes técnicas novedosas se han desarrollado con el fin de reducir
el tiempo de andlisis, disminuir el consumo de muestra y reactivos y para mejorar la
calidad y la sensibilidad de los métodos analiticos. En este sentido se encuentran las
técnicas de microextraccion liquido-liquido (Guo et al., 2009; Zgota-Grzéskowiak,
2010) y microextraccion en fase soélida (Vera-Candioti, 2008; Souza et al., 2011)
comentadas en esta Memoria en el apartado de técnicas de extraccion, y que estdn
teniendo mucha aceptacion entre los investigadores para la determinacion de SFAs en

muestras liquidas.
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Figura 11: Objetivos genéricos (A), basicos (B) y especificos (C) que pueden alcanzarse al miniaturizar

herramientas y procesos analiticos.
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Puesta a Punto de un Sistema Continuo para la
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Cromatografia de Gases-Espectrometria de Masas de
Sustancias Farmacoldgicamente Activas en Matrices

Medioambientales

Suelo, sedimentos

Reactivo de
y lodos Derivatizacion

- M

Aguas

115



Las fuentes mas importantes de las sustancias farmacoldgicamente activas en el
Medio Ambiente se encuentran en las depuradoras de aguas residuales del hogar,
hospitales, zonas industriales y granjas de cria intensiva de animales o piscifactorias. En
la Figura 12 se pueden observar las principales fuentes y vias de contaminacion de los

medios acuaticos por SFAs.
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Figura 12: Origen y vias de contaminacion de las sustancias farmacologicamente activas en el Medio

Aguas subterranea

Suelo

Ambiente. ETAP: estacion de tratamiento de agua potable; EDAR: estacion de depuracion de aguas

residuales.

En este Capitulo se han desarrollado dos metodologias para la determinacion de
sustancias farmacoldgicamente activas en muestras ambientales (liquidas o s6lidas). En
la primera parte de este Capitulo se aborda la puesta a punto de un sistema continuo de
extraccion en fase solida para la determinacion de ocho farmacos (acido clofibrico,
carbamazepina, diclofenaco, ketoprofeno, ibuprofeno, metoprolol, naproxeno vy
propranolol), un producto de cuidado personal (triclosan) y tres hormonas (estrona, 17a-
etinilestradiol y 17B-estradiol) en distintas muestras de aguas tratadas (grifo y piscina) y

no tratadas (rio, pozo y residual).
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En este sistema se incluye una columna rellena de una cantidad minima de un
sorbente para llevar a cabo la preconcentracion de los analitos y permite su eluciéon con
un volumen reducido de disolvente (400 pL) para conseguir unos factores de
preconcentracion elevados. Se han estudiado las diferentes variables que influyen en
este método (naturaleza del sorbente, eluyente y pH de la muestra). Para ello se
probaron ocho materiales sorbentes (Oasis HLB, LiChrolut EN, XAD-2, XAD-4, RP-
Cis, Florisil, gel de silice e Isolute NH»), consiguiéndose los mejores resultados con el
polimero Oasis HLB (divinilbenceno-vinilpirrolidona). La cantidad optima de este
sorbente se demostrdé que era 60 mg. A continuacion se estudiaron diferentes
disolventes organicos (acetato de etilo, acetonitrilo, acetona, metanol, etanol, 2-propanol
y diclorometano) como eluyentes de los analitos retenidos, encontrdndose que el
acetato de etilo era el que proporcionaba un mayor rendimiento en la elucion. Ademas
se optimizd el volumen de eluyente, observandose que los mejores resultados se
obtenian para volimenes superiores de 375 pl de acetato de etilo, para volimenes
inferiores se producia carry over, seleccionando un volumen de 400 pl, con objeto de
conseguir factores de preconcentracion lo mas elevados posibles.

La retencion de los analitos se puede ver influenciada por el pH de la muestra. Por
ello se realizd un estudio de la influencia del pH en el intervalo entre 1,0 y 12,0
(ajustado con disoluciones diluidas de HCI o NaOH). Los mejores resultados para la
retencion de las diferentes SFAs se obtuvieron en la region de pH cercana a la
neutralidad (6,5-7,5). Finalmente se probaron diferentes reactivos de sililacion tales
como N,O-bis-(trimetilsilil)trifluoroacetamida (BSTFA), N,O-bis-
(trimetilsilil)acetamida, y trimetilclorosilano (TMCS), tanto de forma individual como
en mezclas. Los mejores resultados en este sentido, se obtuvieron con una mezcla de
BSTFA y TMCS. La influencia de la proporcion de TMCS (el catalizador) en la mezcla
fue examinado en el intervalo de 0,25-15 %, el efecto del tiempo de reaccion (1- 40
min), la temperatura (ambiente—90 °C) y el medio de reaccion. Los mejores resultados
se consiguieron para un porcentaje del 1 % de TMCS en BSTFA a 70 °C durante 20 min
y en acetato de etilo.

El método desarrollado fue validado, obteniéndose unos resultados analiticos
satisfactorios con limites de deteccion entre 0,01 y 0,06 ng/l para 100 ml de muestra de
agua y una buena linealidad (coeficiente de correlaciéon> 0,993). El método proporciona
una buena precision con valores de desviacion estandar relativa entre 3.5 y 6.8 %.

Ademas se realizaron estudios de recuperacion para los diferentes tipos de muestras de
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agua analizadas a tres niveles de concentracion (5, 50 y 100 ng/l), consiguiéndose un
porcentaje entre 85 y 103 %. Finalmente el método se aplico a la determinacion de las
12 SFAs en diferentes tipos de muestras acuosas (4 de grifo, 3 de rio, 2 de pozo, 2 de
pantano, 2 de piscina y 2 de residuales). En ninguna de las muestras de agua de grifo se
encontraron residuos de SFAs. En cambio las demas muestras analizadas contenian 2 o
mas analitos, siendo el ibuprofeno el compuesto mds frecuentemente encontrado,
seguido de metaprolol, diclofenaco, ketoprofeno y dos hormonas (estrona y 17f-
estradiol). De todas las muestras analizadas las dos aguas residuales contenian un mayor
nimero de SFAs y a concentraciones mas elevadas (16-2800 ng/l). Es significativo
resaltar que la hormona sintética 17a-etinilestradiol no se encontré en ninguna de las

muestras estudiadas.

El método propuesto en la segunda parte de este Capitulo se basa en el uso de la
técnica de extraccion asistida por microondas (MAE) y de un sistema continuo de
extraccion en fase solida (SPE) similar al optimizado en la primera parte del Capitulo
para la determinacion simultdnea de 18 SFAs (analgésicos, antibacterianos,
antiepilépticos, PB-bloqueadores, reguladores de lipidos y anti-inflamatorios no
esteroideos), un producto de cuidado personal y 3 hormonas en muestras ambientales
solidas (suelos, sedimentos y lodos). La combinacion de la MAE con SPE ha permitido
una eliminacion eficaz de las diferentes interferencias que contenian la matriz de las
muestras y la extraccion/preconcentracion de los distintos analitos con porcentajes de
retencion proximos al 100 %. Para la derivatizacion de los analitos una vez que han sido
eluidos del SPE se seleccionoé el mismo procedimiento empleado en la primera parte de
este Capitulo.

Se estudiaron las principales variables que influian en el rendimiento de la
extraccion asistida con microondas (naturaleza del disolvente y su volumen, potencia
del microondas y tiempo de irradiacion). Para el caso de la naturaleza y volumen del
disolvente, los mejores rendimientos en la extraccion con MAE se obtuvieron con 10 ml
de una mezcla metanol-agua (3:2). También se optimizaron la potencia y el tiempo de
irradiacion, encontrandose que los mejores resultados se conseguian para 500 W y 6
min, respectivamente. Potencias superiores en combinacion con largos periodos de

tiempo de irradiacion provocan la disminucion de la sefial de algunos analitos (acido
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clorifibrico, metoprolol y propanol) debido posiblemente a la descomposicion de éstos a
condiciones extremas. Finalmente se compar6 la eficacia de la extraccion mediante
MAE de los diferentes analitos de interés con la obtenida mediante Soxhlet para los tres
tipos de matrices estudiadas (suelos, sedimentos y lodos), consiguiéndose resultados
semejantes y proximos al 100 %.

Como se ha comentado anteriormente, el mejor extractante para la MAE es el
compuesto por la mezcla metanol-agua en proporcion 3:2. Por ello una vez que se ha
llevado a cabo esta etapa de MAE para eliminacion de la matriz solida de las muestras,
el sobrenadante contenia un alto porcentaje de metanol (60 %). Este alto porcentaje de
metanol en el sobrenadante se observo que afecta negativamente a la retencion de los
analitos en la siguiente etapa de SPE en la columna empaquetada con 60 mg de Oasis
HLB. En estudios realizados sobre la composicién de la disolucion que contenia a los
diferentes analitos, se demostré que a partir de una porcentaje de un 5 % en metanol la
retencion de algunas SFAs disminuia (dcido acetilsalicilico, paracetamol y triclosan),
observandose que este efecto negativo en la retencion de los demas farmacos era a
porcentajes superiores de metanol (10-40 %). Este efecto puede ser atribuido a que en el
mecanismo de adsorcion estd involucrada la particion de los analitos entre una fase
polar (agua) y una fase solida del sorbente polimérico (Oasis HLB) a través de enlaces
de hidrogeno o interacciones 11-11 entre los analitos y la superficie del sorbente. Cuando
la fase acuosa contiene una alta proporcion de metanol, el alcohol rompe los enlaces
anteriormente indicados, provocando que se reduzca notablemente la retencion de los
analitos en el sorbente de la columna de SPE. Para evitar este inconveniente se optod por
evaporar el sobrenadante de la MAE hasta 200 pL con una corriente de nitrégeno y la
posterior reconstitucion con 10 ml de agua para su introduccion en el sistema de SPE.

El método desarrollado posee un amplio intervalo lineal para las 22 SFAs (2.5—
20000 ng/kg) con coeficientes de correlacion superiores a 0.994. El método es muy
sensible, con limites de deteccion entre 0.8 y 5.1 ng/kg, mejores que los que se han
obtenido en otras metodologias incluidas en la bibliografia para suelos, sedimentos y
lodos. La precision del método fue satisfactoria con una desviacion estandar relativa
menores del 7 %. Finalmente se realiz6 un estudio de recuperacion mediante la adicion
de 25,200 y 2000 ng/kg a las tres tipos de muestras estudiadas, consiguiéndose en todos
los casos porcentajes de recuperacion proximos al 100 %.

El método propuesto se aplicd a la determinacion de las 22 SFAs en 8 tipos de

muestras (suelos agricolas, sedimentos de pantano, sedimentos de rio y lodos). En el
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caso de los dos suelos estudiados se encontraron el mismo nimero de analitos aunque
las concentraciones variaron significativamente de uno a otro, sobre todo en el caso del
diclofenaco, ibuprofeno, ketoprofeno, &cido niflumico, carbamazepina y las tres
hormonas. En la mayoria de los sedimentos analizados (2 de rio y 2 de pantano) se
encontraron residuos de algunos antiinflamatorios, antibioticos y triclosan a
concentraciones entre 8 y 350 ng/kg. También se analizaron lodos procedentes de dos
plantas de tratamiento de aguas residuales encontrandose una elevada concentracion de
la mayoria de las SFAs estudiadas (30-3100 ng/kg), sobre todo son significativos los
niveles encontrados de acido salicilico, diclofenaco, ketoprofeno, naproxeno, triclosan y
pirimetamina. La presencia de las SFAs procedentes de los tratamientos médicos o
veterinarios en las muestras analizadas demuestra su persistencia en las matrices solidas

ambientales.
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Abstract

A semi-automatic flow-based method for the simultaneous determination of 9
pharmaceuticals and 3 hormones in water samples in a single analytical run is proposed.
The analytes were retained on a solid-phase extraction sorbent column and 1 pL of the
eluate analysed by gas chromatography in combination with electron impact ionization
mass spectrometry in the SIM mode. The sorbent used, Oasis HLB, provided near-
quantitative recovery of all analytes. The proposed method was validated with quite
good analytical results including low limits of detection (0.01-0.06 ng L™ for 100 mL
of water) and good linearity (r* > 0.993) throughout the studied concentration ranges.
The method provided good accuracy (recoveries of 85-103%) and precision (between-
and within-day RSD values less than 7 %) in the determination of the pharmaceuticals

and hormones in tap, river, pond, well, swimming pool and waste water.

Keywords: Pharmaceuticals; Hormones; Solid-phase extraction; Gas chromatography—
mass spectrometry; Waters
1. Introduction

Pharmaceuticals, together with their synthetic precursors and transformation

products, are continually released into the environment in vast amounts as a result of
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their manufacturing and excretion (mainly via urine and faeces), and also of the disposal
of unused and expired drugs, whether directly into the domestic sewage system, in
landfills or by burial [1]. Steroid hormones, which are largely excreted by humans and
animals, may be released into the aquatic environment. Effluents (reclaimed water)
from waste water treatment plants are the primary sources of their presence in the
environment as a result of conventional treatment processes not being specifically
designed to remove these organic contaminants. These pollutants are typically
encountered in the aqueous environment at low nanogram per litre levels, which poses a
major analytical challenge to their determination [2,3].

Many analytical laboratories determine pharmaceuticals and hormones by using
methods that involve some preconcentration or clean-up step, followed by gas or liquid
chromatography with one of various possible detectors. The methods for liquid samples
(e.g. waste, river, lake, drinking, spring water) usually include liquid—liquid extraction
[3], solid-phase microextraction [4,5] or solid-phase extraction. Solid-phase extraction
is widely used for sample extraction and analyte enrichment [1]. Materials such as
octadecyl (C;3) bonded silica [6-8], Oasis HLB (polystyrene—divinylbenzene—N-
vinylpyrrolidone terpolymer) [9-18], Oasis MCX (a strong cation-exchange mixed-
mode polymer) [19], styrene—methacrylate co-polymers [10] and PRLP-s (cross-linked
styrene—divinylbenzene) [20] have been used as sorbents for the extraction of
pharmaceuticals and hormones. Oasis HLB, which possesses both hydrophilic and
lipophilic retention properties, is now widely used to simultaneously extract neutral and
acid compounds [15,16]. This led us to adopt it as the sorbent for the present research.
The eluent and its volume were chosen on the grounds of the particular target
compounds and SPE material. Common eluents for use with Oasis HLB include
methanol, ethyl acetate and acetone [16].

Gas chromatography coupled with mass spectrometry (GC-MS) [2,3,5-7,9—
11,13,14,17,18] or tandem mass spectrometry (GC-MS/MS) [8,10,11,15,16,21], and
liquid chromatography coupled to mass spectrometry (LC-MS) [19,22] or tandem mass
spectrometry (LC-MS/MS) [12,20], are the most widely used choices for determining
pharmaceuticals. Recently, the use of liquid chromatography in combination with time-
of-flight mass spectrometry proved an effective tool for determining polar
pharmaceuticals in hospital effluents [22]. LC-MS/MS has progressed much over the
last few decades, so much so that it is now the main choice for measuring ultratrace

concentrations of polar pharmaceuticals in environmental samples [23]. With highly
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complex samples such as waste water, however, suppression of the electrospray
ionization is likely to occur (especially with electrospray ionization, ESI). On the other
hand, GC-MS in the selected ion monitoring (SIM) mode and GC-MS/MS have proved
highly suitable for environmental analyses of most pharmaceuticals, which are either
neutral or moderately acidic [10,20,21,24]. However, the low volatility of some
pharmaceuticals, and the presence of various polar groups in others, require the use of a
derivatization procedure to obtain more volatile products and improve the sensitivity of
the subsequent GC analysis as a result [21]. In this way, the advantages of increasing
the sensitivity is sometimes largely offset by the loss of sample during additional
manipulation by effect of most existing analytical methods in this context using a
derivatization procedure before GC-MS analysis. Silylating reagents such as N,O-bis-
(trimethylsilyl)trifluoroacetamide (BSTFA), N-methyl-N-(trimethylsilyl)-
trifluoroacetamide (MSTFA) and N-methyl-N-(tert-butyldimethylsilyl)-
trifluoroacetamide (MTBSTFA) are the most commonly used in their class for the GC—
MS determination of phenolic and acid compounds [1]. BSTFA, with or without
trimethylchlorosilane (TMCS), is often used for phenolic compounds [15], as are
MTBSTFA and MSTFA for acid pharmaceuticals [1,7,18,25].

Automation in SPE sample preparation has grown dramatically in recent times
by virtue of the many advantages of automatic methods over manual methods, which
include expeditiousness, higher throughputs, and improved precision and accuracy. For
example, continuous-flow solid-phase extraction has been successfully used for
isolation and preconcentration in the determination of organophosphorus pesticides [25]
and non-aromatic N-nitrosamines [26] in water samples.

The primary aim of this work was to develop a method based on the use of a
continuous SPE system for the preconcentration of pharmaceuticals and hormones with
a view to their determination at sub-nanogram-per-litre levels in various types of water
by GC-MS. In addition, the method should be made selective by removing the sample
matrix prior to analysis and simple enough to allow the determination of several
analytes in a short time and with minimal manipulation. To this end, we examined
various sorbents and eluents in order to adopt the most suitable among them for the
determination of the target contaminants at low concentrations. Determining the
pharmaceuticals by GC-MS required their prior derivatization for improved

chromatographic performance and sensitivity.
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Table 1

Therapeutic class, pKa, retention times (tr) and mass values used to detect

the pharmaceuticals and hormones

Therapeutic class Substance logKow  pKa® tr (min) Detected
(miz)>¢
Lipid-regulators Clofibric acid 2.6 na 11.42 128, 143, 286
Analgesics and Diclofenac 4.51 4.14 22.34 214,242,367
anti-inflammatories Ketoprofen 3.12 4.45 21.08 282,311,73
Ibuprofen 3.97 491 12.03 160, 263, 234, 278
Naproxen 3.2 4.2 19.34 185, 243, 302
Anti-epileptics Carbamazepine 2.47 7 22.01 193, 236
and B-blockers Metoprolol 1.88 9.68 19.15 72,223
Propranolol 2.60 9.49 20.72 72,215
Antiseptic Triclosan 4.8 na 20.03 347
Hormones Estrone 3.69 10.20 26.97 218, 257, 342
17B-Estradiol 4.13 10.27 27.35 285,416
17a-Ethinylestradiol 4.25 10.24 28.72 425, 440

%na= not available.

®Base peaks used for quantification are boldfaced.

‘m/z for IS (triphenylphosphate): 77, 325, 326
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2. Experimental
2.1. Chemicals and reagents

All reagents used were analytical-grade or better. The pharmaceuticals and
hormones studied included clofibric acid, diclofenac, ketoprofen, ibuprofen, naproxen,
carbamazepine, metoprolol, propranolol, triclosan, estrone, 17f-estradiol and 17a-
ethinylestradiol, all from Sigma—Aldrich (Madrid, Spain). The most salient properties of
the analytes (therapeutic class, pKa and log Ko/w values) are summarized in Table 1.
Triphenylphosphate, heptadecanoic acid, hydrochloric acid (reagent-grade, 37% HCI)
potassium hydroxide (KOH), inert poly-tetrafluoroethylene white beads (pore diameter
4 A) and the derivatization agents [N,O-bis-(trimethylsilyl)acetamide, N,O-
bis(trimethylsilyl)trifluoroacetamide and trimethylchlorosilane] were purchased from
Fluka (Madrid, Spain). All solvents (methanol, ethyl acetate, acetonitrile, acetone,
ethanol, n-hexane, dichloromethane, and 2-propanol) were supplied by Merck (Madrid,
Spain). Oasis HLB (particle size 50—65 um) was obtained from Waters (Madrid, Spain).
Silica reversed-phase sorbent with octadecyl functional groups (RP-C;s, particle size
40-63 pm), Silica Gel (particle size 15-35 pm), Florisil (particle size 16-30 um),
Isolute NH; (Aminopropyl, particle size 45—65 pm) and polymeric sorbents including
XAD-2 (particle size 20-60 pm) and XAD-4 (particle size 20-60 um) were purchased
from Sigma—Aldrich. LiChrolut EN (particle size 40-120 pm) was obtained from
Merck.

Stock standard solutions of the individual pharmaceuticals and hormones ata 1
g L' concentration each were prepared in methanol and stored at 4° C in the dark.
Standard working-strength solutions were prepared by sequential dilution of each
standard with water previously purified by passage through a Milli-Q System from
Millipore (Bedford, MA) and adjusted to pH 7.

2.2. Instrumentation

The pharmaceuticals and hormones studied were determined by using a Focus
GC instrument interfaced to a DSQ II mass spectrometer and controlled by a computer
running XCalibur software (Thermo Electron SA, Madrid, Spain). The GC instrument
was equipped with a polydimethylsiloxan (95%) cross-linked DB-5 capillary column
(Supelco, 30 m x 0.25 mm L.D., 0.25 pm film thickness), using helium (purity >

99.999%) at 1 mL min_' as carrier gas. The oven temperature was held at 70 °C for 1

125



min following injection, and then a temperature gradient was applied at a rate of 14 °C
min ' from 70 to 150 °C. After the first transition, the temperature was increased from
150 to 290 °C at 6 °C min"'. The total analysis time for each GC run was 30 min.

The mass spectrometer was used under the following conditions: ion source
temperature, 200 °C; transfer line temperature, 280 °C; electron impact ionization mode
at 70 eV; scan range, m/z 60—500. The time for solvent delay was set at 6 min. The mass
spectrometer was operated in the selected ion monitoring (SIM) mode; the m/z values
used for each analyte are listed in Table 1. In all analyses, a volume of 1 pL of organic
extract was injected in the split mode (1:20 ratio) and the analytes quantified from their
peak areas.

The continuous solid-phase extraction manifold was assembled from a Gilson Minipuls-
3 peristaltic pump (Villiers-le-Bel, France) fitted with poly(vinyl chloride) pumping
tubes, two Rheodyne 5041 injection valves (Cotati, CA, USA) and PTFE (3 mm [.D)
and laboratory-made columns of variable length packed with each sorbent material. The
Oasis-HLB sorbent columns were conditioned by passing 1 mL of ethyl acetate and 1

mL of purified water. Under these conditions, the column remained active for 3 months.

2.3. Sampling procedure

Water samples from various locations were collected in 1 L opaque PTFE
bottles. Samples were then stored at 4 °C until analysis, which was done within 2 weeks
of collection in all cases. The samples were passed through a 0.45 um membrane filter
(mixed cellulose esters, Millipore) if required, and their pH adjusted to 7 with dilute

HCI or NaOH, prior to analysis.

2.4. Solid-phase extraction and derivatization

The continuous solid-phase extraction system used for the continuous
preconcentration/ elution of pharmaceuticals and hormones in water is depicted in Fig.
1. Sample volumes up to 100 mL (for 60 mg of Oasis-HLB sorbent) or standard
solutions containing 0.03—400 ng L™ of each pharmaceutical and hormone at pH 7 were
aspirated at 4 mL min ' through the sorbent column, located in the loop of the first
injection valve (IV;). Once all analytes were sorbed and the sample matrix was sent to
waste. Simultaneously, the loop of the second valve (IV,) was filled with the eluent
(ethyl acetate containing 500 pug L' triphenylphosphate as internal standard) by means

of a syringe. Any residual water remaining inside the column and the connectors was
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flushed by passing an air stream at 4 mL min ' through the carrier line for 2 min. Next,
IV, was switched to pass the loop contents (400 pL) through the column, in the opposite
direction of the sample, in order to elute the analytes. The organic extract was collected
in a conical glass insert of 0.5 mL and concentrated to a volume of 35 puL under a
stream of ultrapure N,. Potential errors in measuring the final extract volume were
avoided by using an internal standard. Next, a volume of 70 uL of BSTFA + 1% TMCS
was added and the vials were heated at 70 °C for 20 min. Finally, Aliquots of 1 puL of
the silylated derivatives were analysed by GC—MS in the SIM mode.

Derivatizing
reagent
(BSTFA+1%TMCS)
Oasis HLB N,
Pump Column
(mL min~?) -~ to GC-MS
- - *
’ .
Water | 4.0 / V]
sample \
Waste
Air 4.0

> Eluent
Nhyl acetate + IS)

400 pL

Fig. 1. Flow-injection manifold for the on-line preconcentration of pharmaceuticals and hormones, and
their off-line determination by gas chromatography. IV, injection valve; W, waste; IS, internal standard
(triphenylphosphate); BSTFA + 1% TMCS, N,O-bis-(trimethylsilyl)trifluoroacetamide + 1 %

trimethylchlorosilane.

3. Results and discussion

Pharmaceuticals and hormones are currently among the most frequently
encountered new classes of environmental pollutants in surface, ground, river, spring,
drinking and waste water [1,8,10]. Human and veterinary applications are the main
sources of their presence in the environment. Hormones, whether natural or synthetic,
are required careful monitoring owing to their endocrine disrupting effects [1]. Acid
non-steroidal anti-inflammatory drugs are among the pharmaceuticals most often used
to treat human and animal disease [5]. Anti-epileptics are used to treat seizure disorders,

relief neuralgia and alleviate a wide variety of mental diseases [27]. Antiseptics and
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lipid regulators are common active ingredients of soaps, detergents, perfumes, and skin,
hair, and dental care products [28]. Propranolol, metoprolol, sotalol, timolol,
oxprenolol, alprenolol, atenolol, pindolol and penbutolol are B-adrenoceptor blocking
drugs used in the treatment of various cardiovascular disorders such as hypertension,
angina pectoris and cardiac arrhythmia. In this work, we studied nine pharmaceuticals
and three hormones representative of their major compound classes. Their most salient

properties are shown in Table 1.

3.1. Optimization of the preconcentration—elution process

Solid-phase extraction is the most widely used extraction technique for
extracting pharmaceuticals and hormones from water on the grounds of its excellent
efficiency [1]. Our research group has developed several systems for the
preconcentration and isolation of toxins in environmental and food samples [25,26].
Based on previous experience in this field, in this work we developed a continuous
system (Fig. 1) for the preconcentration/isolation of pharmaceuticals and hormones
from water samples. In each analytical run, a volume of 100 mL of an aqueous standard
solution containing a 100 ng L™' concentration of each analyte was passed through a
sorbent column at a flow rate of 4 mL min .

Various materials including Amberlites XAD-2 and XAD-4, RP-C;z, Oasis
HLB, LiChrolut EN, Florisil, Silica gel and Isolute NH, were tested as preconcentration
sorbents. Sorption tests were done by using a column packed with 70 mg of sorbent
material. Fractions of 1 mL of sample were collected in glass vials placed before and
after the sorbent column. Both fractions were extracted with 1 mL of ethyl acetate and
the resulting extracts concentrated to a volume of 35 pL under a stream of ultrapure N».
Then, 70 pL of BSTFA + 1% TMCS was added and the vials were heated at 70 °C for
20 min. Finally, 1 pL aliquots of the silylated derivatives thus obtained were injected
into the chromatograph for analysis. The sorbent column was rinsed with 1 mL of ethyl
acetate and 2 mL of water to remove adsorbed analytes after each sample was
processed. The sorption efficiency of the sorbent materials was assessed by comparing
the amount of each analyte recovered from the extracts (i.e. unsorbed analyte) with that
originally present in the sample, which was taken to be 100 %. As can be seen from
Table 2, the best results were obtained with Oasis HLB, with a sorption efficiency close
to 100 %. LiChrolut EN and RP-C;s exhibited a similar sorption efficiency for several

analytes, but much lower values for others. The efficiency of the other materials (Isolute
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NH,, Amberlites XAD-4 and XAD-2, Florisil and Silica gel) was very low or even zero.
Oasis HLB was thus adopted for further testing as it proved the most efficient sorbent.
Various organic solvents including ethyl acetate, acetonitrile, acetone, methanol,
ethanol, 2-propanol and dichloromethane were assayed as solvents. Ethyl acetate was
that resulting in the strongest chromatographic peaks by effect of its increased eluting
efficiency —the other solvents were approximately 1.4 times less efficient. Therefore,
ethyl acetate was selected as eluent for both pharmaceuticals and hormones.

The optimum amount of Oasis HLB sorbent to be used was determined by
examining the results obtained with columns containing 20-100 mg of the sorbent. To
this end, a series of calibration graphs were run for each analyte and column by passing
100 mL of aqueous standard solutions containing a 5400 ng L' concentration of each
analyte and then eluting the column with 400 pL of ethyl acetate. Analytical signals
increased with increasing amount of sorbent up to 60 mg and then decreased above 65
mg of Oasis HLB owing to the need for a higher volume of eluent to ensure complete
elution of the analytes (Fig. S1 in Supplementary Materials). This was confirmed by a
second injection (400 pL) of eluent subjected to no preconcentration, which resulted in
carry-over to an extent increasing with increase in the amount of sorbent above 65 mg.
A working column packed with 60 mg of Oasis HLB was thus adopted for further
testing. Retention of the analytes was found to be influenced by the sample pH, the
effect of which was studied over a wide range of values (1.0-12.0) that were adjusted
with dilute HCl of NaOH prior to preconcentration in the SPE system of Fig. 1. The
best preconcentration results were obtained in the neutral region (pH 6.5-8.5). Some
authors have studied the co-extraction of matrix components (e.g. humic and fulvic
acids) in SPE sorbents and found it to be substantially reduced in neutral media relative
to acid media [29]. A sample pH of 7 was thus selected. The ionic strength of the water
samples, which was adjusted with potassium nitrate, had no effect on the signals up to 2
M.

The flow rate of sample through the column during the preconcentration step had no
effect on the sorption efficiency over the studied range (0.5-5.0 mL min'). The
influence of the elution process was studied by changing the air flow rate from 0.5 to
5.0 mL min". All sorbed analytes were completely eluted with a volume of 400 pL
throughout this range. A sample flow rate and air flow rate of 4 mL min ' were thus
chosen in order to boost sample throughput. An identical air flow rate was used to dry

the sorbent column before elution. The effect of the volume of eluent (ethyl acetate) was
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studied over the range 50-550 pL, using loops of variable length in the second injection
valve (IV,, Fig. 1). Obviously, as the eluent volume was increased, desorption was more
efficient —but analytes were diluted as well (Fig. S2 in Supplementary Materials).
Because of these opposing effects, the only way to accurately determine the most
suitable eluent volume was by diluting the extracts to a constant volume with the same
solvent (ethyl acetate). Therefore, the column eluent (between 50 and 550 pL) was
always diluted to 600 pL with ethyl acetate. The desorption efficiency increased with
increasing injected volume up to 375 pL, where the analytical signals for all
pharmaceuticals and hormones levelled off. The same experiment was repeated with
variable eluent volumes between 50 and 550 pL, without dilution to a constant final
volume; however, the chromatographic signals increased with increasing volume up to
400 pL and then decreased through increased dilution of desorbed analytes at higher
volumes. An injected volume of eluent of 400 uL was thus selected as optimal. The
breakthrough volume of the sample was the last variable to be examined. This
parameter is crucial in SPE methods because it is directly related to the enrichment
factor, and hence to sensitivity. The influence of the breakthrough volume was
examined by dissolving an amount of 10 ng of each pharmaceutical and hormone in
variable volumes (5400 mL) of purified water. A sorption efficiency of ca. 100 % was

obtained with aqueous volumes up to 200 mL and the Oasis sorbent.
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Finally, potential errors made during extraction—elution and derivatization of the
analytes were minimized by using an internal standard (IS). To this end,
triphenylphosphate or heptadecanoic acid was added to the eluent (ethyl acetate) in
order to facilitate the use of relative chromatographic signals (analyte-to-IS peak ratio).
Triphenylphosphate provided better results than heptadecanoic acid —the latter was
partially retained on the sorbent column. We therefore chose to use triphenylphosphate
as IS, and used a solution of this compound at a concentration of 500 ug L™ in ethyl

acetate as eluent.

3.2. Optimization of the derivatization reaction

Chemical derivatization is a widespread analytical practice for improving or
facilitating the chromatographic separation of low-volatile compounds by gas
chromatography. Silylation is the most frequent choice for derivatizing pharmaceutical
and hormones [1,2,7,15,18,25]. This led us to assay various silylating reagents including
N,O-bis-(trimethylsilyl)acetamide, = N,O-bis-(trimethylsilyl)trifluoroacetamide ~ and
trimethyl chlorosilane, both individually and in mixtures. To this end, volumes of 50 uL
of individual solutions of the reagents were added to 100 uL of a solution containing a 1
ng L' concentration of each analyte in ethyl acetate. The derivatization reaction was
conducted in an air-tight conical glass insert of 0.5 mL that was placed in a water bath at
80 °C for 30 min. The derivatized compounds thus obtained were determined by GC—
MS. The best results in this respect were obtained with a mixture of BSTFA and TMCS.
The influence of the proportion of TMCS (the catalyst) in the mixture was examined
over the range 0.25-15%, the effect of the reaction time from 1 to 40 min, and that of
temperature between room level and 90 °C (Fig. S3 in Supplementary Materials). The
best results in the determination of the analytes at a 1 ug L' concentration each were
obtained by using a proportion of 1% of TMCS, a temperature above 65 °C —which led
us to adopt 70 °C— and a reaction time of 20 min —after which the reaction was
quantitative. We compared the performance of our selected solvent (ethyl acetate) with
that of a widely used choice for this purpose, acetonitrile [15], and found both to
perform comparably. We therefore chose to stick to ethyl acetate since, as shown in the

previous Section, it was also an effective eluent for our solid-phase extraction system.
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Fig. 2. Typical chromatogram (SIM mode) of pharmaceuticals and hormones as N-trimethylsilyl
derivatives (100 ng L'l). 1, clofibric acid; 2, ibuprofen; 3, metoprolol; 4, naproxen; 5, triclosan; 6,
propranolol; 7, ketoprofen; 8, carbamazepine; 9, diclofenac; 10, estrone; 11, 17f-estradiol; 12, 170-

ethinylestradiol; IS, internal standard (triphenylphosphate).

Although the optimum amount of reagent to be used in a derivatization reaction
has been the subject of much research [15], the way its volume affects detection limits
has rarely been considered. In this work, we examined the effect of low volumes of
solvent and derivatizing reagent (10—-150 pL) in order to achieve detection limits
relevant to environmental concentrations. The best results were obtained with a final
volume of extract (eluted analytes in ethyl acetate) of 35 pL and one of derivatizing
reagent (BSTFA + 1% TMCS) of 70 pL. Therefore, the extract provided by the solid-
phase extraction system (400 puL) was concentrated to 35 pL under a stream of ultrapure
nitrogen prior to derivatization of the analytes. By way of example, Fig. 2 shows the
typical chromatogram of standards as N-trimethylsilyl derivatives (100 ng L"). As can
be seen, the nine pharmaceuticals and three hormones studied were effectively separated
with no difficulty in a single chromatographic run in about 30 min. Also, the

chromatograms were very clean by effect of the mass spectrometer being used in the

SIM mode.
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3.3. Calibration and statistical study

The performance and reliability of the proposed off-line SPE-GC-MS system
(Fig. 1) were assessed by determining the regression equation, linear range, analyte
detectability and relative standard for the 12 analytes (pharmaceuticals and hormones).
For this purpose, analytical curves were constructed by analysing 100 mL volumes of
aqueous solutions containing variable concentration of the analytes from 0.03 to 400 ng
L. The regression coefficients thus obtained were greater than 0.993 in all cases (see
Table 3). Limits of detection, LODs, (defined as the analyte concentration that provides
a chromatographic peak equal to three times the regression standard deviation, Sy/x,
divided by the slope of the calibration graph) ranged from 0.01 and 0.06 ng L™ [30].
Similar LODs were obtained when using 12 individual standard solutions containing
0.20 ng L™ of each compound through their mean values and the standard deviations.
Within-day and between-day precision, expressed as relative standard deviation (RSD),
was evaluated by analysing 11 individual samples spiked with a 5 ng L™' concentration
of each analyte on the same and three different days, respectively.

The robustness of the proposed method was checked by performing a recovery
test on tap, well, river, pond, swimming pool, and waste water. For this purpose, each
type of water was spiked with the analytes at three different concentrations (5, 50 and
100 ng L") and subjected to the proposed procedure. Samples were all run in triplicate
(n = 3) in order to calculate a standard deviation for each (Table 4). Recoveries ranged
from 85 to 103%, which testifies to the applicability of the proposed method to any type
of water, however complex its matrix may be (e.g. in waste water). The recoveries
provided by existing methods based on SPE with Oasis HLB packed cartridges were
much lower; for example, Gomez et al. obtained diclofenac, ibuprofen and
carbamazepine recoveries of 79, 80 and 81%, respectively, from wastewater [16]. Also,
recoveries from tap water with the same SPE sorbent (66% for triclosan, 74% for
ibuprofen and 108% for clofibric acid) differed markedly from those provided by the
proposed method [10].
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Table 3

Analytical figures of merit of the determination of pharmaceuticals and hormones using

the proposed method.
Analyte LR’ r LOD’ RSD’ RSD’
(ng L™ (ng L")  within-day between-day
(%) (%)
Clofibric Acid 0.10-400 0.9989 0.03 4.4 4.9
Diclofenac 0.06-400 0.9985 0.02 3.7 4.3
Ketoprofen 0.03-400 0.9959 0.01 5.2 6.4
Ibuprofen 0.03-400 0.9932 0.01 4.7 5.7
Naproxen 0.06-400 0.9958 0.02 3.5 4.2
Carbamazepine 0.03-400 0.9978 0.01 43 53
Metoprolol 0.10-400 0.9934 0.03 5.1 6.3
Propranolol 0.06-400 0.9953 0.03 59 6.6
Triclosan 0.10-400 0.9965 0.03 3.7 4.2
Estrone 0.15-400 0.9997 0.05 6.1 6.9
17B-Estradiol 0.15-400 0.9998 0.05 4.9 6.1
17a-Ethinylestradiol 0.20-400 0.9978 0.06 5.7 6.8

*r, correlation coefficient (rz); LR, linear range; LOD, limit of detection; RSD, relative
standard deviation (n=11)

3.4. Application to real samples

The proposed trace enrichment method was successfully applied to the
determination of nine pharmaceuticals and three hormones in six types of water
samples, namely: tap, swimming pool, well, pond, river and waste. Initially, a volume
of 100 mL of each sample was analysed in triplicate, using the above-described
procedure. If negative results were obtained, the sample volume was increased to 200
mL (the breakthrough volume for Oasis HLB sorbent) in order to confirm the absence
of the analytes at detectable levels. If the concentration of some analyte lay outsider the
linear range (Table 3), then the sample concerned was diluted with purified water to
bring it within. The results of these tests are shown in Table 5. As can be seen, none of
the four tap water samples studied contained any of the analytes. All others, however,
contained some pharmaceutical and/or hormone. The analyte most frequently found in
the samples was ibuprofen, followed by metaprolol, diclofenac and ketoprofen, and the
hormones 17B-estradiol y estrone. On the other hand, the hormone 17a-ethinylestradiol

was found in none of the samples. The two wastewater samples (untreated water from
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cities with a population of 40 000-60 000) were those containing the greatest numbers
of analytes and at the highest concentrations, especially diclofenac, ibuprofen,
ketoprofen and propranolol. These results are consistent with those obtained by other
authors, who found high concentrations of some pharmaceuticals (diclofenac, ibuprofen,
ketoprofen, triclosan, carbamazepine, naproxen) in wastewater by effect some of these
substances being among the most frequently prescribed drugs [31,32]. Although only
15-20% of the human therapeutic dose of a pharmaceutical (e.g. ibuprofen, metoprolol,
propanolol) is excreted as the parent compound in most cases, some drugs have been
found at high concentrations in untreated wastewater [14,31]. This statement can also be
used to explain the presence of these compounds in environmental water, albeit at much
lower concentrations than in wastewater.By way of example, Fig. 3 shows the SIM
mode chromatograms for a sample of pond and river water processed with the proposed
SPE-GC-MS method. As can be seen, the chromatograms were very clean (only three

peaks from the matrix components were detected).
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Fig. 3. SIM chromatogram for the pharmaceuticals and hormones as obtained by analyzing 100 mL of

pond (A) and river water (B). For peak identification, see Fig. 2.
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4. Conclusions

The proposed method combines two current trends in Analytical Chemistry,
namely: automation and miniaturization. Automation is introduced in the sample
preparation step, using a continuous system to preconcentrate the analytes and remove
interferences from the sample matrix; miniaturization is accomplished by using very
low volumes of organic solvents and derivatizing reagents. In fact, the procedure affords
elution of the analytes retained on the column with only 400 uL of eluent and 70 pL of
BSTFA+1% TMCS for derivatization —which takes only 20 min. Existing procedures
[2,3,11,17,21] are rather complex and use greater volumes of organic reagents and
solvents. The SPE sorbents studied proved effective for the simultaneous extraction of
acid, neutral and basic analytes, even at neutral pH. Under these conditions, analytical
performance was best with Oasis HLB sorbent. The sensitivity of the proposed method
(LODs of 0.01-0.06 ng L") surpasses that of alternative GC—MS methods for
quantifying the target analytes [2,3,5,14] and affords the determination of trace amounts
of pharmaceuticals and hormones in various types of water. Also, the sensitivity of the
proposed method surpasses that of other, LC-MS methods for the determination of
hormones (estrone, 17(-estradiol and 17a-ethinylestradiol) and pharmaceuticals
(clofibric acid, naproxen, ketoprofen, diclofenac, ibuprofen, metoprolol, propranolol
and carbamazepine) in natural and treated waters [8,19,22,31]. Unlike such methods,
ours requires the prior derivatization of the analytes to improve chromatographic
performance. As expected, the wastewater samples were those containing the highest
analyte levels (16-2800 ng L'). This is consistent with the results of previous
environmental studies based on which most waste water treatment procedures are
ineffective with a view to removing these environmental contaminants [6,7,13,14,16,31-

33].
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Table 2

Percent sorption of the pharmaceuticals and hormones on various sorbent materials.

Compounds Oasis-HLB LiChrolut EN XAD-4 XAD-2 RP-C18 Florisil Silica Gel  Isolute NH,
Clofibric acid 97 85 7 6 10 0 0 19
Diclofenac 100 75 10 0 63 0 0 78
Ketoprofen 100 100 18 0 81 4 5 73
Ibuprofen 94 90 9 0 97 0 6 88
Naproxen 100 96 20 7 85 0 15 76
Carbamazepine 95 100 0 0 43 0 0 0
Metoprolol 100 78 0 0 50 0 88 0
Propranolol 100 70 0 0 64 0 54 0
Triclosan 98 97 8 5 78 0 0 20
Estrone 100 72 9 0 72 0 0 18
17B-Estradiol 100 80 8 0 83 4 0 12
17a-Ethynilestradiol 100 90 7 0 80 2 0 21
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Table 4

Average recoveries (= SD, n=3) of pharmaceuticals and hormones spiked to water samples.

Compounds Water sample
Tap Well River Swimming pool Waste

5ngL’ 100 ng L' 5ngL'  100ng L’ 5ng L’ 100ng L' 5ngL' 100ngL' 5ngL' 100ngL’
Clofibric Acid 89+4 95+4 85+4 103+5 101+5 98£5 89+4 102+ 4 86+t 4 101£5
Diclofenac 102 +4 99+5 103+5 97 +4 99 +4 101 £5 95+4 85+3 101 +4 99+5
Ketoprofen 103+5 95+4 102+4 96+ 5 88+3 102+5 99+£5 103+6 100+ 5 89+4
Ibuprofen 92+4 101 +£5 92+4 101 £ 6 102+5 98+5 100+ 6 92+4 101 +4 98+5
Naproxen 100 + 4 95+4 101+£5 89+3 99 +4 101+5 101+5 98 +4 99+4 102+ 6
Carbamazepine 95+5 100 + 4 95+ 4 101+ 5 98+5 88 +4 101 +4 102+5 89+4 101+ 6
Metoprolol 87+4 103+ 6 95+5 102+ 6 95+5 101+4 85+4 97+£5 101+5 98+5
Propranolol 96+5 101 £ 6 102+ 6 85+5 103+5 93+5 97+6 102+ 6 100+ 5 99+5
Triclosan 101+5 98 +4 99 +4 101+5 87+3 102+5 101 +4 99+4 98 +4 103+5
Estrone 102+ 6 90+5 9%6+5 102+ 6 103+ 6 98+5 90 +4 101 +£5 96+5 103+ 6
17B-Estradiol 91+4 102+5 88+4 90+4 102+6 92+4 102+5 89+4 103+5 99+5
17a-Ethynylestradiol 102+6 85+ 4 101+6 93+5 100+ 5 101+6 89+5 1016  89+4 102+5
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Table 5

Results (ng L) obtained in the analysis of water samples by the proposed enrichment method.

Sample Clofibric  Diclofenac  Ketoprofen  Ibuprofen Naproxen  Carbamazepine  Metoprolol  Propranolol  Ticlosan Estrone 17B- 170-
acid Estradiol ~ Ethynyl-
estradiol
Tap 1 - - - - - - — - - — - —
Tap 2 — - - - - - — — - — - —
Tap 3 — - - - - - - — - - - -
Tap 4 - - - - - - - - - - - -
Swimming 11.7+0.6 - - 12.1+0.6 - - - - - 45.1+3.0 - -
pool 1
Swimming - 153+0.8 - 245+ 14 - - 19.4+1.1 - - 9.8+0.6 3.8+0.2 -
pool 2
Well 1 - 324+1.5 - 246+1.2 13.8+0.6 - - - - 17.5+12 245+14 -
Well 2 - 256+ 1.1 914+6.4 16.3+0.9 - - - - - - 11.2+0.6 -
Pond 1 - 37.5+1.8 1.5+0.1 96.6 £ 5.0 - - 12.7+£0.7 - - 264+1.7 145408 -
Pond 2 - 49.1+2.2 89.2+6.0 44.0+22 10.3+0.5 - 13.4+0.8 - 234+1.0 545+£35 34020 —
River 1 - 40.2+ 1.7 9.0 £0.6 36.6+2.0 14.5+£0.7 - 14.6 £0.8 - - 48.6+3.0 285+1.6 -
River 2 - 18.9+0.8 - 39.0+2.2 92+0.5 - 152+0.9 145+1.0 - 442+28 31.0+1.8 -
River 3 - 73.5+33 88.3+5.7 842+45 - - 75+04 - - - 33.1+£1.8 -
Waste 1 159+0.9 2780+ 125 410 £ 25 1895+ 100 349+1.5 66.3+3.4 30.5+1.8 335+20 145+7.0 90.0+6.0 - -
Waste 2 - 240+ 10 1440 + 80 1555+80  56.5+2.9 47.0+2.3 250=+1.5 465 £ 30 220+ 10 893+57 328=£19 -
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Continuous solid-phase extraction and gas chromatography—mass
spectrometry determination of pharmaceuticals and

hormones in water samples: Supplemental Information

Journal of Chromatography A, 1217 (2010) 2956-2963

Optimization of variables affecting elution and derivatization

Figures illustrating the optimization of the amount of Oasis HLB sorbent (Figure S1),
eluent volume (Figure S2) and derivatization temperature (Figure S3). The results for 4
representative analytes (ibuprofen, diclofenac, metoprolol and estrone) are shown —all

others behaved similarly.
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Figure S1. Influence of the amount of Oasis HLB sorbent used on retention of pharmaceuticals and

hormones. 1. Ibuprofen; 2. diclofenac; 3. metoprolol; 4. estrone.
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Figure S2. Influence of the volume of ethyl acetate on elution of sorbed analytes. For identification of

analytes, se Fig. 1.
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Figure S3. Influence of temperature on the sylilation reaction of pharmaceuticals and hormones. For

identification of analytes, see Fig. 1.
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Combined microwave-assisted extraction and continuous solid-phase extraction
prior to gas chromatography-mass spectrometry determination of
pharmaceuticals, personal care products and hormones in soils,
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ABSTRACT

This paper reports a sensitive analytical method based on microwave-assisted extraction and
continuous solid-phase extraction (SPE), followed by gas chromatography-mass spectrometry
(GC-MS), for the simultaneous determination of residues of 18 pharmaceuticals (analgesics,
antibacterials, anti-epileptics, B-blockers, lipid regulators and non-steroidal anti-inflammatories),
one personal care product and 3 hormones in soils, sediments and sludge. The analytes are extracted
with 3:2 methanol/water under the action of microwave energy and the resulting extract is passed
through a SPE column to clean up the sample matrix and preconcentrate the analytes. Then, the
analytes, trapped on Oasis-HLB sorbent, are eluted with ethyl acetate, silylated and determined by
GC-MS. The proposed method provides a linear response over the concentration range 2.5-20 000
ng/kg with correlation coefficients higher than 0.994 in al cases. Also, it features low limits of
detection (0.8-5.1 ng/kg), good precision (within- and between-day relative standard deviation less
than 7%) and recoveries ranging from 91 to 101%. The method was successfully applied to
agricultural soils, river and pond sediments, and sewage sludge. All samples contained some target

analyte and sludge contained most —some at considerably high concentrations.

Keywords: Pharmaceuticals - Personal care products - Hormones - Soil - Microwave-assisted

extraction - Continuous solid-phase extraction - Gas chromatography-mass spectrometry
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1. Introduction

Tons of pharmaceutical substances are used in human medicine for diagnosis, treatment or
prevention every year. For example, animal and fish farming rely heavily on drugs mostly
administered as food additives to prevent disease, promote growth or fight parasites. Human and
veterinary drugs are continuously being released into the environment mainly as a result of
manufacturing processes, disposal of unused or expired products and excreta. Residual
pharmaceuticals detected in environmental compartments include antibiotics, analgesics, anti-
inflammatories, lipid regulators, B-blockers, antiepileptics, contraceptives, steroids and related
hormones (Henderson and Coats, 2009). Because of their physical and chemical properties, many of
these substances, or their bioactive metabolites, end up in soils and sediments, where they can
accumulate and induce adverse effects on terrestrial or aquatic organisms. Although the
environmental concentrations of pharmaceutical residues are generally at trace levels (ng/L to low
ug/L) they can suffice to induce toxic effects in some cases (Ying, 2007). Such effects include
increasingly widespread bacterial resistance resulting from extensive use of antibiotics in animal
and fish farming, and the growing practice of adding manure and sewage sludge to agricultural
fields, which is of particular concern. Steroid estrogens, which include natural and synthetic ones,
are most potent endocrine disrupting compounds and their estrogenic effects have been observed in
laboratory studies at very low concentrations. They enter the environment predominantly through
sewage discharge after they have been excreted (Peng et al., 2006). Soils, sewage sludge and
sediments have scarcely been studied in this respect relative to aquatic media (Diaz-Cruz et al.,
2003). There is thus a perceived need for analytical methods affording the determination of
pharmaceuticals in these environmental samples, which pose special problems owing to their high
complexity and usually very low contents of the target compounds.

There are various available methodologies for determining pharmaceuticals in solid
environmental samples. In recent years, target species have usually been extracted from sediment,
soil and sludge by liquid partitioning under sonication (Chenxi et al., 2008; Peng et al., 2006;
Ternes et al., 2002; Xu et al., 2008), Soxhlet extraction (Peng et al., 2006), pressurized liquid
extraction (Jelic et al., 2009; Ternes et al., 2005; Vazquez-Roig et al., 2010) or microwave-assisted
extraction (MAE) (Antonic and Heath, 2007; Dobor et al., 2010; Hibberd et al., 2009; Liu et al.,
2004; Matejicek et al., 2007; Morales et al., 2005; Varga et al., 2010). The last technique is greener
than the others; thus, it uses substantially smaller amounts of solvents, which reduces sample
consumption and waste production and shortens extraction times, thereby reducing overall energy
input and costs (Madej, 2009; Tobiszewski et al., 2009). The principle behind MAE is the direct
effect of microwaves on molecules via ionic conduction and dipole rotation (Sanchez-Prado et al.,

2010). One novel use of microwave-assisted extraction is in combination with micellar media as
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extractants, which has been used to extract various compound types from environmental samples
(Cueva-Mestanza et al., 2008a, 2008b). Solid-phase extraction (SPE) has been introduced as a
clean-up step in preparation procedures to minimize interferences with matrix components and
preconcentrate the target analytes (Jelic et al., 2009; Vazquez-Roig et al., 2010). The combination
of microwave-assisted extraction and SPE for clean-up has become the most widely used choice to
prepare solid samples for instrumental analysis (Antonic and Heath , 2007; Cueva-Mestanza et al.,
2008a, 2008b; Dobor et al., 2010; Hibberd et al., 2009; Jelic et al., 2009; Liu et al., 2004; Matejicek
et al., 2007; Morales et al., 2005; Varga et al., 2010; Vazquez-Roig et al., 2010). Recently, MAE
and SPE were on-line coupled to determine antibiotics in soil samples (Chen et al., 2009). Most of
the previous methods use a hydrophilic—lipophilic balanced reversed-phase (Oasis-HLB) sorbent
(Cueva Mestanza et al., 2008a, 2008b; Dobor et al., 2010; Hibberd et al., 2009; Jelic et al., 2009;
Matejicek et al., 2007; Morales et al., 2005; Varga et al., 2010; Vazquez-Roig et al., 2010; Yang JF
et al., 2010), which has proved suitable for multi-residue determinations using an appropriate eluent
(solvent) at neutral pH (Azzouz et al., 2010). Other sorbents including silica gel (Liu et al., 2004),
Strata X (Antonic and Heath, 2007; Vazquez-Roig et al., 2010) and alumina (Chen et al., 2009)
have been used for the SPE of pharmaceuticals from soils, sediments and sludge.

Interest in the determination of pharmaceutical residues by liquid chromatography-mass
spectrometry (Jelic et al., 2009) or liquid chromatography-tandem mass spectrometry (LC—MS/MS)
(Chen et al., 2009; Chenxi et al., 2008; Matejicek et al., 2007; Pailler et al., 2009; Ternes et al.,
2005; Vazquez-Roig et al., 2010) and liquid chromatography with UV detection (Cueva-Mestanza
et al., 2008a, 2008b) has grown substantially over the last decade. By virtue of their low cost, low
limits of detection, superior resolution and widespread availability of the required equipment, gas
chromatography—mass spectrometry (GC-MS) (Antonic and Heath, 2007; Azzouz et al., 2010,
2011; Dobor et al., 2010; Liu et al., 2004; Peng et al., 2006; Varga et al., 2010; Xu et al., 2008;
Zhao et al., 2009) and gas chromatography—tandem mass spectrometry (Hibberd et al., 2009;
Morales et al., 2005; Ternes et al., 2002) remain the preferred tools for identifying and quantifying
pharmaceuticals in environmental matrices, however. The low volatility of some pharmaceuticals
and the presence of various polar groups in others requires their conversion into volatile derivatives
prior to their GC determination.

In previous work, we developed an analytical method for the determination of
pharmaceuticals in natural waters or milk samples by continuous SPE and GC-MS (Azzouz et al.,
2010, 2011). In this work, we focused on the development of a reliable method based on the
combination of MAE with continuous SPE to remove interferences from the sample matrix and
extract/preconcentrate 18 pharmaceuticals, one personal care product and 3 hormones from soils,

sediments and sludge. The influence of operational variables on performance in the MAE and
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continuous SPE steps was systematically evaluated. Analytes were silylated and selectively
determined by GC-MS, and the overall performance of the proposed method was assessed in terms

of linearity, sensitivity, precision and matrix effects.

2. Experimental

2.1. Standards and reagents

The compounds studied (viz. acetylsalicylic acid, carbamazepine, chloramphenicol, clofibric
acid, diclofenac, florfenicol, flunixin, ibuprofen, ketoprofen, mefenamic acid, metoprolol, naproxen,
niflumic acid, paracetamol, phenylbutazone, propranolol, pyrimethamine, triclosan and
thiamphenicol, 17a-ethinylestradiol, 17f-estradiol and estrone), the internal standard
(triphenylphosphate) and the derivatizing reagents [N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) and trimethylchlorosilane (TMCS)] were all purchased from Sigma-Aldrich (Madrid,
Spain) in the highest available purity. Chromatographic grade solvents (acetone, acetonitrile, ethyl
acetate, methanol and n-hexane) were supplied by Merck (Madrid, Spain). Oasis-HLB (particle size
50-65 um) was obtained from Waters (Madrid, Spain). Ultrapure water was obtained by using a
Milli-Q purification system from Millipore (Bedford, MA, USA).

Individual stock solutions containing an analyte concentration of 1 g/L (Table 1) were
prepared in methanol and stored in glass-stopped bottles at 4 °C in the dark until use. For elution in

the continuous SPE system, ethyl acetate containing 500 pg/L internal standard (IS) was used.

2.2. Equipment

GC-MS analyses were carried out on a Focus GC instrument interfaced to a DSQ II mass
spectrometer controlled via a computer running X Calibur Software (Thermo Electron SA, Madrid,
Spain). The target analytes were separated by using a DB-5 fused silica capillary column (30 m x
0.25 mm i.d., 0.25 um film thickness) coated with 5% phenylmethylpolysiloxane (Supelco, Madrid,
Spain), and helium (99.999%) at a constant flow rate of 1 mL/min was used as carrier gas. The
column temperature programme was as follows: 70 °C for 1 min, ramp to 150 °C at 14 °C/min, and
ramp to 290 °C at 6 °C/min. The injection port and transfer line temperatures were maintained at
270 and 280 °C, respectively. The ion source temperature for the electron impact ionization mode
(70 eV) was 200 °C. The mass spectrometer was operated in the selected ion monitoring mode
(SIM); the m/z values used for each pharmaceutical and hormone are listed in Table 1. The MS

instrument was used in the full scan mode (60-500 amu) for identification. The time for solvent

148



delay was set to 8 min. Sample injection (1 puL) was performed in the split mode (1:20), and analyte
quantitation was based on peak areas.

The continuous solid-phase extraction system used consisted of a Gilson Minipuls-3
peristaltic pump (Villiers-le-Bel, France) fitted with poly(vinyl chloride) tubes, two Rheodyne
(Cotati, CA, USA) 5041 injection valves and a PTFE laboratory-made sorption column (5 cm x 3
mm 1.d.) containing 60 mg of Oasis-HLB sorbent. The column was conditioned with 1 mL of ethyl
acetate and 1 mL of purified water between samples. Under these conditions, it remained
serviceable for at least 400 analyses with no appreciable change in its properties. Millex-LG filter
units (hydrophilic, PTFE, pore size 0.20 pm, diameter 25 mm, filtration area 3.9 cm”) were obtained

from Millipore Ibérica, S.A.

2.3. Samples

Sewage sludge samples from two wastewater treatment plants (sample 1 from a city of 50000
inhabitants and sample 2 from one of 500000) were collected in pre-cleaned 500 mL amber glass
bottles. River and pond sediment samples were collected at a sediment depth of 5 cm and a distance
of approximately 0.5 m from the bank. For soil samples, two agricultural fields of Andalusia
(Spain) (sample 1 from Jaén, soil irrigated with well water; sample 2 from Sevilla, soil irrigated
with pond water) were used to select a 1 m” sampling area from which three subsamples were
collected at random. All samples were placed in stoppered lyophilization vials and freeze-dried on a
Telstar LyoQuest apparatus (Madrid, Spain) at —55 ° C under vacuum (0.05 bar) for 72 h. Then, the
samples were passed through a 2 mm & sieve, and homogenized. Finally the freeze-dried samples
were stored in stoppered vials at —20 °C until analysis.

The soil and sediment samples that were found to contain no pharmaceuticals or hormone in a
preliminary test were used as blanks, and also to optimize and validate the proposed method. These

samples were also freeze-dried and homogenized as described above.

2.4. Microwave-assisted extraction

An amount of 1 g of each freeze-dried sample was weighed into a 50 mL glass bottle and
supplied with 10 mL of extractant (3:2 methanol/water). Then, the bottle was tightly sealed and
placed in an household microwave oven, in front of the magnetron, for extraction at 500 W for 6
min. Finally, the resulting supernatant being passed through a 0.20 pm Millex-LG filter and

evaporated under a gentle N stream to final volume of 200 pL.
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Table 1
Therapeutic class, pk,, logK,x, retention time and mass values used to determination of the pharmaceuticals, personal care products
and hormones.

b

Therapeutic Class Compounds pKa logKow Retention m/z
Time M"™  [M-15] Additional ions
(min)
Analgesics Acetylsalicylic acid 3.5 1.19 10.5 252 237 120, 195, 210
Paracetamol 9.38 0.46 11.4 295 280 116,206
Non-steroidal Diclofenac 4.14 451 22.2 367 352 214,242
anti-inflammatories Flunixin 5.82 4.90 19.8 368 353 251, 263
Ibuprofen 491 3.97 12.0 278 263 160, 234
Ketoprofen 4.45 3.12 21.0 326 311 73, 282
Mefenamic acid 3.73 5.19 20.8 313 298 208, 223
Naproxen 4.20 3.20 19.2 302 287 185, 243
Niflumic acid 4.76 na® 19.0 354 339 236, 263
Phenylbutazone 4.40 3.16 23.9 308° —° 77,183, 252,
Lipid regulator Clofibric acid 3.46 2.60 11.3 286 271 128, 143
Personal care product Triclosan 7.80 4.80 19.9 362 347 200, 310
Anti-epileptic Carbamazepine 7.00 2.47 22.0 308 293 193, 250
B-Blockers Metoprolol 9.70 1.88 19.1 339 324 72,223
Propranolol 9.50 2.60 20.6 331 316 72,215
Antibacterials Chloramphenicol 9.61 na’ 24.6 466 451 208, 225, 242
Florfenicol 9.03 na’ 26.1 429 414 257,360
Pyrimethamine 7.34 na’ 21.2 392 377 171, 281
Thiamphenicol 9.76 na* 279 499 484 242,257, 330
Hormones Estrone 10.20 3.69 26.8 342 327 218, 257
17B-estradiol 10.27 4.13 27.3 416 401 285, 326
17a-ethinylestradiol ~ 10.24 4.25 28.6 440 425 232,300

?na, not available.
® The peaks used for quantification are boldfaced; m/z for IS (triphenylphosphate): 77, 170, 325, 326.
¢ The phenylbutazone is determined as non-derivatized.
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2.5. Continuous solid-phase extraction/clean-up and derivatisation

Figure 1 depicts the continuous SPE system used to determine the target
pharmaceuticals, personal care products and hormones in soil, sediment and sludge
samples. MAE extracts (200 uL) were reconstituted with 10 mL of purified water at pH
7 adjusted with dilute HCI or NaOH. Then, each reconstituted sample or a standard
aqueous solution containing a 2.5-20000 ng/kg concentration of each analyte at pH 7
was aspirated through the sorbent column (located in the loop of the injection valve, IV))
at 4 mL/min. All analytes were sorbed as a result and the sample matrix was sent to
waste; simultaneously, the loop of the second valve (IV,) was filled with eluent (ethyl
acetate containing 500 pg/L triphenylphosphate as IS) by means of a syringe. Any
residual water remaining inside the column and connectors was flushed with an air
stream (4 mL/min) for 2 min. Next, [V, was switched to pass the loop contents (400 uL)
through the column, in the opposite direction of the sample, in order to elute the
pharmaceuticals, personal care products and hormones. The organic extract was
collected in a conical glass insert of 0.5 mL and concentrated to a final volume of 35 pL
under a stream of ultrapure N». Potential errors in measuring the final extract volume
were avoided by using an internal standard. Next, a volume of 70 pL of BSTFA + 1%
TMCS was added and the vials (tightly closed) were heated at 70 °C for 20 min. Finally,
1 uL aliquots of the silylated derivatives (except phenylbutazone, which is determined as

non-derivatized) were determined by GC-MS in the SIM mode.
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Fig. 1. Experimental set-up for the microwave-assisted extraction and
continuous solid-phase extraction of pharmaceuticals, personal care products

and hormones from soils, sediments and sludge. I'V: injection valve, W: waste.

3. Results and discussion

3.1. Optimization of microwave-assisted extraction

The main variables influencing MAE performance included (a) the nature of the
solvent and its volume, (b) the microwave power and (C) the irradiation time (Madej,
2009); their effect was examined as follows: an amount of 1 g of freeze-dried soil blank
sample was spiked with a 500 ng/kg concentration of each pharmaceutical, personal care
product and hormone, and mixed with the solvent. After extraction in a household
microwave oven, the supernatant was filtered, evaporated under a gentle N, stream to a
final volume of 200 pL and reconstituted with 10 mL of purified water at pH 7. Then,
the reconstituted sample was introduced into the continuous SPE system (Fig. 1), the
analytes being retained on the sorbent column and subsequently eluted with ethyl acetate
for derivatization. Finally, the silylated derivatives were determined by GC-MS as
described under Experimental.

Ensuring efficient microwave-assisted extraction of the analytes from the samples
required the use of an appropriate solvent, which was selected among the six tested
(acetone, acetonitrile, ethyl acetate, n-hexane, methanol and water). To this end, a

volume of 10 mL of each was used for MAE at 500 W for 5 min. The best results were
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obtained with methanol and water, but differed between analytes owing to their
differences in polarity. This led us to test methanol/water mixtures of which one in a 3:2
ratio was found to provide optimal results —similarly to previous reports for MAE of
pharmaceuticals from sediments (Matejicek et al., 2007). The influence of the solvent
volume was examined over the range 1-25 mL. No provision for analyte dilution in the
mixture was made since the supernatant was always evaporated to 200 puL and then
reconstituted with 10 mL of purified water for continuous SPE. A solvent volume of 8
mL or greater resulted in maximal extraction of the analytes, thus 10 mL was adopted for
further testing.

Once the optimum solvent for MAE was selected, the effects of the irradiation time
and microwave power were examined. The choice of these parameters depends on the
nature of the solvent and its relative permittivity, as well as on the nature of the sample
matrix and the properties of the target analytes. We used 6 different irradiation times (1,
2,4, 6, 8 and 10 min) in combination with a variable microwave power from 50 to 750
W. Short irradiation times were found to require an increased power to maximize
extraction of the analytes from soil. However, high microwave powers in combination
with long times diminished the signals for some analytes (viz. clofibric acid, metoprolol
and propranolol), possibly because they decomposed under these extreme conditions
(Camel, 2000; Madej, 2009). This led us to select a microwave power of 500 W and an
irradiation time of 6 min, which maximized extraction of all analytes while preventing
their decomposition. To prove the efficiency of MAE, a Soxhlet extraction procedure
similar to that used by Antonic and Heath (2000) has been used. The extract of Soxhlet
was evaporated to 200 pL under a gentle N, stream and reconstituted with 10 mL of
purified water for insertion into the SPE system described in the Continuous solid-phase
extraction/clean-up and derivatization Section. Three representative samples (sediment,
soil and sludge) were extracted by Soxhlet extraction and by the MAE procedure
optimized above. The efficiency extraction for the three samples analysed ranged from

95 to 100% for MAE and 90 to 95% for Soxhlet extraction.

3.2. Optimization of continuous solid-phase extraction and derivatization

In previous work (Azzouz et al., 2010), we developed a flow system for the
simultaneous preconcentration of 12 pharmaceuticals and hormones in water samples
with Oasis-HLB material as sorbent, ethyl acetate as eluent and BSTFA + 1% TMCS as
derivatizing reagent. This system was initially adopted to determine the 22 analytes

studied (18 pharmaceuticals, one personal care product and 3 hormones) in soil,
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sediment and sludge samples; however, the complexity of the sample matrices and the
large number of analytes they might contain led us to examine the effects of chemical
and flow-related wvariables influencing the preconcentration—elution process and
derivatization (silylation) reaction. For this purpose, an amount of 1 g of a blank soil
sample was spiked with a 500 ng/kg concentration of each pharmaceutical and hormone
and subjected to MAE as described under Experimental. The resulting supernatant was
filtered, evaporated under a gentle N, stream to final volume of 200 pL and reconstituted
with 10 mL of purified water for insertion into the SPE system. We initially examined
the retention of the 22 analytes on columns containing an amount of 60 mg of Amberlite
XAD-2 or XAD-4, Oasis-HLB, LiChrolut EN or RP-C;g and their elution with acetone,
acetonitrile, ethyl acetate or methanol. The best preconcentration results for all analytes
were obtained with Oasis-HLB and their optimal elution was accomplished with ethyl
acetate. We then examined the influence of pH on SPE of the analytes and found the
neutral region (pH 6.5-7.5) to provide the best extraction yields. Also, co-extraction of
matrix components and analytes was significantly reduced at pH 7 relative to pH 2 or 4
(Gomez et al., 2006). pH 7 was thus selected, and adjusted with dilute HC1 or NaOH, for
further testing. We also optimized other variables affecting continuous SPE performance
such as the flow rate of sample and air, and the volume of eluent. A flow rate of 4
mL/min for both air and the sample, and an eluent volume of 400 uL, were chosen. The
influence of the sample breakthrough volume was studied on an SPE column packed
with 60 mg of Oasis-HLB sorbent and a sorption efficiency of ca. 100 % was obtained
with aqueous volumes up to 200 mL.

As stated above, the best solvent for MAE was a 3:2 methanol/water mixture.
However, the supernatant —containing the analytes— obtained after MAE contained a
high volume of methanol (~60%), which required examining its effect on retention of the
analytes onto a sorbent column packed with 60 mg of Oasis-HLB, using a system similar
to that of Fig. 1. For this purpose various standard solutions containing a 500 ng/L
concentration of each analyte in various mixtures of methanol and water containing 0 to
50% (v/v) alcohol were aspirated through the sorbent column. As can be seen from Fig.
2 for 11 representative analytes, their behaviour varied. Thus, methanol had no adverse
effect on retention of the two analgesics (acetylsalicylic acid and paracetamol) or
triclosan up to 5%, but affected retention of propranolol, carbamazepine, diclofenac and
chloramphenicol above 10 %, all other analytes allowing a higher content of organic
solvent (20—40%) to be used. The higher was the proportion of methanol in the aqueous

sample, the lower was retention of the pharmaceuticals, personal care products and
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hormones on the sorbent column. This can be ascribed to the mechanism of analyte
sorption, which involved partitioning of the analytes from a polar phase (water) into a
non-polar phase such as a polymeric sorbent (Oasis-HLB) via hydrogen bonding and n—n
interactions between the analytes and the underlying sorbent surface. When the aqueous
sample contained a high proportion of methanol, the alcohol broke bonds and effectively
dissolved the pharmaceuticals and hormones, thereby dramatically decreasing their
sorption on the column. In order to avoid this effect of methanol on retention of the
analytes, the MAE supernatant was evaporated to 200 pL under a gentle N, stream and
reconstituted with 10 mL of purified water (~1.2% of methanol in the final solution) for
insertion into the SPE system.

Finally, we examined the influence of the different variables affecting
derivatization of the 21 analytes with BSTFA and TMCS (except phenylbutazone, which
is determined as non-derivatized). The silylating solution selected for this purpose was
BSTFA containing 1 % TMCS, which provided the highest derivatization yields. The
optimum temperature and time for the derivatization reaction were found to be 70 °C and
20 min, respectively, and the optimum volume of silylating reagent was 70 uL, which
ensured quantitative derivatization of a volume of eluate of 35 pL from the SPE system
—originally 400 pL, but concentrated under a stream of ultrapure N, as described under

Experimental.
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Fig. 2. Influence of the methanol content in the eluent (v/v) on retention of the analytes on
the sorbent column. 1: chloramphenicol; 2: mefenamic acid; 3: paracetamol; 4: ibuprofen;
5: carbamazepine; 6: diclofenac; 7: triclosan; 8: propranolol; 9: acetylsalicylic acid; 10:

clofibric acid; 11: 17B-estradiol.
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3.3. Analytical performance

The freeze-dried soil blank used for off-line MAE-SPE-GC-MS (Fig. 1) was
spiked with the 18 pharmaceuticals, one personal care product and three hormones as
follows: volumes of 1 mL of standard solutions containing the 22 analytes in amounts
from 2.5 pg to 20 ng in methanol were spiked to 1-g amounts of soil blank and the
methanol was evaporated for about ~4 min. The samples were then allowed to stand for
at least 1 h to facilitate sorption similarly as in nature (Hibberd et al., 2009). Finally,
each soil sample was extracted with 10 mL of 3:2 methanol/water and processed as
described under Experimental. This addition procedure caused analytes in the soil to be
largely present in the deposited state, even though some analyte—matrix interactions were
possible; as a result, the recoveries of the analytes in the spiked soil ranged from 94 to
99% relative to aqueous standards directly introduced into the continuous SPE system.
Based on these results, the soil blank was used to run calibration graphs for the 22
analytes. The internal standard was triphenylphosphate, which was spiked at a 500 pg/L
concentration to the eluent. Calibration was performed by plotting analyte-to-IS peak
area ratios against analyte concentrations. The figures of merit of the proposed method
are shown in Table 2. As can be seen, the correlation coefficients were all higher than
0.994 (12 points per calibration). The limits of detection (LODs, calculated as three
times the standard deviation, SD, of background noise divided by the slope of each
calibration graph) ranged from 0.8 to 5.1 ng/kg. The precision of proposed method, as
relative standard deviation (RSD), was calculated by measuring 11 uncontaminated soil
samples spiked with 25, 200 and 2000 ng/kg concentrations of each pharmaceutical,
personal care product and hormone, following the addition procedure described at the
top of this section. A comparative study of within-day and between-day precision was
conducted —the latter over seven days—, at the previous three concentration levels. The
RSD obtained were found to be satisfactory with RSD lower than 6 % (within-day
precision) or 7% (between-day precision). This precision is better than those of existing
methods such as one for the determination of eight pharmaceuticals in sediment samples
using microwave assisted micellar extraction and LC-UV (RSD, 6-11%) (Cueva-
Mestanza et al., 2008a) or for the determination of thirteen hormones using MAE, SPE
and LC-MS/MS (RSD, 4.9-9.6%) (Matejicek et al., 2007). Vazquez-Roig et al. (2010)
have recently developed a method for the determination of pharmaceuticals in soil and

sediment using pressurized liquid extraction and LC-MS/MS, which in some cases
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improves the precision obtained with our method, with within-day and between-day
precision from 0.7 to 7.9% and from 1.6 to 14.5%, respectively.

In order to validate the proposed method, a recovery study was conducted to
analyse agricultural soil, river sediment and sewage sludge samples fortified with 25,
200 and 2000 ng/kg concentrations of each analyte in triplicate (n = 3), following the
procedure described at the top of this section. Since all samples contained some analyte,
recoveries were calculated by subtracting the previously quantified endogenous
compounds from their total contents. All compounds were accurately identified and their
average recoveries acceptable (91-101%) in all samples (Table 2). Therefore, matrix
interferences were completely suppressed during microwave-assisted extraction and

continuous solid-phase extraction.

3.4. Analyses of soil, sediment and sludge samples

Prior to analysis, soil, sediment and sludge samples subjected to no freeze-drying
were characterized for pH, moisture and total organic carbon (Table 3). pH was
determined by using the AOAC Official Method 994.16 (AOAC, 2000). To this end, an
amount of 5 g of solid sample was mixed with doubly distilled water and stirred for
measurement of the pH in the supernatant. Moisture was determined by weighing, drying
to a constant weight at 105 °C and weighing of the dry sample (Dane and Topp, 2002).
Finally, total organic carbon was determined by wet oxidation with sulphuric potassium

dichromate and titration of excess dichromate with Fe(NH4),(SO4), (Hesse, 1972).
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Table 2
Analytical figures of merit of the proposed MAE-SPE-GC-MS method for determination of pharmaceuticals, personal care products and hormones in
soils, sediments and sludge.

Compounds LOD Linear " RSD (%) Recovery (%)°
(ng/kg) range (n=1 1)b
(ng/kg) Within- Between- Agricultural soil River Sewage sludge
day day sediment

Acetylsalicylic acid 3.0 10-20 000  0.995 4.2 4.8 101 £5 99+5 97 +5
Paracetamol 1.0 3.1-20 000  0.996 4.8 5.4 94 +4 95+5 93+ 4
Diclofenac 2.0 6.5-20 000  0.998 52 5.6 93+5 101 +6 98 + 6
Flunixin 1.1 3.4-20 000 0.995 43 5.8 95+6 95+5 96 £ 5
Ibuprofen 1.1 3.4-20000  0.999 4.5 5.8 95+5 99+5 96 + 5
Ketoprofen 1.0 3.1-20 000  0.999 52 6.0 100+ 6 91+5 97+ 6
Mefenamic acid 0.9 3.0-20 000  0.999 5.0 53 97+5 94+5 99+5
Naproxen 2.1 7.0-20 000  0.997 5.5 6.4 101 +6 92+5 94+5
Niflumic acid 1.3 4.1-20 000  0.996 4.8 6.3 95+5 98 +5 93+4
Phenylbutazone 4.5 15-20 000 0.994 5.1 6.5 98 £ 6 96+ 5 100 £6
Clofibric acid 3.1 10-20 000  0.998 4.9 6.3 94 +5 100+ 5 97+5
Triclosan 3.0 10-20 000  0.999 5.5 5.9 92+5 98 + 6 96 + 6
Carbamazepine 1.2 4.0-20 000  0.999 4.2 6.0 101 +4 95+4 91+4
Metoprolol 2.9 9.5-20 000  0.999 5.1 6.4 92+5 101 +6 99 +5
Propranolol 3.0 10-20 000  0.998 4.8 5.2 98 +5 99+5 95+ 5
Chloramphenicol 0.8 2.5-20 000  0.995 52 6.0 96+ 5 97+5 93+5
Florfenicol 1.1 3.4-20000 0.999 53 6.4 101 +£6 100+ 6 94 +5
Pyrimethamine 4.7 15-20 000  0.996 4.9 6.2 100+ 5 95+5 98 +5
Thiamphenicol 1.0 3.1-20 0000  0.994 6.0 6.9 99 +7 96 + 6 100 £ 6
Estrone 4.7 15-20 000  0.995 4.9 5.4 92 +4 96 +5 94 + 5
17B-estradiol 5.0 16-20 000  0.997 5.1 5.7 94 +5 97+5 96+ 5
170-ethinylestradiol 5.1 17-20 000  0.996 53 6.2 96 +5 98 £ 6 97+5

1, correlation coefficient.
® Relative standard deviation (n=11) for a soil sample spiked with 25 ng/kg of each pharmaceutical.
¢ Percent recovery (+ SD, n = 3) for un 1 g of samples spiked with 25 ng/kg of each pharmaceutical

158



The proposed method was used to determine the 18 pharmaceuticals, one personal care
product and 3 hormones in sediment, soil and sludge samples from various locations. To this end,
freeze-dried samples of the three types were analysed in triplicate, following the analytical
procedure described under Experimental. Table 3 shows the concentrations of the target analytes
detected in the contaminated soil, sediment and sludge samples. As can be seen, the agricultural soil
irrigated with well water (soil 1) and that irrigated with pond water (soil 2) contained exactly the
same analytes —by exception, the latter additionally contained metoprolol—; however, the
concentrations of some analytes differed markedly between the two [particularly those of
diclofenac, ibuprofen, ketoprofen, niflumic acid, carbamazepine and the three hormones (estrone,
17B-estradiol and 17a-ethinylestradiol)]. The concentrations of these analytes (9—460 ng/kg) were
lower than those previously found by other authors in similar samples (viz. 0.55-9.08 ng/g (Xu et
al., 2008), 1.43-6.57 ng/g (Vazquez-Roig et al., 2010) or 0.52-1.99 ng/g (Vazquez-Roig et al.,
2011). By way of example, Fig. 3A shows the chromatograms for agricultural soil 2.

Table 3 shows the results for two sediment samples collected from two different rivers in
Andalusia and another two obtained from two ponds in the same region. All four samples contained
flunixin, ibuprofen, ketoprofen, naproxen, triclosan, carbamazepine and pyrimethamine at
concentrations from 15 to 190 ng/kg. Also, most of the sediment samples contained niflumic acid,
chloramphenicol, 17B-estradiol and 17a-ethinylestradiol (Fig. 3B). On the other hand, diclofenac
was only present, at very low concentrations (8.5-9.5 ng/kg), in the river sediment samples. The
levels of the non-steroidal anti-inflammatories diclofenac and naproxen determined with the
proposed method were lower than those reported by Varga et al. (2010) in natural sediments (2—38
ng/g). The level encountered by proposed method for metoprolol, propranolol, carbamazepine,
ibuprofen, clofibric acid and diclofenac (9.0-320 ng/kg) were lower than those found for these
farmaceuticals in sediment samples from L'Albufera (Valencia, Spain; 0.62—35.83 ng/g) (Vazquez-
Roig et al., 2011). The presence of the three hormones (estrone, 17B-estradiol and 17a-
ethinylestradiol) in these types of samples has frequently been studied. Pond and river sediments
were found to contain 17B-estradiol and 17a-ethinylestradiol at levels from 44 to 210 ng/kg, but no
estrone. These hormone concentrations are lower than those previously determined by GC-MS/MS
(0.9-1.5 ng/g) (Ternes et al., 2002). Peng et al. (2006) have not found any of these hormones in

sediments samples.
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Table 3
Pharmaceutical, personal care product and hormone residues found in soil, sediment and sludge samples (£SD, ng/kg, n=3), and physical-chemical
characterization of each sample.

Parameters Agricultural Agricultural Pond Pond River River Sewage Sewage
soil 1 soil 2 sediment 1  Sediment2  sediment 1 sediment 2  sludge 1 sludge 2
Water content (%) 0.13 0.15 2.2 2.4 1.5 1.7 6.5 6.6
pH 6.7 8.2 7.6 7.5 7.8 8.0 6.8 6.7
C org (% dry wt) 3.3 1.6 2.1 1.9 1.7 2.6 12.8 12.5
Compounds
Acetylsalicylic acid nd’ nd nd nd nd nd nd 590 + 25
Paracetamol nd nd nd nd nd nd 80+4 nd
Diclofenac 9.0£0.5 90+4 85+04 9.5+0.5 nd nd 95+£5 770 + 40
Flunixin 180+ 10 140+ 10 190 + 10 100+ 5 55+3 45 +3 290 + 20 200+ 10
Ibuprofen 98+5 190+ 10 71+4 30+2 56+3 21+1 120 £7 90+ 5
Ketoprofen 460 + 30 200+ 10 85+5 40+2 21+1 60+ 3 75+ 4 560 + 30
Mefenamic acid nd nd nd nd nd nd nd nd
Naproxen 220+ 10 150+ 10 82+5 25+1 45 +£3 15+1 280 =20 850 + 50
Niflumic acid 430+ 20 240+ 10 360 £ 20 160+ 10 nd 67+3 nd 370 £20
Phenylbutazone nd nd nd nd nd nd nd nd
Clofibric acid nd nd nd nd nd nd nd nd
Triclosan 270 £20 310 £20 170+ 10 56+3 49 £3 140+ 10 260 £+ 20 3100 + 200
Carbamazepine 40+2 260 + 20 32+£2 24+1 35+£2 774 52+£2 190 + 10
Metoprolol nd 320+ 20 nd nd nd nd 180+ 10 340 + 20
Propranolol nd nd nd nd nd nd 150+ 10 160+ 10
Chloramphenicol nd nd 151 20+ 1 30+2 nd nd 31020
Florfenicol nd nd nd nd nd nd 30£2 nd
Pyrimethamine 190 + 10 120+ 7 17+1 34+2 55+3 35+2 130+ 6 2300 £+ 100
Thiamphenicol nd nd nd nd nd nd nd nd
Estrone 16 +0.8 51+3 nd nd nd nd nd nd
17B-estradiol 190 £ 10 90=+6 100 £6 nd 90+ 6 nd nd nd
17a-ethinylestradiol 220+ 10 350 + 20 96 + 6 44 +£3 210+ 10 nd 250+ 10 450 + 30

#nd: not detected.
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Fig. 3. GC-MS chromatograms in the SIM mode obtained in the analysis of agricultural soil 2 (A), river sediment 1
(B), and sewage sludge 1 (C). 1: ibuprofen; 2: niflumic acid; 3: metoprolol; 4. naproxen; 5: flunixin; 6: triclosan; 7:
ketoprofen; 8: pyrimethamine; 9: carbamazepine; 10: diclofenac; 11: estrone; 12: 17B-estradiol; 13: 17a-

ethinylestradiol; 14: chloramphenicol; 15: paracetamol; 16: propranolol; 17: florfenicol; IS: internal standard.
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We also analysed sewage sludge from two wastewater treatment plants serving a population
of 50000 (sewage sludge 1) and 500000 (sewage sludge 2), respectively. As can be seen from Table
3, the analyte concentrations in these samples were much higher than those found in the other
sample types (soil and sediments) by effect of the former coming from the processing of wastewater
containing large residual amounts of the pharmaceuticals (Hernando et al., 2006). Also, they
contained some analytes not present in the other samples (viz. paracetamol, acetylsalicylic acid,
propranolol and florfenicol). Some pharmaceuticals such as acetylsalicylic acid, diclofenac,
ketoprofen, naproxen, triclosan, metoprolol, pyrimethamine and the hormone 17a-ethinylestradiol
were detected at high concentrations. Other authors also found high levels of pharmaceuticals in
these types of samples [e.g. Jelic et al. (2009 detected up to 34 pharmaceuticals including many of
ours at concentrations from 1.2 to 74.9 ng/g, and Dobor et al. (2010) reported concentrations of 10—

140 ng/g for ibuprofen, naproxen, ketoprofen and diclofenac in sewage sludge].

4. Conclusions

In this work, we developed and validated of a new method for the simultaneous
determination of 22 analytes (pharmaceuticals, personal care products and hormones) in soils,
sediments and sludge. The analytes were isolated from solid samples by using MAE followed by
continuous SPE clean-up for analysis by GC-MS. This ensures efficient recovery of the analytes
(91-101%) and effective, expeditious removal of matrix interferents. The method is quite sensitive
and precise. Thus, its limits of detection (0.8-5.1 ng/kg) are better than those of existing methods
such as one for the determination of 17 pharmaceuticals in soil and sediments (LC-MS/MS, 0.1-6.8
ng/g) (Vazquez-Roig et al., 2010), and others for four hormones in river sediments (GC-MS, 0.2—
0.4 ng/g) (Liu et al., 2004), thirteen hormones in river sediments (LC-MS/MS, 0.14-0.98 ng/g)
(Matejicek et al., 2007), four non-steroidal anti-inflammatory drugs in river sediments (GC-MS,
0.03—-0.08 pg/g) (Antonic and Heath, 2007) and eight pharmaceuticals in sediment samples (LC—
UV, 4-167 ng/g) (Cueva Mestanza et al., 2008a).

The usefulness of the proposed method for routine multi-residue analyses was demonstrated
by applying it to agricultural soils, river and pond sediments, and sewage sludge. Based on the
results, the sludge samples contained a large number and variety of analytes, which is unsurprising
since they consisted of processed wastewater highly contaminated with most of the analytes. All
samples contained the non-steroidal anti-inflammatories flunixin, ibuprofen and ketoprofen, the
personal care product triclosan, the anti-epileptic carbamazepine and the antibacterial
pyrimethamine, all of which are frequently used in the treatment of human and animal diseases —

and are quite persistent in soil, sediment and sludge.
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CAPITULO II

Desarrollo de Metodologias para la Determinacion de
Sustancias Farmacoldgicamente Activas en Alimentos
de Origen Animal
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Para evitar brotes de enfermedades en animales criados en ganaderia intensiva o
en piscifactorias es necesario el tratamiento de estos animales con SFAs. Una porcion
de las SFAs administradas permanece en el cuerpo del animal, pero una fraccion
significativa se excreta y contamina al Medio Ambiente, que a su vez pueden
contaminar a los alimentos. Para proteger la salud de los consumidores y asegurar una
alta calidad de los productos alimenticios, la Comision del Codex Alimentarius de la
Organizacion para la Alimentacion y la Agricultura (FAO), la Organizacion Mundial de
la Salud (OMS) y la Comunidad Europea han establecido limites méaximos de residuos
(LMR) de una variedad de productos farmacéuticos en los alimentos de origen animal.
En este Capitulo de la Memoria se han desarrollado dos metodologias para la
determinacion de residuos de firmacos en alimentos de origen animal teniendo en
cuenta dos premisas: la baja concentracion a la que se encuentran estos residuos en estas
muestras pero que pueden ser perjudiciales para la salud del consumidor, y la
complejidad de las matrices a las que nos enfrentamos (leche, productos carnicos y
pescado).

El objetivo de primera parte de este Capitulo ha consistido en la puesta a punto de
un método fiable para la determinacion simultanea de residuos de antibioticos,
antiinflamatorios no esteroideos, P-bloqueadores, reguladores de lipidos, hormonas,
antiepilépticos, antidepresivos y antisépticos en leche de origen animal y leche materna
mediante el uso de un sistema continuo de SPE y cromatografia de gases acoplada a un
espectrometro de masas.

Como es sabido, la leche es un fluido bioldgico complejo que contiene un niumero
elevado de macromoléculas tales como proteinas, lipidos y otras sustancias minerales,
las cuales pueden dafiar a la columna de SPE y perjudicar a la ionizacioén de los analitos
en el espectrometro de masas. Como resultado, los procedimientos de preparacion de
muestras de leche para su posterior determinacion de residuos de fairmacos requieren de
una etapa previa de precipitacion de proteinas con un disolvente adecuado,
centrifugacion de la mezcla, y la filtracion del sobrenadante resultante. En este trabajo,
se ha estudiado la eficacia de diversos disolventes (acetonitrilo, metanol, etanol,
acetona) y acido tricloroacético para la precipitacion de proteinas de la leche. Del
estudio se concluy6 que el acetonitrilo era el disolvente mas eficaz para la precipitacion
de proteinas en estos tipos de muestras, seleccionando 5 ml de este disolvente para la
precipitacion de estas sustancias en 5 g de leche. También se estudiaron la influencia de

las diferentes variables relacionadas con la centrifugacion (velocidad, temperatura y

168



tiempo) sobre la eficacia de la precipitacion y separacion de las proteinas previa a la
introduccion en el sistema continuo de SPE. Se seleccionaron como Optimas una
velocidad de centrifugacion a 3500 rpm durante 10 min, manteniendo la temperatura a 4
°C.

Por otra parte se estudid como influia la presencia de acetonitrilo en las muestras
que se pasaban a través del sistema continuo para la SPE de los diferentes analitos.
Como ocurria en el Capitulo anterior, en aquel caso con el metanol, también el
acetonitrilo afectaba negativamente a la retencion de las diferentes SFAs estudiadas. Se
observd que a partir de un 15 %, el rendimiento de la adsorciéon de los diferentes
analitos disminuia. Este efecto puede explicarse de igual manera que se explicd en el
método desarrollado para la determinacion de residuos de farmacos en suelos,
sedimentos y lodos del Capitulo II de esta Memoria. Por ello se solucion6 el problema
evaporando la disolucion de acetonitrilo hasta 100 pl y redisolviendo después el
extracto con 5 ml de agua purificada. A continuacion se comprobo que el sistema
continuo de SPE era eficaz para la retencion de los diferentes SFAs en una columna de
60 mg de Oasis HLB. Finalmente los analitos se eluyeron con 400 puL de acetato de
etilo, evaporandose éste hasta 35 pL con una corriente de nitrégeno previa a la
derivatizacion con la mezcla BSTFA+1 % de TMCS a 70 °C.

A continuacién se realiz6 un estudio de estabilidad de los analitos en las muestras
debido a que éstas se congelaban hasta su andlisis. Para ello se afiadieron 100 ng/kg de
cada una de las SFAs a 1 kg de leche y se dividié la mezcla en distinta porciones. Una
se analizd inmediatamente y las demds se congelaron a -20 °C, analizdndose por
triplicado un porcion cada dos dias durante un mes. No se encontré divergencia entre
los resultados obtenidos de los diferentes analisis, por lo cual se concluyod que por lo
menos durante un mes los analitos permanecian estables en las muestras a las
condiciones de conservacion anteriormente comentadas. El método propuesto
proporciona una respuesta lineal en el intervalo entre 0,6 y 5000 ng/kg con una
sensibilidad muy aceptable (limites de deteccion entre 0,2 y 1,2 ng/kg). El analisis
repetitivo de la misma muestra en el mismo dia o en diferentes dias ha puesto de
manifiesto que el método es preciso con desviaciones estdndares relativas entre 3,5 y
7,2 % o entre 4,3 y 7,8 %, respectivamente. También los estudios de recuperacion
demostraron que el método tiene una exactitud adecuada con porcentajes de

recuperacion entre 95 a 102 % para los diferentes tipos de muestras de leche estudiadas.
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Finalmente el método fue aplicado al anélisis de muestras de leche de vaca, cabra
y mujer. En la mayoria de las muestras analizadas se encontré alguna de las SFAs
estudiadas. En el caso de la leche de vaca (cruda, entera, semidesnatada o desnatada) se
encontraron en muchas de las muestras dos hormonas (estrona y 17B-estradiol), varios
antiinflamatorios (ketoprofeno, fenilbutazona, diclofenaco, flunixino y acido niflimico)
y dos antibioticos (florfenicol y piremetamina). En las muestras de leche de cabra
(entera y semidesnatada) se encontrdé en una de ellas 4cido niflimico y flunixino.
También se analizaron 3 muestras de leche humana encontrandose en todas ellas alguna
de las hormonas estudiadas y algunos antiinflamatorios (ibuprofeno y naproxeno) y el
triclosan a niveles entre 0.035 y 1.9 pg/kg. Por tltimo se analiz6 leche en polvo de vaca,

en la cual no se detect6 la presencia de ninguna de las SFAs estudiadas en este trabajo.

En la segunda parte de este Capitulo se describe el método desarrollado para la
determinacion de diferentes tipos de SFAs en productos cérnicos y pescado. Como en el
caso anterior, la matriz es bastante compleja y como se ha encontrado en la bibliografia
requiere de una etapa de pretratamiento con objeto de eliminar el alto contenido que
tiene de proteinas y lipidos que pudieran interferir a la SPE de los diferentes analitos en
el sistema continuo descrito en el Capitulo II de esta Memoria. Por ello se pensé en
utilizar una etapa de precipitacion de estas sustancias interferentes con un disolvente
adecuado y posterior centrifugacion para conseguir un sobrenadante libre de proteinas y
lipidos. Para ello se estudiaron varios disolventes (acetato de etilo, agua, acetonitrilo,
metanol, y etanol) y el acido tricloroacético. Se selecciond la mezcla acetonitrilo-agua
(3:2, v:v) por ser la que proporcionaba un rendimiento superior en la precipitacion y
posterior eliminacion de proteinas y lipidos en los alimentos estudiados. Para 2 g de
producto carnico o pescado se encontrd6 que se conseguia la eliminacion total de
proteinas y lipidos cuando se utilizaba un volumen de 10 ml de la mezcla acetonitrilo-
agua. También se examinaron los efectos de la velocidad, tiempo y temperatura en la
etapa de de centrifugacion, seleccionandose como 6ptimas 4000 rpm, 10 min y 4 °C,
respectivamente. Para la eliminacién del elevado porcentaje de acetonitrilo en el
sobrenadante, se optd como en la primera parte de este Capitulo por la evaporacion con

una corriente de nitrogeno hasta un volumen de 200 pl y redisolucion con 5 ml de agua
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purificada a pH 7. Para la etapas de SPE y derivatizacion se utilizaron las mismas
condicionas empleadas en el método anterior incluido en este Memoria.

El método propuesto es sensible con limites de deteccion reducidos (0,4-2,7
ng/kg para 2 g de muestra) y una buena linealidad (coeficientes de correlacion> 0,995).
La precision es aceptable con desviaciones estandares relativas menores de 7 %.
Ademas se obtuvieron unos porcentajes de recuperacion excelentes (92—-101 %). Con
objeto de poder demostrar su aplicabilidad, se analizaron diferentes tipos de productos
carnicos (musculo, higado y rifion) de distintos tipos de animales (cordero, vaca, cerdo
y pollo) y pescados (salmoén, lubina y lenguado). La carne de pollo fue la tinica muestra
que no contenia residuos de las SFAs a los niveles de sensibilidad permitidos por el
método. En cambio, las demés muestras contenian la hormona 17f-estradiol y en la
mayoria de ellas habia la presencia de estrona, florfenicol y piremetamina a niveles por
debajo del limite maximo de residuo permitido en este tipo de alimentos. También se
detectaron residuos de otros farmacos tales como fenilbutazona (en carne de cordero y

vaca, e higado de pollo) y flunixino (en carne de vaca).
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ABSTRACT

This paper reports a systematic approach to the development of a method that combines
continuous solid-phase extraction and gas chromatography—mass spectrometry for the
simultaneous determination of 20 pharmacologically active substances including
antibacterials (chloramphenicol, florfenicol, pyrimethamine, thiamphenicol), non-
steroideal anti-inflammatories (diclofenac, flunixin, ibuprofen, ketoprofen, naproxen,
mefenamic acid, niflumic acid, phenylbutazone), antiseptic (triclosan), anti-epileptic
(carbamazepine), lipid regulator (clofibric acid), B-blockers (metoprolol, propranolol)
and hormones (17a—ethinylestradiol, estrone, 17p—estradiol) in milk samples. The
sample preparation procedure involves deproteination of the milk, followed by sample
enrichment and cleanup by continuous solid-phase extraction. The proposed method
provides a linear response over the range 0.6-5000 ng/kg and features limits of
detection from 0.2 to 1.2 ng/kg depending on the particular analyte. The method was
successfully applied to the determination of pharmacologically active substance
residues in food samples including whole, raw, half-skim, skim and powdered milk
from different sources (cow, goat and human breast).

KEYWORDS: Pharmacologically active substances, milk, continuous solid-phase

extraction, gas chromatography—mass spectrometry.
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INTRODUCTION

Antibacterials, non-steroidal anti-inflammatory drugs, B-blockers, lipid regulators,
hormones, anti-epileptics and antiseptics are the most widely used medical and
veterinary drugs at present. As a result, it is very common for milk to contain residues
of pharmacologically active substances (PAS) which have undesirable effects on the
quality and technological properties of dairy products, and also, more important, on
human health. In fact, contaminated milk can cause allergic reactions or indirect
problems through bacterial resistance to clinical treatments. Human milk is also
frequently contaminated with PAS by effect of many women using some personal care
products or requiring medication while breast feeding. Accumulation of some drugs in
milk can pose a risk on infants exceeding the benefits of breast feeding.' In order to
protect consumer health and ensure a high product quality, the Codex Alimentarius
Commission of the Food and Agriculture Organization (FAO), the World Health
Organization (WHO)? and the European Community” have set maximum residue limits
(MRLSs) for some drugs in milk —primarily cow and, occasionally, goat milk. Carefully
controlling the presence of PAS residues is especially important in milk and dairy
products owing to their ubiquitous presence in human nutrition.

Detecting trace levels of PAS in such a complex matrix as milk requires sample
preparation and cleanup. The sample preparation procedures usually employed for this
purpose include homogenization, extraction/cleanup, enrichment and, where needed,
derivatization of the analytes. Protein precipitation is also required to prevent
emulsification during extraction. Sample preparation procedures such as liquid—liquid
extraction,”® solid-phase microextraction’® and solid-phase extraction (SPE) are
common choices for simultaneous extraction and cleanup. The last has gained
increasing popularity over liquid—liquid extraction by virtue of its ease of operation and
environmental friendliness. Sorbents including C;s, C3p, SCX and ion-exchange resins
have been used in the analysis of PAS residues in various matrices such as milk,’"*
animal tissues, plasma and urine.'*'” Others polymeric sorbents such as Evolute™
ABN.'"® Amberlite XAD-2,19 and Strata-X*° have been used for antibiotics, and non-
steroidal anti-inflammatory drugs in cow milk, other food samples and urine. Recently,
polymeric SPE adsorbents with a dual nature (e.g. hydrophilic-lipophilic balance in

Oasis-HLB) have enabled simultaneous sample cleanup and analyte enrichment in
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biological, environmental and food matrices..”' Oasis-HLB SPE cartridges have been
successfully used to determine chloramphenicol, thiamphenicol and florfenicol in

2223
d;>~

poultry and porcine muscle and liver, and in seafoo as well as antibacterial, non-

steroidal anti-inflammatories, anti-epileptics, B-blockers and hormones in milk, plasma,
urine, hair and water samples.”"**?’

A variety of analytical techniques have been used to determine PAS residues in
foods. The most common choices for this purpose are gas chromatography (GC) and

liquid chromatography.”® Thus, liquid chromatography—mass spectrometry”® /"3~

1618222627 and high resolution liquid chromatography accurate mass time-of-flight mass
spectrometry””® have been used to determine various types of PAS residues in some
types of food. The prevalent analytical methods for determining these residues in milk,
muscle tissue, urine and water, based on gas chromatography—mass spectrometry (GC—
MS), provide a high sensitivity, specificity and good chromatographic

121417.19.21.23-25.30 However, the low volatility of some PAS and the presence

resolution.
of various polar groups in others require the use of an appropriate derivatization
procedure to obtain more volatile products.'

Continuous flow systems are useful tools for the simplification and automation of
analytical processes with a view to enabling the implementation of reliable separation

techniques with increased sensitivity and selectivity. Thus, continuous solid-phase

extraction has been successfully applied to the determination of pharmaceuticals in

1 31,32

water,”’ amines in water and beer samples, and organophosphorus pesticides in
water.”> The advantages of continuous solid-phase extraction over traditional SPE
include: (i) reduced sample, sorbent and eluent consumption; (ii) increased precision;
(ii1) improved preconcentration by effect of the analytes being efficiently eluted with
small volumes (100-300 ul) of organic solvent; and (iv) a high throughput derived from
the ability to operate in the array mode.

The aim of this work was to develop a reliable multi-residue method for the
simultaneous quantitative determination of antibacterials, non-steroid anti-inflammatory
drugs, hormones and other pharmacologically active substances in milk by using a
continuous SPE system to preconcentrate PAS residues and gas chromatography—mass
spectrometry for their determination. The proposed method improves on an earlier one
developed by our group to determine pharmaceuticals and hormones in water samples;”'

the new method affords application to a more complex matrix such as milk and spans a

much broader range of analytes potentially present in animal and human samples. Milk

175



proteins, which can interfere with the determination of PAS, are precipitated by addition
of acetonitrile and centrifugation prior to solid-phase extraction. Also, PAS are
converted into their silyl derivatives with a mixture of N,O-bis-
(trimethylsilyl)trifluoroacetamide (BSTFA) and 1% trimethylchlorosilane (TMCS) in

order to improve volatility and thus sensitivity in the subsequent GC—MS analysis.

MATERIALS AND METHODS

Gas Chromatographic-Mass Spectrometry. GC-MS analyses were performed on
a Focus GC instrument (Thermo Electron SA, Madrid, Spain) interfaced to a DSQ II
mass spectrometer (single quadrupole) controlled via a computer running XCalibur
software. The GC instrument was equipped with a DB-5 fused silica capillary column
(30 m x 0.25 mm x 0.25 pm) coated with 5% phenylmethylpolysiloxane (Supelco,
Madrid, Spain). The carrier gas was helium (purity 6.0) and circulated at a flow rate of 1
mL/min. The oven temperature was held at 70 °C for 1 min following injection, and
then raised from 70 to 150 °C at 14 °C/min. After the first transition, the temperature
was raised from 150 to 290 °C at 6 °C/min. The injection port and transfer line
temperatures were maintained at 270 and 280 °C, respectively. A 10 puL syringe was
washed 3 times with methanol before and after each injection, and rinsed with 8§ pulL of
sample solution before 1 pL of sample was injected in the split mode (1:20).

The mass spectrometer was used under the following conditions: ion source
temperature, 200 °C; transfer line temperature, 280 °C; electron impact ionization mode
at 70 eV. The time for solvent delay was set at 4 min. Samples were analysed in the
selected ion monitoring (SIM) mode. Quantitation was based on the peak areas of the
analytes relative to the internal standard (IS). Scans spanned the m/z range from 60 to
500. Specific ions were selected for each compound, the most abundant being used as
quantitation ion and three others as qualifier ions (Table 1). As prescribed by
Commission Decision 2002/657/EC33, which was adhered to in its entirety, the two
most abundant fragments were used as diagnostic ions.** The Commission Criteria
include the specification that the signal-to-noise ratio for each diagnostic ion should be
equal to or greater than 3. The relative retention times for the analytes differed by less
than 0.5% from that for the calibration standard. The relative intensities of the detected
ions, expressed as a percentage of the intensity of the most abundant ion, corresponded
to those of samples fortified at comparable concentrations within the tolerances

specified by the Commission Decision.*
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Chemicals and Reagents. All reagents used were analytical-grade or better. The

pharmacologically active substances used were purchased from Sigma—Aldrich
(Madrid, Spain). Triphenylphosphate (IS) and the derivatization agents (BSTFA and
TMCS) were purchased from Fluka (Madrid, Spain). All solvents (methanol, ethyl
acetate, acetonitrile, acetone, ethanol, n-hexane, dichloromethane and 2-propanol) were
supplied by Merck (Madrid, Spain). Oasis-HLB in particle size 50-65 pm was obtained
from Waters (Madrid, Spain). Millex-LG filter units (hydrophilic, PTFE, pore size 0.20
um, diameter 25 mm, filtration area 3.9 cm?) were obtained from Millipore Ibérica.
Water is purified by passage through a Milli-Q system (Millipore Ibérica, Madrid,
Spain).
Standards. Stock standard solutions of the individual antibacterials, non-steroid anti-
inflammatories, hormones and other pharmacologically active substances at a 1 mg/mL
concentration each were prepared in methanol and stored at 4 °C in the dark. Working-
standard solutions were prepared on a daily basis by dilution of the individual stock
standard solutions in purified water and adjustment to pH 7 with dilute NaOH as
required. Freshly made solutions of ethyl acetate containing a 500 pg/L concentration of
triphenylphosphate and prepared on a daily basis were used as eluents for continuous
SPE.

Milk Samples. Cow and goat milk samples (whole, half-skim, skim and powdered)
were purchased at local markets in Spain or Morocco. Raw cow milk samples were
obtained from various farms using standard commercial breeding protocols. Human
milk from lactating women who volunteered for the study with permission of the
bioethics committee was also used. All samples were frozen at —20 °C in the dark until
analysis. The powdered infant milk sample studied (half-skim cow milk) was purchased

a local chemist’s shop and stored in a dry, cool place.
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Table 1. Analytical Figures of Merit of the Proposed Solid-Phase Extraction Method for the Determination of Pharmacologically Active

Substances in Milk

compound retention linear r* detection sensitivity Precision M" [M-15]" Additional ions*

time range limit [signal/(ng/kg] (RSD ,%)" (m/z) (m/z) (m/z)

(min) (ng/kg) (ng/kg) within- between-

day day

clofibric acid 11.3 1.8-5000  0.995 0.6 1.075 5.1 5.5 286 271 128, 143
ibuprofen 11.9 0.6-5000  0.994 0.2 3.185 4.9 5.3 278 263 160, 234
niflumic acid 18.8 0.6-5000  0.997 0.2 3.190 4.6 4.8 354 339 236, 263
metoprolol 19.1 1.9-5000 0,996 0.6 1.095 6.2 6.6 339 324 72,223
naproxen 19.3 1.2-5000 0.994 0.4 1.590 6.7 7.0 302 287 185, 243
flunixin 19.8 0.6-5000  0.995 0.2 3.065 4.5 5.7 368 353 251, 263
triclosan 19.9 1.9-5000  0.998 0.6 1.030 6.7 7.4 362 347° 200, 310
propranolol 20.6 1.8-5000  0.999 0.6 1.075 6.1 6.5 331 316 72,215
mefenamic acid 20.9 0.7-5000  0.996 0.2 3.220 5.8 6.5 313 298 208, 223
ketoprofen 21.0 1.2-5000 0.997 0.4 1.610 7.1 7.5 326 311 73,282
pyrimethamine 21.3 3.1-5000  0.997 1.0 0.615 6.9 7.0 392 377° 171, 281
carbamazepine 22.0 0.6-5000  0.998 0.2 3.230 5.8 6.4 308 293 193, 250
diclofenac 223 0.7-5000  0.994 0.2 3.180 59 6.2 367 352 214,242
phenylbutazone 24.0 3.2-5000 0.996 1.0 0.610 7.6 7.8 308 - 77,183, 252
chloramphenicol 24.5 0.6-5000  0.995 0.2 3.245 5.1 5.5 466 451 208, 225, 242
florfenicol 26.2 0.6-5000  0.999 0.2 3.195 4.5 5.0 429 414 257, 360
estrone 26.9 3.2-5000  0.998 1.0 0.625 7.0 7.5 342° 327 218, 257
17B—estradiol 27.3 4.0-5000  0.997 1.2 0.515 53 5.7 416° 401 285, 326
thiamphenicol 27.9 0.6-5000  0.997 0.2 3.185 7.2 7.6 499 484 242,257,330
170—ethinylestradiol 28.7 3.4-5000  0.995 1.1 0.570 5.9 6.4 440 425° 232, 300
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Sample Pretreatment. About 5 g of milk sample was weighed into a 50 mL round
polypropylene centrifuge tube and mixed with 5 mL of acetonitrile in a vortex mixer
(REAX Control, Heidolph, Kelheim, Germany) for 30 s. This was followed by
centrifugation on a Centrofriger BL-II apparatus (JP Selecta, Barcelona, Spain) at 3500
rpm 4 °C for 10 min. Then, the supernatant, which has previously been separated from
the precipitate material, was evaporated under a stream of ultrahigh-purity N to a final
volume of approximately 100 pL and diluted to 5 mL with purified water at pH 7
adjusted with dilute NaOH as required. For powdered milk, an amount of 1 g was
dissolved in 5 mL of purified water as per the manufacturer’s instructions and the
solution processed like all other samples. The pretreated, sample was thus made ready
for continuous solid-phase extraction.

The continuous solid-phase extraction manifold used was assembled from a Gilson
Minipuls-3 peristaltic pump (Villiers-le-Bel, France) fitted with poly(vinyl chloride)
pumping tubes, two Rheodyne 5041 injection valves (Cotati, CA, USA) and a
laboratory-made PTFE sorption column containing 60 mg of Oasis-HLB sorbent (5 cm
x 3 mm [.D.). The sorbent column was conditioned with 1 mL of ethyl acetate and 1 mL
of purified water. Under these conditions, the column remained effective for at least 1-2
months with no change in its properties. A laboratory-made polytetrafluoroethylene
(PTFE) filter furnished with a paper disk (4-cm? filtration area) was also employed.

The continuous solid-phase extraction unit employed for the preconcentration of
pharmaceutically actives substances is depicted in Figure 1. In the preconcentration
step, 5 mL of pretreated sample was filtered to prevent suspended particles from
reaching the continuous unit and passed at 4 mL/min through the sorbent column,
located in the loop of injection valve IV;. Retention of PAS residues was instantaneous
and the sample matrix was immediately sent to waste. In the drying step, IV, was
switched to the injected position and the sorbent column dried for 2 min with an air
stream at 4 mL/min inserted via the carrier line of the second valve (IV));
simultaneously, the loop of IV, was filled with eluent (ethyl acetate containing 500
ug/L triphenylphosphate as IS) by means of a syringe. In the elution step, IV, was
switched to have the loop contents (400 uL of eluent) injected into the same air stream
used in the drying step in order to elute PAS residues —in the opposite direction of
sample aspiration. The organic extract was collected in a conical glass insert of 0.5 mL
and concentrated to a volume of 35 pL under a stream of ultrapure N,. Potential errors

in measuring the final extract volume were avoided by using an internal standard. Next,
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a volume of 70 pL of BSTFA + 1% TMCS was added and the vials were heated at 70
°C for 20 min. Finally, 1 pL aliquots of the silylated derivatives were analysed by GC—
MS in the SIM mode.

Milk
<+
g Acetonitrile

D4_ g _-
@ .. T

N
N2
\ Centrifugation
Supernatant U Eluent
Pump (ethyl acetate + IS)
Waste
Derivatizing
reagent

N,

\\ ccws
U_.

/ v F
Air
- (©
Purified water
(B mL,pH7)
\ (=)
U /%‘/ L =

Figure 1. Experimental setup for the removal of protein from milk and the continuous preconcentration
of pharmacologically active substances in milk samples. Abbreviations: IV, injection valve; IS: internal

standard; GC-MS, gas chromatograph—mass spectrometer.

RESULTS AND DISCUSSION

In previous work, we developed a continuous system consisting of a solid-phase
extraction module for the preconcentration of pharmaceuticals and hormones from
environmental water samples and the determination of derivatized (silylated) analytes
by GC—-MS.*! We studied various SPE sorbents including Oasis-HLB, LiChrolut EN,
XAD-2, XAD-4, RP-C18, Florisil, Silica Gel and Isolute NH,, and found Oasis-HLB to
exhibit the highest efficiency in retaining the analytes (94—100 %). A study of the
influence of pH on the SPE efficiency revealed that the best extraction results for all
analytes were obtained in the neutral pH region (6.5-7.5), so pH 7 was adopted. We
also examined the effects of other factors influencing analyte derivatization, retention

and elution. The results are shown in Table 2. In this work, we expanded the number of
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analytes. This entailed checking that the operational conditions chosen for the previous
determination®' fell within the optimum ranges for the new analytes as well. To this
end, we used the above-described system to preconcentrate the twenty analytes from
milk samples. The new analytes were found to respond similarly to the previous ones to
the optimum operating conditions. The optimum amount of Oasis HLB sorbent to be
used was optimized by using columns containing between 20 and 100 mg of sorbent. To
this end, a calibration test was conducted for each analyte and column by passing 5 mL
of aqueous standard solutions containing a 0.1-8 ug/L concentration of each analyte and
then eluting the column with 400 pL of ethyl acetate. The resulting analytical signals
increased with increasing amount of sorbent up to 60 mg and then decreased above 65
mg of Oasis HLB owing to the need for a higher volume of eluent to ensure the
complete elution. Quantitative retention and the absence of carry-over were confirmed
by subjecting an aqueous solution containing a 2000 ng/L concentration of each
pharmacologically active substance to SPE as described under Materials and Methods.
This elution was followed by a second one (IV; in Figure 1) with the same eluent (400
uL of ethyl acetate). The absence of carry-over was confirmed by the presence of none
of the analytes in the second eluate, which indicates that the eluent volume used ensured
complete elution. However, because the milk samples contained potentially interfering
proteins, we examined the effects of the matrix in the pretreated samples to be passed
through the SPE system. Below is described the influence of the variables affecting

protein removal from the milk by precipitation and centrifugation.
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Table 2. Variables Influencing the Milk Sample Pretreatment, Sorption/Elution

Process and Derivatization of Pharmacologically Active Substances

variable studied range optimum range (selected value)

protein precipitation and centrifugation®

Volume of acetonitrile (mL) 1-10 4-10 (5)
centrifugation rate (rpm) 1500-5000 2500-5000 (3500)
centrifugation time (min) 1-30 5-30(10)
centrifugation temperature (°C) 0-30 0-10 (4)

continuous solid-phase extraction

sample pH 1-12 6.5-7.5 (7)
amount of Oasis-HLB (mg) 20-100 55-65 (60)
volume of ethyl acetate (uL) 50-500 350450 (400)
flow rate of sample (mL/min) 1-5 3.5-4.5(4)
breakthrough volume (mL) 1-500 1-200 (50)
flow rate of air (mL/min) 1-5 3.5-454)
derivatization (silylation)

percentage of TMCS (catalyst) in 0.25-15 0.75-15 (1)
BSTFA®

reaction time 1-30 15-25 (20)
temperature 20-90 65-75 (70)

"To 5 g of sample. "BSTFA: N,O-bis-(trimethylsilyl)trifluoroacetamide; TMCS: trimethylchlorosilane

Optimization of Variables Affecting Sample Pretreatment. One immediate
requirement for the target multi-compound analysis was to develop a generic sample
preparation method suitable for extracting pharmaceuticals from various types of
matrices of animal and human origin. Milk is a complex biological fluid containing a
number of macromolecules such as proteins and lipids the presence of which can
damage an SPE column and suppress ionization in the mass spectrometer. As a result,
sample preparation procedures for the determination of pharmaceutical residues in milk
often involve protein precipitation with an appropriate solvent, centrifugation of the
mixture and filtration of the resulting supernatant.”” '""'*'%20 In this work, we studied
the efficiency of various solvents (acetonitrile, methanol, ethanol, acetone) and
trichloroacetic acid in precipitating milk proteins. For this purpose, an amount of ca. 5 g
of milk was mixed with a volume of 5 ml of each organic solvent or a aqueous solution
of 30% m/v trichloroacetic acid and centrifuged at 3500 rpm at 4 °C for 10 min.
Acetonitrile, which caused more than 95% of the protein content to precipitate, proved

the most efficient solvent; also, it facilitated separation of the precipitate by filtration,

182



which is consistent with previous results. '*'* The optimum volume of acetonitrile for
addition to 5 g of milk was determined by changing it over the range 1-10 mL; protein
precipitation was found to peak at 4.5 mL acetonitrile, so a solvent volume of 5 mL was
adopted as optimal. We also examined the effects of centrifugation-related variables
(rate, temperature and time) over the respective ranges shown in Table 2. Centrifugation
at 3500 rpm at 4 °C for 10 min resulted in optimal separation of precipitated milk
proteins from the target species. Also, most of the fat initially present in the milk
samples was removed by effect of the low centrifugation temperature used in the protein
precipitation step (4 °C).*

Once the precipitation and centrifugation conditions were optimized, the filtered
supernatant matrix was checked to be compatible with the continuous SPE system. To
this end, we examined the effect of the presence of acetonitrile on retention of the 20
studied PAS by the SPE system. This involved preparing aqueous solutions (50 mL)
containing a 10 ng/L concentration of each PAS at pH 7 with dilute NaOH and a
variable proportion of acetonitrile from 0 to 50%. The analytes present in the extract
after elution were derivatized as described under Analytical Method and determined by
GC-MS. The results were compared with those obtained in the absence of acetonitrile.
The solvent had no effect on retention of PAS in proportions up to 15 %. This can be
ascribed to the peculiar sorption mechanism, which involves the partitioning of
moderately polar organic compounds from a polar phase (water) into a polymeric
sorbent (Oasis-HLB) via a polar interaction such as hydrogen bonding between the
hydroxyl group in the PAS and the underlying sorbent surface. When the aqueous
sample contains a high concentration of acetonitrile, the solvent breaks the bonds and
effectively solubilizes PAS, thereby dramatically reducing sorption of analytes.
Therefore, the supernatant was evaporated under a stream of ultrahigh-purity N, to a
final volume of 100 pL and diluted with 5 mL of purified water (pH 7) and introduced

into continuous SPE system.

Method Validation. All PAS studied exhibited a good gas chromatographic behavior.
Control samples from milk previously checked to contain no residual PAS were
prepared as described above. One control sample per calibration standard level was
used. Calibration curves for PAS standards were obtained by processing an amount of 5
g of uncontaminated cow milk sample (whole 1 in Table 4, see Figure 2A) that was

aliquoted into 50 mL polypropylene tubes containing variable concentrations of the
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analytes over the range 0.6—5000 ng/kg. After spiking, the samples were vortexed and
allowed to stand for 15 min before pretreatment and SPE extraction as described under
Materials and Methods. Curves were constructed by plotting analyte-to-IS peak area
ratios against analyte concentrations. The linear range, limit of detection (LOD), and
precision for the determination of the 20 PAS studied by GC-MS in the SIM mode, and
the m/z values used for GC-MS confirmation, are shown in Table 1. Correlations
coefficients were greater than 0.994 in all instances (12 points per calibration). Limits of
detection were calculated as three times the standard deviation (SD) of background
noise divided by the slope of each calibration graph. The precision of the proposed
method, as relative standard deviation (RSD), was calculated by measuring 11
uncontaminated milk samples spiked with a 10, 200 or 2000 ng/kg concentration of
each PAS. A comparative study of within-day and between-day precision was
conducted —the latter over seven days— at three analyte concentration levels (10, 200
or 2000 ng/kg); the former parameter was found to range from 3.5 to 7.2 % and the
latter from 4.3 to 7.8 %.

Because no certified reference material for milk containing the studied analytes was
available, the proposed method was validated by analysing various types of milk (raw,
whole, half-skim, skim and powdered) from different sources (cow, goat and human
breast) that were spiked with a 10, 50 and 2000 ng/kg concentration of a standard
mixture of the analytes before pretreatment. Each sample was analysed in triplicate (n =
3) in order to calculate a standard deviation. Some samples contained only a few PAS,
which allowed recoveries to be calculated by subtracting the previously quantified
endogenous compounds from the total contents. As can be seen in Table 3, recoveries
ranged from 91 to 104 % for 10 and 50 ng/kg of analytes added. When high
concentration of analytes (2000 ng/kg) is spiked to milk samples, recoveries ranged
from 95 to 102 %, which testifies to the applicability of the proposed method to any
type of milk sample and also that matrix interferences are reduced or completely

suppressed by the sample pretreatment and cleanup step in the SPE module.
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Table 3. Percent Recovery (£ SD, n = 3) of Pharmacologically Active Substances Added to Milk Samples

compound Cow goat powdered human
whole half-skim skim raw (ng/kg) (ng/kg) (ng/kg)
(ng/kg) (ng/kg) (ng/kg) (ng/kg)
10 50 10 50 10 50 10 50 10 50 10 50 10 50

clofibric acid 104 (6) 103 (5) 104 (5) 99 (5) 101 (6) 91 (4) 98 (4) 91 (4) 101 (5) 994 98 (5) 104 (6) 100(5) 104 (5)
ibuprofen 103(5) 96 (4) 101 (5) 104 (6) 98 (4) 94(4) 103(5) 96(5) 103(4) 954 104(5) 98(5) 103 (5) 98 (5)
niflumic acid 99 (5) 100 (4) 92 (4) 95 (4) 99 (5) 98(5) 104(5) 994 102(5) 101(5) 98(4) 103 (5) 98 (5) 104 (5)
metoprolol 101(7)  99(6)  97(7) 101(6) 104(6) 103(5) 95(5) 101(6) 91(5) 104(7) 103(6) 100(6) 93(5) 100 (6)
naproxen 98 (6) 102 (7) 104 (7) 98 (6) 101 (7) 99 (6) 97 (6) 103 (6) 92 (6) 93 (6) 96 (7) 104 (7) 101 (6) 103 (6)
flunixin 102(5) 95(5) 99 (5) 104 (6) 98 (5) 104(5) 101(5) 104(5) 96(4) 94 (4) 97 (4) 103 (6) 96 (5) 104 (5)
triclosan 96 (6) 103 (7) 102 (6) 99 (7) 95 (5) 104(6) 100(7) 92 (6) 102(6) 92 (6) 98 (7) 97 (5) 98 (6) 101 (7)
propranolol 102(6) 101(6)  95(6) 98 (6) 102(5)  101(7) 99(6) 102(6) 99(5) 103(7) 102(6) 92(5) 103(5)  92(5)
mefenamic acid 104 (6) 95(5) 104 (5) 103 (6) 97 (4) 92(4) 102(6) 99 (6) 97 (5) 94 (5) 103(5) 101(6) 103 (6) 99 (6)
ketoprofen 104(7) 97(7) 102 (6) 94 (6) 93 (6) 102(7) 98(7) 101(7) 101(7) 93(6) 102(7)  99(7) 92 (6) 103 (7)
pyrimethamine 96 (6) 98 (6) 101 (7) 102 (7) 99 (7) 95(6) 103(7) 96(7) 100 (6) 92 (6) 102(7) 98 (6) 104 (7) 98 (7)
carbamazepine 94 (5) 104 (6) 104 (6) 101 (6) 98 (5) 101 (6) 98 (6) 91 (5) 94(5) 102(5) 93(6) 103 (6) 93 (5) 101 (6)
diclofenac 104 (6) 100 (6) 93 (5) 92 (5) 101 (6) 102(6) 101(6) 104(6) 92(5) 99 (6) 97 (6) 96 (6) 101 (7) 96 (6)
phenylbutazone 97 (7) 99 (7) 101 (6) 104 (8) 103 (8) 97(7) 100(6) 92(6) 91(6) 103(7) 104(8) 100(7) 101(7) 100(7)
chloramphenicol 94 (5) 103 (6) 99 (5) 100 (5) 92 (4) 103(5) 103(5) 101(6) 99(5 103(6) 91(4) 99 (5) 93 (4) 101 (5)
florfenicol 103 (5) 101 (5) 94 (4) 92 (4) 101 (4) 95(4) 102(5) 944 102(5) 924 98 (4) 94 (5) 98 (4) 104 (5)
estrone 91 (6) 94 (6) 101 (7) 102 (7) 100 (7) 93 (6) 99 (7) 97 (7) 92(6) 104(8) 98(6) 102 (7) 98 (6) 102 (7)
17B-estradiol 103 (6) 104 (5) 96 (5) 100 (6) 94 (5) 104 (5) 96 (5 104(6) 93(4) 100(5) 101(6) 93(5) 103 (6) 93 (5)
thiamphenicol 98 (7) 101 (7) 92 (6) 94 (7) 103 (7) 95 (6) 95(7) 103(7) 102(7) 97(7) 93 (6) 101 (7) 99 (7) 100 (7)
17a-ethinylestradiol 91 (5) 94 (6) 104 (6) 97 (6) 101 (6) 93(5) 104(6) 100(6) 104(7) 99 (6) 95 (6) 104 (6) 102 (6) 98 (6)
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Analysis of Milk Samples. The proposed method was applied to the determination of
twenty pharmacologically active substances in seven types of milk (whole, semi skim,
skim and raw cow milk; whole and half-skim goat milk; human milk; and powdered
milk) from Spain and Morocco. Samples were analysed in triplicate by using the
analytical procedure described under Materials and Methods. If the concentration of any
analyte lay outside the linear range (Table 1), then the sample concerned was diluted
with purified water to bring it within the range. Previously, the effect of diluting the
milk samples with water prior to analysis was examined by using an amount of 500 g of
uncontaminated (whole) cow milk that was supplied with a 4500 ng/kg concentration of
each PAS and split into 50 g portions which were diluted with 25, 50, 75 or 100 ml of
purified water for analysis with the proposed method. The analyte concentrations thus
found were similar to those in the undiluted sample — taking into account the dilution
of each sample.

Preliminary freeze-thaw stability tests were conducted with a view to assessing the
stability of the analytes in milk at a storage temperature of —20 °C, which is similar to
those used by other authors.*'*'"**°An amount of 1 kg of whole cow milk spiked with a
100 ng/kg concentration of each analyte was split into 50 g portions and frozen at —20
°C; by exception, one portion was analysed in triplicate as described under Material and
Methods on the same day. All other portions were subjected to the same analytical
procedure in triplicate every 2 days for 1 month following thawing one hour before
preparation. Freezing the samples under these conditions was found to suppress any
adverse effect of the matrix on analyte stability; in fact, the results were always similar,
within the error range for the method (RSD < 8%), to those for the unfrozen sample.
Similarly results were obtained with whole cow milk spiked with 2000 ng/kg

concentration of each analyte.
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Table 4. Pharmacologically Active Substances Detected in the
Bovine Milk Samples (= SD, n = 3)

milk sample®

pharmacologically active

concentration found

substance (ng/kg)
raw 1 ketoprofen 0.15+0.01
estrone 0.075 + 0.005
17B-estradiol 3.1+£0.2
raw 2 pyrimethamine 0.15+0.01
phenylbutazone 0.020 +0.001
estrone 0.080 = 0.006
17pB-estradiol 32+0.2
raw 3 phenylbutazone 0.13+£0.01
estrone 0.025 +0.001
17pB-estradiol 0.085 +0.005
whole 1 none
whole 2 niflumic acid 0.87£0.04
mefenamic acid 0.14 +0.01
ketoprofen 0.11+0.01
diclofenac 0.070 = 0.004
phenylbutazone 0.075 +0.005
florfenicol 1.2+0.1
estrone 0.035+0.002
17pB-estradiol 1.1+0.1
17a-ethinylestradiol 0.020 +0.001
whole 3 niflumic acid 0.18 £0.01
naproxen 0.35+0.02
flunixin 0.080 + 0.004
ketoprofen 1.1+0.1
pyrimethamine 0.21+0.01
diclofenac 0.045 + 0.003
phenylbutazone 0.060 + 0.004
florfenicol 0.10+0.01
estrone 0.13+0.01
17pB-estradiol 1.2+0.1
17a-ethinylestradiol 0.035 +£0.002
whole 4° none
whole 5° 17pB-estradiol 54+03
170-ethinylestradiol 0.11£0.01
whole 6° estrone 35+0.2
semi skim 1 none
semi skim 2 niflumic acid 0.075 £ 0.003
triclosan 0.35+0.02
phenylbutazone 0.21+£0.01
estrone 1.2+0.1
17pB-estradiol 23+0.1
skim 1 niflumic acid 0.015 +0.001
naproxen 0.14 +£0.01
flunixin 0.065 £ 0.003
ketoprofen 0.15+0.01
pyrimethamine 0.070 + 0.005
diclofenac 0.025 +0.001
phenylbutazone 0.065 + 0.005
estrone 0.045 £ 0.003
17pB-estradiol 1.1+0.1
skim 2 niflumic acid 0.085 +0.004
naproxen 0.35+0.02
ketoprofen 0.060 = 0.004
pyrimethamine 0.17 £ 0.01
diclofenac 0.090 £ 0.005
florfenicol 0.025 £ 0.001
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estrone 0.060 + 0.004
17pB-estradiol 1,2+0.1
17a-ethinylestradiol 0.025 +0.001

* From Spain; ° From Morocco
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Table 5. Pharmacologically Active Substances in Human, Goat and
Powdered Milk Samples (= SD, n = 3)

milk sample pharmacologically active substance Concentration found
(ng/kg)
human breast 1 triclosan 0.16 £0.01
17a-ethinylestradiol 0.035 +0.002
human breast 2 ibuprofen 0.37+0.02
triclosan 0.25+0.02
estrone 0.055 + 0.004
17B-estradiol 0.54 £0.03
17a-ethinylestradiol 0.045 +£0.003
human breast 3 naproxen 1.9+0.1
estrone 0.17+0.01
17B-estradiol 0.49 £ 0.03
goat (whole) none
goat (half-skim) niflumic acid 0.085 £ 0.005
flunixin 0.095 + 0.006
powdered 1-2 none

The results for the three raw cow milk samples (Table 4) indicate the presence of
the two natural hormones studied (estrone and 17f-estradiol) in amounts from 0.02 and
3.2 ug/kg. These samples additionally contained other PAS (ketoprofen, pyrimethamine
and phenylbutazone) at levels below 0.15 pg/kg. Their contents in ketoprofen were
lower than those reported by Daeseleire e al.'' One analyte frequently found in raw
cow milk,'"' flunixin, was not detected in our samples. All whole milk samples except
no. 1 (Spain) and no. 4 (Morocco) contained several PAS. Worth special note are
samples 2 and 3, which contained up to 12 analytes including non-steroidal anti-
inflammatories (niflumic, naproxen, flunixin, mefanamic acid, ketoprofen, diclofenac
and phenylbutazone), hormones (estrone, 17p-estradiol and 17a-ethinylestradiol) and
antibacterials (pyrimethamine and florfenicol). Figure 2B shows the chromatogram for
sample 3, which contained 11 PAS. On the other hand, the whole milk samples from
Morocco only contained hormones among the studied PAS. The half-skim and skim
milk samples contained much lower levels of PAS than the whole milk samples; by
exception, hormones were detected at similar levels in the three types of milk, which is
consistent with previous results of Courant ef al.*” Only diclofenac among the analytes
present in the cow milk samples has a maximum residue limit (MRL) for milk;’ in any
case, its content was always below such an MRL (0.1 pg/kg). Some samples contained
florfenicol, use of which on animals producing milk for human consumption is banned
by EU Regulations.” One other legally restricted compound is thiamphenicol (MRL 50

ng/kg), which, however, was found in none of the samples.
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The goat milk samples (whole and semi skim) were found to contain niflumic acid
and flunixin at concentrations of 0.085 and 0.095 ng/kg, respectively (Table 5). On the
other hand, neither sample of powdered milk for infant feeding contained any of the
PAS studied.

As stated above, the samples included human milk from lactating women who
volunteered for the study. As can be seen from Table 5, the antiseptic triclosan, which
is widely used in a variety of personal care products, was detected in two samples; its
concentrations (0.16 and 0.25 pg/kg) are within the range reported by other authors for
this type of milk (<0.018-0.95 pg/kg).*® Ibuprofen and naproxen were also detected in
two samples (no. 2 and 3); these analytes are among the most commonly used medical
anti-inflammatories. Naturally occurring hormones, dietary and synthetic hormones
were found in the three human milk samples. The 17f-estradiol concentration in them
was lower than that reported by Choi et al. (7.9-18.5 pg/kg) for human milk.** By way
of example, Figure 2C shows the chromatogram obtained in the analysis of human milk
sample 2 with the proposed method. As can be seen, it exhibited no peaks for the
matrix, but only for the five PAS and the internal standard.

In summary, the proposed SPE-GC-MS method allows the simultaneous
determination of different types of pharmacologically active substances (antibacterials,
non-steroidal anti-inflammatory, hormones, antiseptics, lipid reguladors, B-blokers and
anti-epileptics) in milk samples. The method features good linearity, accuracy and
precision. Its limits of detection (0.2—1.2 ng/kg) are better than those provided by
existing methods for the determination of PAS in milk samples (LOD, 0.59-2.69
ng/L,'? 0.46-2.86 nug/L,'™ 0.5-50 pug/L*). Also, recoveries with the proposed method
ranged from 91 to 104%, which indicates that matrix interferences were reduced or
completely suppressed during the precipitation of milk proteins and clean-up in the SPE
module, and also that derivatization of the PAS with the BSTFA+1% TMCS mixture
was quantitative. Therefore, our method is highly suitable for monitoring PAS residues

in milk from different sources (cow, goat, lactating women).
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Figure 2. GC-MS chromatograms in the SIM mode for whole cow milk sample 1 (A)
and 3 (B), and human milk sample 2 (C) (see Tables 4 and 5). Peaks: (1) niflumic acid;
(2) naproxen; (3) flunixin; (4) ketoprofen; (5) pyrimethamine; (6) diclofenac; (7)
phenylbutazone; (8) florfenicol, (9) estrone; (10) 17B-estradiol; (11) 17a-
ethinylestradiol; (12) ibuprofen; (13) triclosan; (IS) internal standard.
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ABBREVIATIONS USED

BSTFA, N,O-bis-(trimethylsilyl)trifluoroacetamide; GC-MS, gas chromatography—
mass spectrometry; IS, internal standard; IV, injection valve; MRLs, maximum residue
limits; PAS, pharmacologically active substances; RSD, relative standard deviation; SD,
standard deviation; SIM, selected ion monitoring; SPE, solid-phase extraction; TMCS,

trimethylchlorosilane.

SAFETY
All products were handled with care, using efficiently ventilated hoods, wearing
latex gloves and avoiding inhalation or skin contact since pharmaceuticals are usually

toxic.
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ABSTRACT
A sensitive, reliable method using continuous solid-phase extraction and gas
chromatography-mass spectrometry was developed for the simultaneous determination of
twenty pharmaceuticals including antibacterials, anti-epileptics, antiseptics, B-blockers,
lipid regulators, hormones and non-steroidal anti-inflammatories at trace levels in edible
animal tissues. The procedure involves deproteination and delipidation of samples by
precipitation/centrifugation/filtration, followed by sample enrichment and cleanup by
continuous solid-phase extraction. The proposed method was validated with quite good
analytical results including low limits of detections (0.4-2.7 ng kg™ for 2 g of sample) and
good linearity (r* > 0.995) throughout the studied concentration ranges. In addition, the
method is quite accurate (recoveries ranged from 92 to 101%) and precise (within-day and
between-day RSD values were less than 7%), which allows the determination of residual
pharmaceuticals in tissues from agricultural farm and fish hatchery animals (pig, veal,
lamb and chicken muscle, kidney and liver; and salmon, sea bass and sole flesh). The
analytes most frequently found in the studied samples were the hormones estrone and

17B-estradiol, and the antibacterials florfenicol and pyrimethamine.

Keywords: Pharmaceutical residues; Edible animal tissues; Continuous solid-phase

extraction; Gas chromatography—mass spectrometry.
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1. Introduction

The usually high density of animals grown in agricultural facilities and fish
hatcheries can increase the potential for disease outbreak. This raises the need for
medications to be given therapeutically to treat existing infections, or prophylactically,
to minimize the impact of an outbreak spreading across an animal population. A portion
of administered pharmaceuticals remains in the animal’s body, but a significant fraction
is discharged into the environment by excretion. The ensuing risks of pharmaceutical
residues (PRs) reaching edible products and the potential health hazards associated to
their consumption have become a public safety issue [1]. Veterinary and human
pharmaceuticals can also reach animal foods by effect of animals eating or drinking
contaminated feed or water. Residues may include the unaltered parent compound and
its metabolites and/or conjugates, and may have direct toxic effects on consumers (e.g.
allergic reactions in hypersensitive individuals or the development of resistant bacterial
strains in response to some antibacterials) [2]. The Codex Alimentarius Commission of
the Food and Agriculture Organization, the World Health Organization [3] and the
European Community [4] have set maximum residue limits (MRLs) for a variety of
pharmaceuticals in foodstuffs of animal origin [5].

The extremely low (parts-per-billion) levels at which pharmaceutical residues
can be encountered in so highly complex biological matrices as milk, meat or eggs pose
a major analytical challenge that can only be met by using effective procedures for the
selective extraction of analytes, removal of coextractants, and sensitive, specific
detection of the analytes. The sample preparation procedures typically used with
pharmaceutical residues include homogenization and/or enzymatic digestion of the
homogenate, extraction/cleanup, enrichment, and, where needed, derivatization of the
analyte [1]. Liquid-liquid extraction [6,7], solid-phase extraction (SPE) [8,9] and solid-
phase microextraction [10] are common choices for extraction and cleanup in this
context. Emulsification during extraction of the sample is usually avoided by prior
protein precipitation or delipidation. Proteins in meat, egg and milk samples can be
precipitated and fat delipidated by adding methanol [11,12], acetonitrile [13,14],
hydrochloric acid [15,16] or trichloroacetic acid [17], for example. In some cases,
deproteination can be accomplished simply by heating the sample in the presence of a
buffer [18], and delipidation by freezing—lipid filtration [11]. Finally, SPE of

pharmaceutical residues usually relies on sorbent materials such as octadecyl bonded
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silica (RP-Cy3) [7,12,19], Oasis-HLB (polystyrene—divinylbenzene—N-vinypyrrolidone
terpolymer) [8,9,20,21], Oasis MCX (a strong cation-exchange mixed-mode polymer)
[22] or amino-propyl-NH, [11,12,18,23] .

Immunoassays are often used in control analyses of pharmaceutical residues in
meat products. The analyte (antigen) binds highly specifically to the antibodies raised
against it [24]. The high sensitivity of immunoassays facilitates the rapid screening of
large numbers of samples for individual pharmaceuticals, which has led to its gradually
superseding multi-residue techniques [1]. Pharmaceutical residues present in various
animal meat products, and their derivatives, have been determined by liquid
chromatography with fluorescence or electrochemical detection [25,26]. This
methodology is simple and rapid, but has limited sensitivity. In combination with mass
spectrometry, however, liquid chromatography allows PRs in various types of foods to
be determined with good sensitivity and accuracy [6,10,14]. Recently, new approaches
using the potential of liquid chromatography coupled with tandem mass spectrometry
(MS-MS) [8,12,15,16,22,23] or time-of-flight mass spectrometry [13,14] have been
developed for multiclass residue screening. The prevalent instrumental methods for
determining PRs in meat samples, which are based on gas chromatography—mass
spectrometry (GC—MS), provide increased sensitivity, specificity and chromatographic
resolution, but require derivatization of the analytes prior to their determination
[7,9,11,21,27,28]. Gas chromatography—tandem mass spectrometry has also been used
for the determination of hormones in kidney and meat, and milk and egg [18,29]; and
that of non-steroidal anti-inflammatories at the microgram-per-kilogram level in milk
[30].

The aim of this work was to develop a reliable multi-residue method for the
simultaneous determination of selected pharmaceuticals (antibacterials, non-steroidal
anti-inflammatory, hormones, antiseptics, p-blockers, lipid regulators and anti-
epileptics) in tissues from agricultural farm and fish hatchery animals (viz. pig, veal,
lamb and chicken muscle, liver and kidney; and salmon, sea bass and sole flesh). The
proposed method, which improves on an earlier one developed by our group to
determine pharmaceuticals in water samples [21], involves the removal of protein and
lipids —which can interfere with the determination of PRs— from the sample matrix by
precipitation/centrifugation/filtration. Following cleanup of the resulting supernatant,

the analytes are preconcentrated by continuous solid-phase extraction on an Oasis-HLB
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column for conversion into their silyl derivatives to improve sensitivity and resolution

in their GC—MS measurements.

2. Experimental

2.1. Standards and reagents

All products were handled with care, using latex gloves, a respiratory protection
device and fume hoods. Stock solutions of the 20 pharmaceuticals studied, which were
supplied in the highest available purity by Sigma—Aldrich (Madrid, Spain), were
prepared at a 1 g L' concentration in methanol and stored at 4 °C in the dark.
Triphenylphosphate and the derivatizing reagents [N,O-bis(trimethylsilyl)trifluoro-
acetamide (BSTFA) and trimethylchlorosilane (TMCS)] were purchased from Fluka
(Madrid, Spain). Oasis-HLB (particle size 50-65 pum) was obtained from Waters
(Madrid, Spain). Solvents (acetonitrile, methanol and ethyl acetate) were obtained from
Merck (Darmstadt, Germany). Millex-LG filter units (hydrophilic, PTFE, pore size 0.20
um, diameter 25 mm, filtration area 3.9 cm?) were supplied by Millipore Ibérica, S.A.
(Madrid, Spain). The standard solutions used to prepare spiked samples were obtained
by diluting the stocks in purified water from a Milli-Q System (Millipore, Bedford, MA,
USA) and adjusted to pH 7.

2.2. Instruments and apparatus

GC-MS analyses were performed on a Focus GC instrument (Thermo Electron
SA, Madrid, Spain) interfaced to a DSQ II mass spectrometer controlled via a computer
running XCalibur software. The chromatograph was equipped with a DB-5 fused silica
capillary column (30 m x 0.25 mm I.D., 0.25 pm film thickness) coated with 5%
phenylmethylpolysiloxane (Supelco, Madrid, Spain). Helium (purity 6.0) at a flow rate
of 1 mL/min was employed as the carrier gas. For pharmaceutical determinations, the
column temperature was initially kept at 70°C for 1 min, raised to 150 °C at 14 °C min
! and then to 290 °C at 6 °C min"'. The injection port and transfer line temperatures
were kept at 270 and 280 °C, respectively. The ion source temperature for the 70 eV

electron impact ionization mode was 200 °C.
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Table 1. Analytical figures of merit of the proposed method for determination of residual pharmaceuticals in edible animal tissues.

Therapeutic class Compounds Retention LOD Linear range r RSD (%) RSD (%) m/z>*
time (ng kg™ (ng kg™ (n=11) (n=11)
(min) Within-day = Between-day

Non steroidal Diclofenac 22.3 1.1 3.3-10000 0.996 5.1 5.8 214,242, 367

anti-inflammatories  Flunixin 19.7 0.5 1.6-10000 0.996 5.0 5.6 251,263, 353
Ibuprofen 11.9 0.5 1.5-10000 0.995 4.8 53 160, 234, 263, 278
Ketoprofen 21.0 0.5 1.5-10000 0.999 5.8 6.7 73,282,311
Mefenamic acid 20.9 0.4 1.3-10000 0.996 4.9 5.5 208, 223, 313
Naproxen 19.3 1.0 3.2-10000 0.996 5.4 6.0 185, 243, 302
Niflumic acid 18.6 0.6 1.8-10000 0.996 4.5 5.1 236, 263, 353
Phenylbutazone 24.0 23 7.4-10000 0.997 4.9 54 183, 252, 308

Hormones Estrone 26.9 2.4 7.9-10000 0.998 54 6.3 218,257, 342
17B-estradiol 27.3 2.6 8.3-10000 0.998 5.6 6.4 285, 416
17a- 28.7 2.7 8.7-10000 0.996 6.2 6.7 425, 440
ethinylestradiol

Antibacterials Chloramphenicol 24.5 0.4 1.3-10000 0.996 5.0 5.5 208, 225
Florfenicol 26.2 0.5 1.6-10000 0.998 5.8 6.5 257,414
Pyrimethamine 21.3 2.5 8.0-10000 0.998 5.5 59 377,392,394
Thiamphenicol 27.9 0.5 1.5-10000 0.998 6.3 6.9 242,257,330

Anti-epileptics and ~ Carbamazepine 22.0 0.6 1.9-10000 0.997 4.1 5.0 193, 236

B-blokers Metoprolol 19.0 1.4 4.5-10000 0.996 53 6.2 72,223
Propranolol 20.6 1.6 5.2-10000 0.998 5.1 6.1 72,215

Antiseptic and Clofibric acid 11.3 1.5 5.0-10000 0.995 5.2 6.2 128, 143, 286

lipid regulators Triclosan 19.9 1.5 4.8-10000 0.997 4.6 53 200, 347

r, correlation coefficient.
® The base peaks under for quantification are boldfaced.

“m/z for IS (triphenylphosphate): 77, 325, 326.
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The mass spectrometer was operated in the selected ion monitoring (SIM) mode. The
MS instrument was set in full scan mode (70-500 amu) for identification, and the
quantification fragments (m/z) for each pharmaceutical (SIM mode) were selected
according to abundance (highest sensitivity) and specific criteria. The m/z values used
for each analyte are listed in Table 1. The time for solvent delay was set to 8 min. In all
analyses, a volume of 1 pL of the silylated derivatives was injected in the split mode
(1:20 ratio) and the resulting peak area was used as analytical signal for quantification.
The flow system comprised a peristaltic pump (Gilson Minipuls-3, Villiers-le-
Bel, France), two Rheodyne 5041 injection valves (Cotati, CA, US), poly(vinylchloride)
pumping tubes, PTFE tubing of 0.5 mm ID and standard connectors. The sorbent
column was prepared by packing a PTFE column with 60 mg of Oasis-HLB sorbent

material as described elsewhere [21].

2.3. Sampling

Tissues from agricultural farm and fish hatchery animals (viz. pig, veal, lamb
and chicken muscle, liver and kidney; and salmon, sea bass and sole flesh) were
purchased at a local supermarket. Samples were all received in frozen form and stored

at —20 °C until analysis.

2.4. Sample pretreatment

Figure 1 depicts the procedure used to prepare the samples and determine the
residual pharmaceuticals. Tissues were homogenized in an A320R1 grinder from
Moulinex (Barcelona, Spain). A portion of about 2 g of tissue homogenate was then
weighed into a 50 mL round polypropylene centrifuge tube and mixed with 4 mL of
water and 6 mL of acetonitrile in a vortex mixer (REAX Control, Heidolph, Kelheim,
Germany) for 30s. This was followed by centrifugation on a Centrofriger BL-II
apparatus (JP Selecta, Barcelona, Spain) at 4000 rpm for 10 min (4 °C). Next, the
supernatant was passed through a 0.20 um Millex-LG filter. The filtered supernatant
was carefully evaporated under a stream of ultrahigh-purity N to a final volume of 200
uL and redissolved to 5 mL with purified water a pH 7. The pretreated sample was thus

made ready for continuous solid-phase extraction.
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Grinding/Homogenization of samples

}

2 g of edible animal tissue

- 6 mL ACN+ 4 mL water

v

Precipitation/Centrifugation

- Agitation for 30 s
| - Centrifugation (4000 rpm, 10 min, 4 °C)

N

Filtration/Evaporation/Redissolution of supernatant
- Filtration (0.20 um filter)

- Drying (N,)
¥ - Redissolution (5 mL water)

Cleanup and preconcentration of pharmaceuticals

- Continuous solid-phase extraction (Fig. 2)

\ 4

Derivatization

1 - BSTFA + 19 TMCS (70 °C, 20 min)
Analysis

- GC-MS

Fig. 1. Flow chart of the procedure for determining residual pharmaceuticals in edible animal tissues.
2.5. Cleanup and continuous solid-phase extraction

Figure 2 shows the continuous system used for the solid-phase extraction of
pharmaceutical residues from animal tissues. A volume of 5 mL of pretreated sample or
standard aqueous solution containing a 1.3—10 000 ng kg™’ concentration of each analyte
at pH 7 was continuously passed at 4 mL min™ through the sorbent column placed in
the loop of injection valve IV;. All pharmaceuticals were sorbed and the sample matrix
was sent to waste. Simultaneously, the loop of IV, was filled with eluent containing the
IS (500 pg L™ triphenylphosphate in ethyl acetate) by means of a syringe. Any residual
water remaining inside the column or connectors was flushed by passing an air stream
at 4 mL min”' through the carrier line for 2 min. Next, IV, was switched to have the
loop contents (400 pL) injected into the same air stream used in the drying step in order
to elute PRs —in the opposite direction of sample aspiration. The organic extract was

collected in a conical glass insert of 0.5 mL and concentrated to a volume of 35 pL
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under a stream of ultrapure N,. Potential errors in measuring the final extract volume
were avoided by using an internal standard. Next, a volume of 70 uL of BSTFA + 1%
TMCS was added and the vials were heated at 70 °C for 20 min. Finally, 1 pL aliquots
of the silylated derivatives were analysed by GC-MS in the SIM mode. The sorbent
column was conditioned with 1 mL of methanol and 5 mL of purified water between

samples. Under these conditions, the column remained serviceable for about 2 months.

Air
Waste
BSTFA+1%TMCS
Pretreated Pump
sample
P Sorbent column —> GC-MS

Fig. 2. Continuous flow system fort the cleanup and preconcentration of pharmaceutical residues in edible

animal tissues. IV, injection valve.

3. Results and discussion

In previous work, we developed a method for the determination of
pharmaceuticals in environmental water samples [21]. The method was optimized by
examining the performance of various sorbents (viz. Oasis—HLB, LiChrolut EN, XAD-
2, XAD-4, RP-C18, Florisil, Silica Gel and Isolute NH,) in the preconcentration and
solid-phase extraction of the pharmaceuticals and Oasis—HLB selected on the grounds
that it retained all analytes virtually completely. Also, various organic solvents
including ethyl acetate, acetonitrile, acetone, methanol, ethanol, 2-propanol and
dichloromethane were examined as eluents and ethyl acetate was found to be the most
efficient in eluting the pharmaceuticals.

In this work, we analysed a greater number of compounds and examined the
effect of all variables potentially influencing retention and elution of the 20
pharmaceuticals studied, in addition to those having some effect on their derivatization

with a 99:1 BSTFA-TMCS mixture. To reach the best operational conditions, we used a
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univariate method, where one variable is varied by maintaining constant the rest. The
optimum range and selected values for each variable are given in Table 2. The high
complexity of the matrix of edible animal tissues required the removal of proteins and
lipids in order to avoid their interference with the GC-MS determination of the
pharmaceuticals [11]. Below are described the effects of the variables influencing the

removal of proteins and lipids by precipitation and centrifugation.

Table 2. Variables affecting the meat and fish tissues pretreatment, continuous
solid-phase extraction and derivatization processes of pharmaceutical residues.

Variable Optimum range (selected value)
Sample pretreatment (precipitation and centrifugation)®
Volume of water—acetonitrile mixture (3:2, 9-20(10)
v/v, mL)
Centrifugation rate (rpm) 3500-5000 (4000)
Centrifugation time (min) 5-30(10)
Centrifugation Temperature (°C) 0-10(4)
Continuous solid-phase extraction
Sample pH 6.5-7.5(7)
Amount of sorbent (Oasis-HLB, mg) 55-65 (60)
Volume of eluent (ethyl acetate, uL) 350-450 (400)
Sample flow rate (mL min™") 3.5-4.5(4)
Air flow rate (mL min™) 3.5-454)
Breakthrough volume (mL) 1-200 (5)
Percentage of acetonitrile (%) 0-15
Derivatization (silylation of pharmaceuticals)”
Percentage of TMCS in BSTFA® 1-15 (1)
Reaction time (min) 15-25 (20)
Temperature of reaction (°C) 65-75 (70)

*To 2 g of samples.
® These variables have been previously optimized [21].
® TMS: trimethylchlorosilane; BSTFA: N,O-bis-(trimethylsilyl)trifluoacetamide.

3.1. Variables influencing sample pretreatment

One preliminary step to be taken towards the intended multicomponent analyses
was the development of a generic sample preparation method suitable for extracting the
analytes from various types of food matrices of animal origin. In fact, a large amount of

lipids (phospholipids, triacylglycerolipids, phosphocholine lipids and cholesterol,
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mainly) and protein is co-extracted with the target compounds owing to their high
solubility in the organic solvents used to extract pharmaceuticals from animal tissues.
Also, lipids and proteins are easily adsorbed in different parts of a gas chromatograph
such as the injection port and column, which detracts from chromatographic
performance. In addition, pharmaceutical residues in meat and fish tissues may be
present as conjugates (e.g. modified by glucuronide or acetyl groups) [2]. A number of
preparation methods including the removal of lipids and proteins are available for the
determination of pharmaceuticals in meat and fish [1,14,31,32]. Many authors prefer
acetonitrile over methanol or ethyl acetate since the latter two extract too many matrix
compounds and complicate further cleanup as a result. Mol et al. [32] tested a number
of solvents and their combinations, and found the best choice to depend on the
particular matrix; they selected the water/acetonitrile mixture. In this work, we assessed
the efficiency of various solvents (water, acetonitrile, methanol, ethanol and ethyl
acetate) and trichloroacetic acid in removing proteins and lipids from meat and fish
tissues. For this purpose, an amount of ca. 2 g of animal tissue was mixed with a
volume of 10 mL of each solvent or solvent mixture (water-methanol, water-acetonitrile
and water-ethanol), or a solution of 30% m/v trichloroacetic acid, and centrifuged at 4
°C at 4000 rpm for 10 min. A 3:2 (v/v) acetonitrile—water mixture caused more than
95% of the protein and lipid content to be removed and proved the most efficient
solvent; also, it facilitated separation of the precipitate, which is consistent with
previous results [14]. The optimum volume of acetonitrile-water mixture for addition to
meat and fish tissues was established by examining its effects over the range 1-20 mL;
protein and lipid precipitation was found to peak at 9 mL, so a solvent volume of 10 mL
(6 mL acetonitrile + 4 mL purified water) was adopted as optimal. We also examined
the effects of the centrifugation rate, temperature and time used with the sample—solvent
mixture to facilitate separation of the protein—lipid precipitate from the other
components of the sample matrix. The effects of the centrifugation rate, temperature and
time were examined over the ranges 1500-5000 rpm, 0-20 °C and 1-30 min,
respectively As can be in Figure 3 for six representative analytes, the signals increase
the up to 2500 rpm of centrifugation rate, after which it stays constant. For the other
analytes the behaviour is similar. We therefore selected as centrifugation rate 4000 rpm.
In the case of the temperature and time of centrifugation, 4 °C and 10, respectively,

have been selected as intermediate values in their optimum ranges (Table 2).
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Fig. 3. Effect of centrifugation rate for separating proteins and lipids from the sample matrix.

Once the operating conditions for separating proteins and lipids from the sample
matrix by precipitation and centrifugation were established, we checked that the filtered
supernatant was compatible with the continuous solid-phase extraction of the target
pharmaceuticals. To this end, we examined the effect of acetonitrile on retention of the
20 pharmaceuticals by the sorbent column in the continuous SPE system by preparing
aqueous solutions containing a 50 ng L' concentration of each compound and a variable
proportion of acetonitrile from 0 to 50% in a volume of 10 mL. The pharmaceuticals
present in the eluate were derivatized as described under Analytical Procedure and
determined by GC-MS for comparison with the results obtained in the absence of
acetonitrile. Based on them, acetonitrile in proportions below 15 % had no effect on
retention. Higher proportions, however, resulted in diminished sorption of the analytes.
This was the likely consequence of the special sorption mechanism involved, by which
moderately polar organic compounds partitioned between a polar phase (water) and a
polymeric sorbent (Oasis-HLB) via polar interactions such as hydrogen bonding
between the hydroxyl group in the pharmaceuticals and the underlying sorbent surface.
In the presence of a high proportion of acetonitrile in the aqueous sample, the solvent
probably broke bonds and helped dissolve the pharmaceuticals, thereby dramatically
reducing their adsorption. This entailed lowering the proportion of solvent in the
supernatant remaining after the sample treatment, which contained about 40% of

acetonitrile, by evaporation to a final volume of 200 pL under a stream of ultrapure N,
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and redissolution in 5 mL of purified water at pH 7 for introduction into the continuous

SPE system.

3.2. Analytical performance

The performance and reliability of the proposed method were assessed by
determining the regression equation, linear range, analyte detectability and precision for
the 20 pharmaceuticals. For this purpose, an amount of 2 g of uncontaminated muscle
(chicken) tissue was fortified with 50200 pL of standard solutions containing all
pharmaceuticals at concentrations over the range 1.3-10000 ng kg'. The fortified
samples were pretreated and extracted as described in the Experimental Section (Fig. 1).
Chromatographic resolution and efficiency were assessed from plots of analyte-to-IS
peak area ratio against analyte concentration. The figures of merit of the proposed
method are listed in Table 1. As can be seen, the correlation coefficient was higher than
0.995 (12 points per calibration) in all instances. The limit of detection (LOD, defined
as the analyte concentration giving a chromatographic peak equal to three times the
corresponding regression standard deviation, Sy/X, divided by the slope of the
calibration graph) ranged from 0.4 to 2.7 ng kg'. The precision, calculated as the
relative standard deviation for 11 chicken muscle samples spiked with a 50 ng kg
concentration of each analyte ranged from 4.1 to 6.3% (within-day) and from 5.1 to
6.9% (between-day).

The proposed method for animal tissues was validated in terms of recovery. For
this purpose, various types of tissues (muscle, liver, kidney and fish) spiked with a 25 or
100 ng kg' concentration of a standard mixture of the analytes (before sample
pretreatment) were analysed in triplicate (n = 3). The fact that most of the samples
contained some residual pharmaceutical allowed recoveries to be calculated by
subtracting the previously quantified endogenous compounds from the total contents.
The average recoveries thus obtained are listed in Table 3. As can be seen, all analytes
were accurately identified; also, the average recoveries (92—101%) for all matrices were
quite acceptable. Therefore, the precipitation/centrifugation step, or the cleanup step in

the SPE system, efficiently reduced or even completely suppressed matrix interferences.
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Table 3. Percent recovery (= SD, n=3) of pharmaceuticals added to animal tissue samples.

Compounds Chicken muscle Veal liver Pig kidney Sole flesh
(ng kg™) (ng kg™) (ng kg™ (ng kg™)
25 100 25 100 25 100 25 100

Diclofenac 1016 95+5 101 +6 99 +6 94+ 5 97+6 99+ 6 100+ 6
Flunixin 1005 965 100+ 6 101 +6 96 +5 98 +5 92+5 97+6
Ibuprofen 96+5 1015 96 + 5 98+ 5 100+ 6 94+ 5 95+5 96+ 5
Ketoprofen 9+6 100x7 101+ 6 96+ 6 93+5 100+ 6 97+6 98 + 6
Mefenamic acid 1016 95+5 100+ 5 98 £5 95+5 94 £5 101 +6 99 +5
Naproxen 1006 99+6 95+5 98+ 6 101 +£6 93+6 97+6 92+5
Niflumic acid 97+5 101+5 101 +5 99+ 5 92+5 98+ 5 100+ 5 99+5
Phenylbutazone 96+ 5 93+5 92+5 101 +5 101 +£6 97+5 95+5 93+5
Estrone 92+5 98+ 6 99+ 6 101+ 6 96+ 6 95+ 6 100+ 6 97+6
17pB-estradiol 9+7 100+6 96 + 6 94+ 6 99+ 6 101 +7 95+ 6 98+ 6
17a-ethinylestradiol 93+6 97+6 99 +7 100+ 7 95+ 6 92+ 6 101 +7 100+ 6
Chloramphenicol 1006 101+6 97+6 98 +6 100 + 6 93+£5 95+6 98 £5
Florfenicol 1016 975 97+7 92+6 98+ 6 100+ 7 94+ 6 94+ 6
Pyrimethamine 98+ 6 96+ 6 99+ 6 101 +6 95+ 6 96 + 6 101+ 6 96+ 6
Thiamphenicol 94+ 6 97+7 100+ 7 92+6 96 + 6 92+ 6 95+6 101 +7
Carbamazepine 101+5 95+5 1015 99 +£5 98 £5 97+5 93+5 92+5
Metoprolol 1006 1016 94+ 5 96+ 5 101 +£6 97+ 6 97+6 101 +£6
Propranolol 97+6 101+6 95+5 100 + 6 97+6 93+6 101+ 6 94 +5
Clofibric acid 98+ 6 96 + 5 101 +6 99+ 6 101 +£5 92+6 98 + 6 95+5
Triclosan 99 +5 94+ 5 101 +6 101 +5 98+ 5 100+ 5 975 95+5
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3.3. Analysis of edible animal tissues

The proposed method was successfully applied to the determination of 20
pharmaceuticals in tissues from agricultural farm and fish hatchery animals (viz. lamb,
veal, pig and chicken muscle, liver and kidney; and salmon, sea bass and sole flesh).
Samples were analysed in triplicate, following the analytical procedure described in the
Experimental Section. If the concentration of any analyte fell outside the linear range
(Table 2), then the SPE extract from the sample concerned was diluted with eluent (500
ng L triphenylphosphate in ethyl acetate) after derivatization of the analytes with
BSTFA + 1% TMCS. The results of these tests are shown in Table 4. As can be seen,
the hormones estrone and 17B-estradiol were present in all samples except chicken
muscle, at concentrations from 0.51 to 6.7 ug kg™'. These concentrations are consistent
with others previously found in muscle, kidney and liver tissues [29]. As regards non-
steroidal anti-inflammatories, flunixin was detected at concentrations from 1.5 to 3.5 ug
kg in veal muscle and pig kidney, and phenylbutazone was detected at concentration
from 1.2 to 7.8 pg kg™ in lamb and veal muscle and liver chicken. The antibacterials
florfenicol and pyrimethamine were found in all samples except chicken muscle; their
concentrations were relatively high (0.59-28.2 pg kg™'), but always below their MRLs
(from 100 pg kg™ for poultry muscle to 3000 pg kg™ for bovine, ovine and caprine
liver) [4]. Other authors detected florfenicol a 260 ug kg™ levels, and pyrimethamine at
lower concentrations (0.6-14.0 pg kg'), in porcine muscle [20]. No other
pharmaceuticals were detected. By way of example, Fig. 4 shows the SIM mode
chromatograms for samples of veal muscle, chicken liver and sole flesh processed with
the proposed SPE-GC-MS method. As can be seen, the chromatogram contained few
significant peaks due to the sample matrix, which facilitated identification of the

analytes and testifies to the efficiency of the cleanup treatment.
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Table 4

Pharmaceuticals detected in edible animal tissues (+ SD, pg kg, n=3).

Compounds

Muscle?

Muscle®

Muscle®

Muscle!

Liver®

Liver®

Liver®

Liver?

Kidney*

Kidney®

Kidney®

Flesh®

Flesh’

Flesh®

Diclofenac
Flunixin
Ibuprofen
Ketoprofen
Mefenamic acid
Naproxen
Niflumic acid
Phenylbutazone
Estrone
17B-estradiol

17a-ethinylestradiol

Chloramphenicol
Florfenicol
Pyrimethamine
Thiamphenicol
Carbamazepine
Metoprolol
Propranolol
Clofibric acid

Triclosan

7.8+0.4

0.65 £ 0.04

1.5+0.1

282+1.8
14.0+£0.8

1.5+£0.1

2.8+£0.2
0.99 £0.07
1.3+0.1

0.59+0.04
0.83 £0.05

0.51+0.03
0.82 +0.05

182+ 1.1

1.2+0.1

1.9+ 0.1
1.7£0.1

0.85+0.05
14=+0.1

1.2+0.1
0.64 +0.04
1.3+0.1

1.5+0.1

45+03
37+02

27.5+1.8

6.7+0.4
1.4+0.1

3.5+0.2

1.5+0.1
1.7+£0.1

1.3+0.1
1.6 0.1

34+0.2

0.78 £ 0.05
1.7+0.1

1.9+0.1

0.52+0.03
0.81 +0.05

0.60 +0.04

4Lamb.
>Veal.
‘Pig.

4 Chicken.
¢Sea bass.
fSole.
€Salmon.

211



Relative Abundance (%)

Relative Abundance (%)

Relative Abundance (%)

A)

IS

Pyrimethamine

Flunixin
; 26202 H
1
: w790
) 055
7295 18096 27694
1] [0 t 22406 l
Nl 1‘ ‘Imﬁmm 2900 1| Naooge aze00_ssosm 3 4
HMP A S S 1 zsm LIS S R
6
5
DM AN
T T T T T T T 1
10 12 14 16 24 26 28 30
IS
100+ .00 183.06
695 Phenylbutazone
Florfenicol
8 72.95 % 509
4
303 105.03 193.07 25208
= " ”. U IO T i G ol i T T
Looss 1750 | eon  wser e e
M n N SW OV W
T T T T T T T T T T 1
10 12 14 16 18 20 22 24 26 28 30
IS
C)

'° Estrone

38007 44997 aseo4

30 400 450 500

v 17B-estradiol s
o]
“] 4
] 20505 ]
. E
£ sof 7298
2 5]
£ ol
]
12897
0]
00 180
2
sy E., Mz 52600
10 ‘ nssa oLt
i Min M gl hL MU AH ‘\ L \ seor 42900 _ssss3 6
Bomo mo e am e w0 0 w0 5
M~ A A A AN~ A A AN LI\J—A-H\“\

20
Time (min)

24

26

Fig. 4. GC-MS chromatograms obtained in the SIM mode in the analysis of 2 g of veal muscle (A),
chicken liver (B) and sole flesh (C) (see Table 4). Peaks:

1, flunixin; 2, pyrimethamine; 3,

phenylbutazone; 4, florfenicol; 5, estrone; 6, 17B-estradiol; IS, internal standard (triphenylphosphate).

212



4. Conclusions

A method for the simultaneous determination of 20 pharmaceuticals
(antibacterials, non-steroidal anti-inflammatories, antiseptics, anti-epileptics, lipid
regulators, B-blockers and hormones) in agricultural farm and fish hatchery animals was
developed. Precipitation/centrifugation/filtration of on a mixture of animal tissue with
acetonitrile—water and subsequent continuous solid-phase extraction provide a reliable
procedure for removing co-extracting interferences (proteins and lipids, mainly) from
complex matrices and facilitate preconcentration of the pharmaceuticals. The method is
quite sensitive, accurate and precise. Thus, its LODs (0.4-2.7 ng kg™) are better than
those for other methods such as those for the determination of ten hormones in meat
(0.1-0.4 pg kg™") [11], flunixin in bovine tissues (0.1-0.2 ug kg') [16], and four
antibacterials in farmed aquatic species (0.1-1.0 pug kg™) [6] or chicken muscle (0.1-1.0
ug kg™) [22]. Pharmaceutical recoveries from various samples of edible animal tissues
ranged from 92 to 101 %. By contrast, previously reported recoveries for some
pharmaceuticals varied over wider ranges (e.g. 77.1-98.3% for flunixin in edible bovine
tissues [16], and 80.9—105.5% for antibacterials in poultry and porcine muscle [20] or
72.4-107.4 % in meat, kidney and liver tissues [23]). The proposed method is therefore
applicable to a variety of animal tissues. Nearly all samples were found to contain the
hormones estrone and 17B-estradiol, and the antibacterials florfenicol and

pyrimethamine, all at concentrations below their maximum allowed levels.
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CAPITULOIII

Método para la Determinacion por Cromatografia de

Gases-Espectrometria de Masas de Sustancias

Farmacologicamente Activas en Fluidos Bioldgicos
mediante el uso de un Sistema Continuo de Extraccion

en Fase Solida y Derivatizacion Asistida por
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El control de residuos de SFAs en fluidos biologicos es muy interesante no solo
desde el punto de vista del estudio de la efectividad de los tratamientos terapéuticos,
sino que también para evitar el riesgo de consumir alimentos de origen animal o agua
contaminados con estas sustancias. El objetivo de este Capitulo ha consistido en el
desarrollo de un método para la determinacion simultdnea de diferentes tipos de SFAs
en muestras biolégicas humanas y animales (orina y sangre) mediante el uso de un
sistema continuo de extraccion en fase solida para la preconcentracion de este tipo de
analitos y eliminacion de interferencias de la matriz de la muestra, empleado
previamente para determinar residuos de farmacos en muestras de aguas y alimentos.
Como novedad principal de este método es el empleo de un horno de microondas
convencional para acelerar la reaccion de derivatizacion de los analitos antes de su
determinacion por GC-MS.

Como en el caso de los alimentos, las muestras de algunos fluidos biologicos
contienen una matriz compleja. En el caso de la orina se realizaron unos estudios
preliminares de la influencia de la matriz de la muestra sobre la SPE de las SFAs en la
columna de sorbente incluida en el bucle de inyeccién del sistema continuo. No se
observé ninguna influencia sobre la eficacia de la extraccion de estas sustancias, ni
ningun efecto sobre el sistema continuo. Por lo cual se optd por introducir las muestras
de orina directamente en el sistema continuo.

En cambio, la sangre contiene una matriz mucho mas compleja que la orina, con
un 45 % de fraccion celular y un 65 % de plasma (mezcla de proteinas, aminoacidos,
carbohidratos, lipidos, hormonas, enzimas, compuestos inorganicos y otras sustancias).
De todos estos componentes, son sin duda las proteinas (concentraciéon media en sangre
entre 60 y 80 g/l) las que pueden afectar a la eficacia de la SPE de SFAs ademas de que
pueden bloquear el paso de la muestra a través de la columna sorbente del sistema
continuo. Por ello es necesaria una etapa de eliminacion de estas proteinas previa a la
introduccion en el sistema continuo de SPE. Se optd por la precipitacion de las proteinas
con un disolvente adecuado, seguida de una etapa de centrifugacion y de otra de
filtracion previas a la introduccién del sobrenadante en el sistema continuo. Para ello se
evaluaron diversos disolventes (metanol, acetonitrilo y diclorometano), mezclas de
disolventes (agua-acetonitrilo y metanol-acetonitrilo) y acido tricloroacético para la
precipitacion de las proteinas de la sangre. Los mejores resultados de precipitacion de
las proteinas y su posterior separacion del sobrenadante se consiguieron cuando se

utilizaban 2 ml de acetonitrilo como disolvente para un volumen de 1 ml de sangre.
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También se estudiaron las variables que podian afectar a la centrifugacion (velocidad,
tiempo y temperatura). Los mejores resultados se consiguieron para una velocidad de
centrifugacion de 4000 rpm durante 10 min y a 4 °C. Como se ha indicado en los
Capitulos anteriores, la presencia de acetonitrilo en el sobrenadante afecta muy
negativamente a la extraccion de las SFAs en la etapa de SPE en el sistema continuo.
Como en los casos anteriores se ha optado por la evaporacion del sobrenadante con una
corriente de nitrégeno hasta un volumen de 200 pl y su posterior la redisolucion de éste
con 5 ml de agua purificada a pH 7 antes de su introduccion en el sistema continuo de
SPE.

Una novedad incluida en este trabajo con respecto a las metodologias
convencionales es el uso del horno de microondas para facilitar la reaccion de
derivatizacion de las SFAs. En este caso se han estudiado las diferentes variables
(medio de reaccion, tiempo, reactivo de sililacion y potencia de radiacion de
microondas) que pueden afectar a la etapa de derivatizacion de los farmacos. Los
mejores resultados se obtuvieron cuando se utilizaba la mezcla BSTFA + 1 % TMCS
como reactivos para la derivatizacion de las distintas SFAs en acetato de etilo, a 350 W
de potencia del microondas y durante 3 min. Por lo cual se reduce notablemente el
tiempo de tratamiento de muestra, con respecto a los procedimientos expuestos en los
Capitulos I y II de esta Memoria, donde se necesitaban 20 min para llevar a cabo la
reaccion de derivatizacion a 70 °C.

El método propuesto presenta una sensibilidad elevada con limites de deteccion
entre 0,2 a 1,3 ng/l para muestras de orina y entre 0,8 y 5,6 ng/l para muestras de sangre.
La precision es satisfactoria con desviaciones estandar relativas menores del 7 %,
calculadas para muestras de orina o sangre que contenian las diferentes SFAs
estudiadas. Por otra parte, se realiz6 un estudio de recuperacién, obteniéndose
porcentajes de recuperacion entre el 85 y el 102 %. Por ultimo se estudio la estabilidad
de estas SFAs en las muestras de sangre y orina cuando se conservaban congeladas (—20
°C). No se observo ningin efecto adverso de la matriz sobre la estabilidad de los
analitos en el periodo de 30 dias cuando se conservaban las muestras a las condiciones
anteriormente indicadas.

Con estas premisas el método fue aplicado a diferentes tipos de fluidos
bioldgicos (orina y sangre) de personas y animales (vaca, cerdo y cordero). De todas las
muestras analizadas de sangre solo una recogida de una persona sana estaba libre de

residuos de los farmacos estudiados. Las demés muestras de sangre, tanto humanas
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como de animales, contenian alguna hormona (estrona y/o 17B-estradiol) y varios
antiinflamatorios/analgésicos (4acido acetilsalicilico, ibuprofeno, ketoprofeno y
fenilbutazona) o algun antibidtico (florfenicol y pirimetamina) a concentraciones entre
0.34 y 3.8 pg/l. Las muestras de sangre humana contenian también triclosdn, un
antiséptico utilizado en pasta de dientes (0.25-0.89 ug/l). En el caso de las muestra de
orina, también contenian la mayoria de los analitos encontrados en las muestras de
sangre, pero a concentraciones mas reducidas (0.16-3.3 pg/l). El método propuesto
presenta unas significativas ventajas con respecto a las metodologias desarrolladas hasta
el momento, que han estado centradas en la determinacion SFAs de uno o dos tipos de

clases terapéuticas, y en orina o sangre de personas o animales por separado.
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ABSTRACT

A sensitive method based on gas chromatography—mass spectrometry was used to
determine 22 pharmacologically active substances (frequently used in the treatment of
human and animal’s diseases) including analgesics, antibacterials, anti-epileptics,
antiseptics, B-blockers, hormones, lipid regulators and non-steroidal anti-inflammatories
in blood and urine samples. Samples were subjected to continuous solid-phase
extraction in a sorbent column (Oasis HLB), and then the target analytes were eluted
with ethyl acetate and derivatized in a household microwave oven at 350 W for 3 min.
Finally, these products were determined in a gas chromatograph-mass spectrometer
equipped with a DB-5 fused silica capillary column. The analyte detection limits thus
obtained ranged from 0.2 to 1.3 ng L' for urine samples and 0.8 to 5.6 ng L' for blood
samples. Recoveries from both blood and urine ranged from 85 to 102%, and within-
day and between-day relative standard deviations were all less than 7.5%. The proposed
method offers advantages in reduction of the exposure danger to toxic solvents used in
conventional sample pretreatment, simplicity of the extraction processes, rapidity, and
sensitivity enhancement. The method was successfully wused to quantify

pharmacologically active substances in human and animal (lamb, veal and pig) blood
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and urine. The hormones estrone and 17B-estradiol were detected in virtually all
samples, and so were other analytes such as acetylsalicylic acid, ibuprofen, ketoprofen
and triclosan in human samples, and florfenicol, pyrimethamine and phenylbutazone in

animal samples.
Keywords: Pharmacologically active substances; Biological fluids; Continuous solid-

phase extraction; Microwave-assisted derivatization; Gas chromatography—mass

spectrometry
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Introduction

Controlling residual amounts of pharmacologically active substances (PAS) in
biological fluids is extremely important with a view to assessing the effectiveness of
medical therapies or the risks of consuming of food or water contaminated with such
substances [1]. Non-opioid analgesics and non-steroidal anti-inflamamatories, which are
used mainly for the treatment of osteoarthritis, rheumatoid arthritis and other painful
musculoskeletal illnesses [2,3], are among the most widely used PAS in over-the-
counter preparations. The most common side-effect of some of PAS is gastric or
intestinal ulceration, which is occasionally accompanied by anaemia due to the resulting
blood loss. In addition, these substances can cause disturbances in platelet function,
prolong pregnancy or spontaneous labour, and alter renal function [I].
Chloramphenicol, florfenicol and thiamphenicol are three broad-spectrum antibacterials
commonly used as chemotherapy agents to control some diseases in veterinary and
aquacultural practice [4]. Chloramphenicol is highly effective on animals because it
inhibits a variety of aerobic and anaerobic microorganisms [5]; by contrast, it is toxic to
human bone marrow and has been associated to blood disorders such as aplastic
anaemia [1]. B-Blockers are mainly used to treat hypertension, congestive heart failure
and abnormal heart rhythms, as well as to relieve angina and prevent cardiac infarctions
(heart attacks) in humans [1]. However, B-blockers have been misused by some athletes
to relieve performance anxiety by controlling hand tremor, lowering heart rate and
reducing blood pressure [6]. This has led to their banning by the World Anti-Doping
Agency (WADA) in some sports such as archery and shooting [7]. Some hormones
such as 17a-ethinylestradiol, a semi-synthetic estrogen used as a contraceptive, may
have a positive impact on public health [8]. Other PAS such as triclosan, used in
personal care products, may be a potentially toxic environmental contaminant since in
vitro studies on rat and human material have shown low concentrations of this substance
to disturb metabolic systems and hormone homeostasis [9].

Quantifying trace amounts of small molecules (< 500 amu) in biological samples
is rather challenging. Most biological matrices contain a wide variety of abundant
species that can interfere with the determination of the target analytes. Determining
PAS, especially in biological fluids (urine and whole blood), is difficult owing to their
low concentrations and those of their metabolites relative to the typically high levels of

endogenous compounds in the matrix. Therefore, detecting trace levels of these
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substances requires sample preparation and cleanup. A number of authors have used
extraction, sample clean-up and derivatization procedures to facilitate the determination
of PAS in various types of biological samples. Such procedures are based on solid-
phase extraction (SPE) [4,10-19], solid-phase microextraction [20,21], liquid-liquid
extraction [13,22-25], stir bar sorptive extraction [26,27] and supercritical fluid
extraction in combination with solid phase extraction [10,28]. Solid-phase extraction is
probably the most popular technique in this context by virtue of its expeditiousness,
reproducibility and low cost. This technique is usually performed using a small column
or cartridge containing an appropriate packing. During the last years a series of different
polymer-based materials for the SPE of either acidic, neutral and basic compounds out
of different sample matrices have been developed [29]. Oasis-HLB is seemingly the
most commonly used sorbent for the solid-phase extraction of PAS from biological
samples [11,13,14,19,30]. Oasis HLB is a macroporous copolymer consisting of two
monomer components, the lipophilic divinylbenzene and the hydrophilic n-
vinylpyrrolidone.

Determinations of PAS in biological fluids have used various detection techniques
(especially gas chromatography and liquid chromatography). In fact, liquid
chromatography (LC) has been used in combination with mass spectrometry [12—
16,18,20,24,25], UV-visible and diode array detectors [3,13,15,22,26,27] to determine
PAS in different types of biological fluids, and so has gas chromatography, mostly in
conjunction with mass spectrometers detector (GC-MS) [4,11,17,19,23,28].

The aim of this work was to develop an accurate, sensitive method for the
simultaneous determination of different types of PAS (antibacterials, analgesics, non-
steroidal anti-inflammatories, anti-epileptics, antiseptics, PB-blockers, lipid regulators,
and hormones) in human and animal biological samples (urine and whole blood) by
using a continuous SPE system for preconcentration/clean-up previously employed by
our group to determine PAS in water and food samples [30,31]. As a major novelty, a
microwave oven was used here to expedite derivatization of the target analytes prior to

their GC-MS determination.
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2. Experimental

2.1. Instruments and apparatus

All analyses were carried out on a Focus gas chromatograph coupled to a DSQ II
mass spectrometer equipped with an AI/AS 3000 autosampler (Thermo Electron SA,
Madrid, Spain) and controlled by a computer running XCalibur software (Thermo
Electron SA, Madrid, Spain). The transfer line was kept at 280 °C. The mass
spectrometer worked in the electron impact mode (70 eV) by scanning from 60 to 500
amu to obtain full spectra of the target analytes or by selected ion-monitoring (SIM) for
the quantification of the analytes. For each silyl derivative, M", [M-15]", and other
additional ions were monitored which are included in Table 1, where M' is the
molecular mass and [M-15]" is the molecular mass minor 15 corresponding to the loss
of a CHj of the Si(CHs3); group (Figures S1-S5 of Supplementary Information). The
chromatograph was equipped with a DB-5 fused silica capillary column (30 m x 0.25
mm ID, 0.25 pm film thickness) coated with 5% phenylmethylpolysiloxane (Supelco,
Madrid, Spain). Helium (purity 6.0) at 1 mL min"' was employed as the carrier gas. The
injection port was maintained at 280 °C, and all injections were done in the split mode
(1:20 ratio). The time for solvent delay was set at 4 min. The oven temperature was held
at 70 °C for 1 min following injection and then raised from 70 to 150 °C at 14 °C min".

After the first transition, the temperature was raised from 150 to 290 °C at 6 °C min™.

The total GC run time was ~ 30 min.

The continuous SPE system was assembled from a Gilson Minipuls-3 peristaltic
pump (Villiers-le-Bel, France) fitted with poly(vinylchloride) tubes and two Rheodyne
(Cotati, CA) 5041 injection valves. A PTFE laboratory-made sorbent column packed
with 60 mg of Oasis-HLB as described elsewhere was also employed [30]. The sorbent
column was conditioned with 1 mL of ethyl acetate and 1 mL of purified water, which

rendered it serviceable for at least 2 month.
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2.2. Chemicals and materials

Pharmacologically active substances (Figure 1) were all purchased from Sigma—
Aldrich (Madrid, Spain) in the highest available purity. Triphenylphosphate and the
derivatizing reagents [N,O-bis(trimethylsilyl)trifluoroacetamide =~ (BSTFA) and
trimethylchlorosilane (TMCS)] were obtained from Fluka (Madrid, Spain). All solvents
(acetonitrile, methanol, dichloromethane and ethyl acetate), sodium hydroxide and inert

poly-tetrafluoroethylene white beads (pore diameter 4 A) were obtained from Merck

(Darmstadt, Germany). Oasis-HLB in particle size 50-65 um was obtained from Waters

(Madrid, Spain). Millex-LG filter units (hydrophilic, PTFE, pore size 0.20 um, diameter
25 mm, filtration area = 3.9 cm?) were obtained from Millipore Ibérica S. A. (Madrid,
Spain). Ultrapure water was obtained using a Milli-Q purification system from
Millipore Ibérica S.A.

Stock standard solutions of the individual PAS at 1 g L' concentration each were
prepared in methanol and stored at 4 °C in the dark. Working-standard solutions were
prepared on a daily basis by dilution of the individual stock standard solutions in
purified water and adjustment to pH 7 with dilute NaOH as required. Freshly made
solutions of ethyl acetate containing a 500 pg L' concentration of triphenylphosphate
(internal standard, IS) and prepared on a daily basis were used as eluents for continuous

SPE.

2.3. Biological samples

All biological samples were obtained in accordance with the guidelines of the
bioethics committee. Human urine samples from healthy volunteers were collected in
sterilized polyethylene bottles. Cow, pig and lamb urine samples were supplied by local
stockbreeders not practicing intensive breeding, using sterilized polyethylene bottles to
ensure the absence of contamination. When the time between sample collection and
analysis was to exceeded 8 h, the samples were stored at —20 °C for up to 60 days to
avoid degradation. Frozen samples were allowed to thaw at room temperature prior to
analysis. Urine samples were gently mixed and directly transferred into vials for

analysis in triplicate (n = 3).
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Human whole blood samples were collected from healthy volunteers at various
hospitals. Animal (veal, lamp and pig) blood samples were obtained by jugular
venipuncture. All blood samples were collected in a blood-pack unit including sodium
citrate (3.8%) as an anticoagulant, in a 1:16 ratio to whole blood [13]. Also, all were

immediately frozen and stored at —20°C until use.
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Fig. 1. Chemical structures of pharmacologically active substances.

2.4. Sample pretreatment

Previous study on the influence of pH on the SPE efficiency revealed that the best
extraction results for all analytes were obtained in the neutral pH region (6.5-7.5), so

pH 7 was adopted [30,31]. Therefore, urine samples were simply adjusted to pH 7 with
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dilute NaOH (0.5 M) and passed through a 0.20 um Millex-LG filter. For blood
samples, a volume of 1 mL of each was placed in a 15 mL round polypropylene
centrifuge tube and mixed with 2 mL of acetonitirile in a REAX Control vortex mixer
from Heidolph (Kelheim, Germany) for 2 min. Then, the mixture was centrifuged on a
Centrofriger BL-II apparatus from JP Selecta (Barcelona, Spain) at 4000 rpm and 4 °C
for 10 min, the supernatant being passed through a 0.20 um Millex-LG filter and
carefully evaporated to dryness under a stream of ultra-pure N, to a final volume of 200

uL and redissolved to 5 mL with purified water at pH 7.

2.5. Continuous solid-phase extraction and microwave-assisted derivatization

The continuous SPE unit used for the cleanup/preconcentration of
pharmacologically active substances from pretreated samples is depicted in Fig. 2. In
the preconcentration step, a volume of 5 mL of pretreated sample was continuously
passed through the sorbent column, located in the loop of injection valve 1V, at 4 mL
min™. PAS were immediately retained, and the sample matrix was sent to waste. Next,
IV, was switched and the sorbent column dried for 2 min with an air stream at 4
mL/min; simultaneously, the loop of IV, (400 uL) was filled with eluent (ethyl acetate
containing 500 ng L™ triphenylphosphate as internal standard) by means of a syringe. In
the elution step, IV, was switched to pass 400 pL of eluent, carried through the column
by the air stream in the opposite direction of sample aspiration. The organic extract was
collected in a 0.5 mL air-tight conical glass insert and evaporated to a volume of ~35 uL.
under a gentle stream of ultrapure N,. Potential errors in measuring the final extract
volume were avoided by using the internal standard. Next, 70 pl of mixture
BSTFA+1%TMCS (derivatising agent) were added to sample extract of 35 pl. After
that the vial was tightly sealed and the analytes were derivatised using a household
microwave oven out for 3 min at 350 W. Finally, 1 puL aliquot of silylated derivatives

was analysed by GC—MS in the SIM mode.
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Fig. 2. Continuous solid-phase extraction system for the cleanup/preconcentration of pharmacologically
active substances in urine and blood samples. IV, injection valve; SV, selection valve; W, waste; GC—
MS, gas chromatograph  with mass  spectrometric  detector; BSTFA-TMCS, N,O-

bis(trimethylsilyl)trifluoroacetamide + trimethylchlorosilane (derivatizing reagents).

3. Results and discussion

3.1. Variables affecting sample pretreatment

Appropriate sample preparation is an important prerequisite for chromatography
of biosamples. The sample pretreatment to be used depends on the particular type of
sample. Thus, whole blood and tissue (homogenates) require deproteination and
filtration/centrifugation prior to SPE, whereas urine usually requires no more than
dilution and/or centrifugation —and some SPE procedures allow urine to be used
untreated [15,32]. We checked whether direct introduction of the urine samples into our
previously developed continuous SPE system for determining PAS in water and milk
samples [30,31] would pose any problem. To this end, a volume of 5 mL of
uncontaminated urine sample was supplied with a 500 ng L™ concentration of each
PAS, adjusted to pH 7, passed through a 0.20 um Millex-LG filter and analysed as
described in Section 2.5. An identical procedure was applied to 5 mL of a solution of
purified water at pH 7 that was also supplied with each PAS at a 500 ng L
concentration. The results for both types of samples were very similar, so we chose not
to pretreat the urine samples and simply filter them in order to prevent any solid
particles from reaching the continuous SPE system.

Blood proteins are no doubt the components most likely to affect the solid-phase

extraction of pharmacologically active substances at concentrations of 60-80 g L' from
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blood by effect of their blocking the sorbent column. This entails their prior removal by
precipitation with a solvent such as acetone, acetonitrile [22], a mixture of methanol and
acetonitrile [18] or dichloromethane [20], or their denaturation with a strong acid
(trichloroacetic, hydrochloric or sulphuric acids) [9,16]. In this work, we assessed the
efficiency of various solvents including 1% trichloroacetic acid, methanol, acetonitrile
and dichoromethane, and of solvent mixtures (water—acetonitrile and methanol—
acetonitrile), in precipitating proteins from whole blood. For this purpose, 1 mL of
uncontaminated blood sample spiked with a 500 ng L' of each analyte was mixed with
2 mL of solvent and centrifuged at 5000 rpm for 10 min, after which the supernatant
was filtered and evaporated to dryness under an N, stream to a final volume of 200 uL
and redissolved to 5 mL with purified water at pH 7. Finally, the pretreated sample was
introduced into the continuous SPE system [30,31] and processed as described in
Section 2.5. The highest extraction efficiency for all PAS (~95%) was obtained with
acetonitrile, which facilitated precipitation of proteins and their subsequent separation
by centrifugation. We thus chose it to precipitate proteins from blood. The optimum
volume of acetonitrile to be added to 1 mL of blood was determined by changing it over
the range 1-10 mL; protein precipitation was found to peak at 1.5 mL acetonitrile, so a
solvent volume of 2 mL was adopted as optimal. We also examined the effects of
centrifugation-related variables such as rate, time and temperature over the ranges
1500-5000 rpm, 1-15 min and 0-25 °C, respectively. Centrifugation at 4000 rpm at 4
°C for 10 min resulted in optimal separation of precipitated blood proteins from the
target species.

As previously shown by our group with the SPE of PAS in milk, the presence of
acetonitrile at concentrations above 15% in the aqueous solution seriously impairs
retention of the analytes on the sorbent column [30]. This led us to evaporate the
supernatant from the centrifugation of the blood samples under a stream of ultra-pure N,
to a final volume of 200 pL and dilute it with 5 mL of purified water at pH 7 prior to

introduction into the continuous SPE system.

3.2. Optimization of microwave-assisted derivatization

Pharmacologically active substances have three polar groups: amino, hydroxyl
and carboxyl (Fig. 1). Pharmacologically active substances require derivatization prior
to GC-MS analysis and silylation is the most frequent choice for this purpose
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[4,11,17,19,23,30,31]. As shown in several studies, a mixture of BSTFA and TMCS can
simultaneously silylate amino, alcohol and carboxyl groups in PAS in a single step
[23,30,31,33]. However, the derivatization reaction takes a long time (more than 20

min) at 60-70 °C [23,30,31,33]. Combining a silylating reagent with microwave-
assisted derivatization (MAD) can efficiently reduce analysis times. Microwave heating
avoids the time for energy transfer required in traditional heating, thus resulting in a
rapid rise in temperature and hence in fast completion of reactions. In this work, we
optimized the microwave-assisted derivatization of PAS by examining the influence of
four major variables (reaction solvent, derivatizing reagent, microwave power output
and irradiation time). To this end, volumes of 100 uL of individual solutions of the
derivatizing reagents [N,O-bis-(trimethylsilyl)acetamide, N,O-bis-
(trimethylsilyl)trifluoroacetamide and trimethylcholororosilane, both individually and in
mixtures] were added to 50 uL of a solution containing a 1 pg L' concentration of each
analyte in ethyl acetate. The derivatization reaction was conducted in an air-tight 0.5
mL conical glass insert that was placed in the microwave oven at 250 W for 5 min. The
derivatized PAS thus obtained were determined by GC—MS. The best results in this
respect were obtained with a 99:1 mixture of BSTFA and TMCS.

Tests were conducted with ethyl acetate and acetonitrile, two solvents commonly
used for the silylation of PAS [34]. A volume of 50 puL of a solution containing a 1 pg
L' concentration of each PAS in each solvent was supplied with 100 pL of 99:1
BSTFA-TMCS mixture and placed in an air-tight conical glass insert of 0.5 mL for
derivatization in a microwave oven at 250 W for 5 min. Although the two solvents
provided similar results, ethyl acetate was selected because it surpassed acetonitrile in
its ability to elute the sorbent column in the continuous SPE system [30]. Detection
limits were found to depend on the volume of solvent used. In this work, we examined
the effect of low volumes of solvents and derivatizing reagent (10—-150 pL) in order to
achieve detection limits relevant to environmental concentrations. The best results were
obtained with a final volume of sample extract of 35 uL and one of derivatizing
(BSTFA + 1% TMCS) of 70 uL.

The MAD conditions were also optimized, via the microwave power output and
irradiation time. Thus, a volume of 5 mL of an aqueous sample containing a 500 pg L™
concentration of each PAS was introduced into the continuous system as described in

Section 2.5, the organic extract being collected in an air-tight 0.5 mL conical glass
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insert, evaporated to a volume of ~35 pL under a gentle stream of ultrapure N, and
supplied with 70 pL of 99:1 BSTFA-TMCS mixture [34]. The vial containing the
analytes was then tightly sealed and placed in a household microwave oven at variable
power (70-500 W) for an also variable time (1—10 min). The highest derivatization
efficiency was obtained by irradiation at 350 W for 3-4 min. It was observed that when
applied a power under 350 W, low yields in the derivatization were achieved; for values
greater than 400 W, the signal of the analytes decreases possibly due to the degradation
of these compounds, as occurs with a power of 350 W for times higher of 4 min.
Therefore, a power of irradiation of 350 W for 3 min was selected for subsequent work.
By way of example, Fig. 3 shows the typical chromatogram of standard as N-
trimethylsily derivatives (1 ug L™). As can be seen, the 22 PAS studied were effectively

separated with no difficulty in a single chromatographic run in about 30 min.

3.3. Analytical performance

Linear range, analyte detectability, and precision of the proposed method were
studied under optimal experimental conditions (see Table 1). Calibration curves were
constructed by using uncontaminated urine samples (5 mL, pooled human urine sample)
and uncontaminated whole blood (1 mL, pooled sample of human blood) spiked with
0.6-5000 or 2.8-15000 ng L™ of each analytes, respectively, and processed as described
in Sections 2.4 and 2.5. The equations for the standard curves were obtained by plotting
the analyte to internal standard peak area ratios against the amount of PAS. Regression
coefficients were over 0.995 in all cases. Limits of detection (LODs) were determined
as the analyte concentration that provides a chromatographic peak equal to 3 times the
regression standard deviation, Sy/x, divided by the slope of each calibration graph,
ranged between 0.2 and 1.3 ng L™ or between 0.8 and 5.6 ng L' for urine or blood
samples, respectively. As can be observed in Table 1, analytes with lower LODs are
carbamazepine, chloramphenicol, diclofenac, florfenicol, flunixin, ibuprofen,
mefanamic acid, niflumic acid, paracetamol and thiamphenicol. In contrast, PAS with
higher LODs are the three hormones and phenylbutazone. The latter compound is
determined as non-derivatized as demonstrated in the mass spectrum included in Fig. S6
of Supplementary Information. In the fragmentation pattern of phenylbutazone is
observed that the peak m/z 308 corresponds to the atomic mass of this compound

without derivatization.
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Fig. 3. Typical chromatogram (SIM mode) of pharmacologically active substances as N-
trimethylsilyl derivatives (1 pg L-1). 1- acetylsalicylic acid; 2- clofibric acid; 3- paracetamol; 4-
ibuprofen; 5 - niflumic acid; 6 - metoprolol; 7 - naproxen: 8 - flunixin; 9 - triclosan; 10 -
propranolol; 11 - mefenamic acid; 12 - ketoprofen; 13 -pyrimethamine; 14 - carbamazepine; 15 -
diclofenac; 16 - phenylbutazone; 17 -chloramphenicol; 18 - florfenicol; 19 - estrone; 20 - 17p-
estradiol; 21 - thiamphenicol; 22 - 17a-ethinylestradiol; IS - triphenylphosphate (internal standard).

The precision of the proposed method, as relative standard deviation (RSD), was
calculated by measuring 11 uncontaminated urine samples spiked with 10, 100 and
1000 ng L™, or 11 uncontaminated blood samples spiked with 50, 500, and 5000 ng L~
'of each target compounds. A comparative study of within-day and between-day
precision was conducted [35]. For the study of between-day precision, three pooled
samples of urine (120 mL) or blood (25 mL) were taken to which were added the 22
PAS at the three concentration levels listed above. The pooled samples were split into
portions of 15 mL (urine) or 3 mL (blood), and a portion was analyzed on the first day
in triplicate. The others portions were frozen at —20 °C, and were subjected to the same
analytical procedure in triplicate every day for 6 days following thawing 1 h before
preparation. The within-day precision was found to range from 3.9 to 6.8% and the
between-day from 4.5 to 7.4%. Also, freeze-thaw stability test were conducted with a
view to assessing the stability of the analytes in urine and blood samples at a storage

temperature of —20°C. For this purpose, three pooled samples of urine (120 mL) or
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blood (25 mL) were spiked with all analytes at the three concentration levels listed
above. The pooled samples was split into 15 mL portions and frozen at —20°C; by
exception, one portion was analyzed in triplicate as described under Experimental on
the same day. All other portions were subjected to the same analytical procedure in
triplicate every 5 days for 1 month following thawing 1 h before preparation. Freezing
the samples under these conditions was found to suppress any adverse effect of the
matrix on analyte stability; in fact, the results were always similar, within the error
range for the method (RSD < 7.5%), to those for the unfrozen sample.

Because no certified reference material for urine or blood containing the studied
analytes was available, the proposed method was validated by analysing
uncontaminated urine samples spiked with 10, 100 and 1000 ng L*, and
uncontaminated blood samples spiked with 50, 500, and 5000 ng L'of each target
compounds and analyzed in triplicate. The average recoveries ranged from 85 to 102%
(Table 2), which testifies to the applicability of the proposed method in these complex

matrices.

3.4. Analysis of urine and blood real samples

The proposed method was applied to the determination of 22 pharmacologically
active substances including analgesics, antibacterials, anti-epileptics, antiseptics, [3-
blockers, hormones, lipid regulators and non-steroidal anti-inflammatories in real urine
and blood samples from humans and animals (lamb, cow and pig). Samples were
analysed in triplicate, following the pretreatment and analytical procedures described
under Experimental.

As can be seen from Table 3, the hormones estrone and/or 17-estradiol were
detected in eight blood samples, at concentrations from 1.9 to 4.8 pg L' and 0.67 to 5.9
ng L', respectively. These 17p-estradiol levels are higher than those previously
reported by other authors for human blood [11]. The human blood samples contained
PAS commonly used as analgesics (acetylsalicylic acid), non-steroidal anti-
inflammatories (ibuprofen and ketoprofen) and antiseptics (triclosan). The antibacterials
florfenicol and pyrimethamine were additionally found in some animal blood samples.
Phenylbutazone was detected in a cow blood sample, at a concentration similar to those

reported by Cardenas et al. [32] for race horses.

234



Like the blood samples, most urine samples contained the hormones estrone and
17B-estradiol, albeit at lower concentrations (0.42—3.3 pg L™"). This was also the case
with the other PAS, which were found at concentrations of 0.16-1.8 ug L' in urine and
0.25-3.8 pg L' in blood. By way of example, Fig. 4 shows the SIM mode
chromatograms for samples of cow blood and human urine processed with the proposed

method.
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Fig. 4. Chromatograms in SIM mode for pharmaceutical active substances in the
analysis of 1 mL of cow blood 1 (A) and 5 mL of human urine 1 (B) (see Table 3).

For peak identification, see Fig. 3.
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4. Conclusions

The objectives of this work were acceptably fulfilled. In fact, the proposed
method is rapid, sensitive and selective in the determination of PAS in blood and urine
samples. The method has several salient advantages, namely: (&) urine samples require
no treatment other than filtering and pH adjustment prior to introduction into the SPE
system; (b) the SPE step is highly efficient, which significantly increases the sensitivity
and selectivity of the determination, with limits of detection of 0.2—1.3 ng L™ in urine
and 0.8-5.6 ng L' in blood; (c) using a household microwave oven allows PAS to be
silylated in 3 min as opposed to more than 20 min with conventional methods such as
heating at 60—70 °C [23,30,31,34]; (d) the proposed method affords the determination of
a wide range of PAS belonging to a number of therapeutic classes, while most of the
methodologies that had been developed so far focused on one or two types of
therapeutic classes, and (e) the method allows PAS to be determined in both animal and
human biological fluids, while the methods found in the literature are concerned with

the determination of PAS in these samples from human or animal samples separately..
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Table 1

Analytical figures of merit of the proposed method for the determination of pharmacologically active substances in urine® and blood® samples.

Compounds Linear range Sensitivity LOD RSD (%) m/z°
(ng LY [signal (ng L")] (ng LY
Within-day Between-day
Urine Blood Urine Blood Urine Blood Urine Blood Urine Blood M~ [M-15]" Additional ions |
Acetylsalicylic acid 2.0-5000 9.9-15000 1.075 0.230 0.6 3.0 54 5.7 5.7 6.3 252 237 120, 195, 210
Carbamazepine 0.6-5000 2.8-15000 3.230 0.625 0.2 0.8 4.7 5.6 5.8 5.8 308 293 193, 250
Chloramphenicol 0.6-5000 2.9-15000 3.245 0.660 0.2 0.9 4.1 4.8 4.6 5.2 466 451 208, 225, 242
Clofibric acid 1.7-5000 8.8-15000 1.080 0.230 0.6 2.6 4.5 4.7 5.0 4.9 286 271 128, 143
Diclofenac 0.7-5000 3.4-15000 3.195 0.645 0.2 1.1 4.8 43 5.0 5.3 367 352 214,242
170-ethinylestradiol 3.5-5000 17.0-15000 0.540 0.110 1.2 5.2 5.5 6.0 5.9 6.5 440 425 232,300
17pB-estradiol 3.8-5000 19.3-15000 0.515 0.100 1.3 5.6 4.5 4.8 5.5 53 416 401 285, 326
Estrone 3.3-5000 16.5-15000 0.570 0.125 1.1 5.1 5.2 5.8 5.7 6.5 342 327 218,257
Florfenicol 0.7-5000 3.4-15000 3.190 0.655 0.2 1.1 6.2 6.4 6.8 6.6 429 414 257, 360
Flunixin 0.6-5000 3.3-15000 3.050 0.605 0.2 1.0 4.7 4.2 5.0 4.7 368 353 251, 263
Ibuprofen 0.6-5000 3.3-15000 3.095 0.630 0.2 1.0 3.9 4.3 4.5 5.5 278 263 160, 234
Ketoprofen 1.1-5000 6.0-15000 1.625 0.340 0.4 1.9 4.3 4.5 5.2 5.7 326 311 73, 282
Mefenamic acid 0.6-5000 3.1-15000 3.210 0.665 0.2 0.9 5.4 4.6 6.0 5.6 313 298 208, 223
Metoprolol 1.8-5000 9.1-15000 1.115 0.215 0.6 2.9 4.8 4.3 5.5 5.6 339 324 72,223
Naproxen 1.2-5000 6.6-15000 1.580 0.325 0.4 2.0 53 4.9 6.2 6.1 302 287 185, 243
Niflumic acid 0.6-5000 3.1-15000 3.150 0.645 0.2 1.0 4.6 4.2 4.9 5.0 354 339 236, 263
Paracetamol 0.6-5000 3.3-15000 3.215 0.660 0.2 1.0 53 5.6 5.9 6.0 295 280 116, 206
Phenylbutazone 3.1-5000 16.1-15000 0.605 0.130 1.1 4.7 4.9 53 5.4 5.6 308¢ ¢ 77,183, 252
Propranolol 1.7-5000 8.8—-15000 1.100 0.225 0.6 2.8 4.0 4.9 4.6 5.7 331 316 72,215
Pyrimethamine 2.9-5000 14.6-15000 0.655 0.140 0.9 4.2 6.5 5.9 7.0 7.3 392 377 171, 281
Thiamphenicol 0.6-5000 3.0-15000 3.205 0.635 0.2 0.9 6.0 6.8 6.6 7.4 499 484 242,257, 330
Triclosan 1.9-5000 9.3-15000 1.050 0.205 0.6 2.9 4.4 4.6 5.1 5.5 362 347 200, 310

* Volume of sample: 5 mL.
® Volume of sample: 1 mL.
¢ The peaks used for quantification are boldfaced; m/z for IS (triphenylphosphate): 77, 170, 325, 326.

4The phenylbutazone is determined as non-derivatized.
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Table 2

Percent recovery (+ SD, n = 3) of pharmacologically active substances added to urine and blood samples.

Compounds Urine Blood
(ng L) (ng L)
10 100 1000 50 500 5000

Acetylsalicylic acid 87+4 94+5 101 £6 92+5 98+ 6 9+6
Carbamazepine 101 +5 97+5 99 +6 97+6 98 +£6 97+5
Chloramphenicol 101 £5 102 £5 96 +4 86+5 100 £5 95+5
Clofibric acid 90+5 91+5 99 + 4 94 +5 96 £5 101 +£5
Diclofenac 99+ 5 90+ 6 96 + 5 100£5 94+5 101 £5
17a-ethinylestradiol 99+ 6 101 +5 97+6 102+ 6 92+5 100+ 6
17B-estradiol 97+5 100 £ 6 94+ 5 101 £5 96+ 5 93+4
Estrone 99+5 102 +£5 101 £6 95+ 6 94+5 101 £6
Florfenicol 88+ 5 92+6 102+ 6 98+ 6 91+5 92+5
Flunixin 99+5 96 + 4 101 +5 93+4 98 +£5 95+4
Ibuprofen 89+4 97+5 102 +4 95+4 94+ 4 98 +4
Ketoprofen 100 £5 93 +4 99+5 91+4 94+5 101 £5
Mefenamic acid 97+5 95+5 102+ 6 99 +5 97+5 100+ 5
Metoprolol 91+5 100 £5 97+4 88 £ 4 95+4 100 £5
Naproxen 96 +5 89+5 97+6 94+5 100£5 99 +5
Niflumic acid 97 +4 101 £5 100£5 86+ 5 101 4 98 +5
Paracetamol 95+6 95+5 98+ 6 88 £5 90+5 102+ 6
Phenylbutazone 100+ 5 89+ 4 95+5 88+ 5 97+6 92+5
Propranolol 91 +4 100 £5 96 + 4 100+ 5 101 £5 97+4
Pyrimethamine 96 £ 5 102+ 6 98 £6 89+5 93+5 98+6
Thiamphenicol 102+£6 94+6 93+5 99 +7 90+ 6 91+6
Triclosan 95+5 91 +£4 96 + 4 85+4 101 £5 98+ 5
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Table 3

Determination of pharmacologically active substances in blood and urine samples by proposed methoda.

Sample” Compound Concentration Sample* Compound Concentration found
found (ng L) (ng L)
Human blood 1 Acetylsalicylic acid 1.2+0.1 Human urine 1 17B-estradiol Estrone 2.8+0.2
17B-estradiol 1.6 £0.1 Ketoprofen 1.6+0.1
Estrone 2.8+0.2 Triclosan 0.51+0.03
Triclosan 0.25+0.01 0.41+£0.02
Human blood 2 Estrone 2.0+0.1 Human urine 2 Acetylsalicylic acid 0.78 £0.04
Ibuprofen 0.69 +£0.03 17B-estradiol Estrone 0.87 +£0.05
Ketoprofen 0.34+0.02 1.5+£0.1
Triclosan 0.89+£0.05
Human blood 3 - — Human urine 3 Estrone Ketoprofen 2.6+0.1
Triclosan 0.8+0.1
0.24 £0.01
Lamb blood 1 17B-estradiol Florfenicol 59+0.3 Human urine 4 Acetylsalicylic acid 0.30 £0.01
0.51+£0.03 Estrone 29+0.2
Ibuprofen 0.41+£0.02
Triclosan 0.16 £0.01
Lamb blood 2 17B-estradiol 1.9+0.1 Human urine 5 - -
Estrone 2.8+0.2
Cow blood 1 17B-estradiol 45403 Lamb urine 1 17B-estradiol 33+£0.2
Estrone 48+0.3 Estrone 0.78 £0.04
Pyrimethamine 3.8+0.2
Cow blood 2 17B-estradiol 1.3+0.1 Lamb urine 2 17B-estradiol 0.42 +0.02
Phenylbutazone 33+0.2 Florfenicol 0.16 £0.01
Pig blood 1 17B-estradiol Florfenicol 0.79 £ 0.04 Cow urine 17B-estradiol Estrone 0.52+0.03
1.9+0.2 Pyrimethamine 1.7+0.1
1.8+0.1
Pig blood 2 17B-estradiol 0.67 +£0.04 Pig urine 17B-estradiol 0.47+0.03
Estrone 1.9+0.1 Estrone 0.23+£0.01
Pyrimethamine 2.7+£0.2

*To 1 mL of blood samples or 5 mL of urine samples (+ SD, n = 3).
° Human blood: 1, woman (25 years); 2, man (45 years); 3, man (30 years).
¢ Human urine: 1, woman (25 years); 2, woman (40 years); 3, man (26 years); 4, woman (50 years); 5, man (20 years).

242



SUPLEMENTARY INFORMATION

Gas chromatography-mass spectrometry determination of
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Figure S1. GC-MS (EI) mass spectra recorder of acethyl salycilic, carbamazepine, chloramphenicol and

clofibric acid as N-trimethylsilyl derivatives.
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Figure S5. GC-MS (EI) mass spectra recorder of paracetamol, propranolol, pyrimethamine,

thiamphenicol and triclosan as N-trimethylsilyl derivatives.
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CONCLUSIONES



CONCLUSIONES

A tenor de los resultados obtenidos durante el trabajo de investigacion realizado

en la presente Memoria, se pueden establecer las siguientes conclusiones generales:

1.

Se ha desarrollado un sistema continuo de extraccion en fase solida compuesto
por una columna rellena de 60 mg del sorbente Oasis HLB en la que se consigue
la retencidon cuantitativa de hasta 22 productos farmacéuticos, hormonas y
productos de cuidado personal, siendo desechada la matriz de la muestra. El
sistema permite ademas la elucion de los analitos mediante un volumen reducido
de eluyente (400 puL de acetato de etilo) con objeto de obtener factores de
preconcentracion elevados. De esta manera, ha sido posible determinar los
analitos objeto de estudio de esta Memoria a niveles inferiores del limite

maximo permitido en muestras ambientales, alimentos y fluidos bioldgicos.

Se han simplificado las etapas de pretratamiento de muestra mediante el uso de
disolventes especiales seguida de una centrifugacion o extraccion en un horno de
microondas convencional. Estas estrategias permitieron la eliminacion
cuantitativa de componentes de las matrices de las muestras que pueden
perturbar a las etapas de extraccion en fase solida, separacion cromatografica o

ionizacion en el detector de espectrometria de masas de los analitos de interés.

Se ha minimizado el consumo de reactivos usados en la etapa de derivatizacion
por sililacion de las sustancias farmacoldgicamente activas mediante la mezcla
de BSTFA + 1 % de TMCS. Se ha reducido notablemente el tiempo requerido
para conseguir el maximo rendimiento en la reaccion de derivatizacion mediante

el empleo de un horno de microondas convencional.

La combinacion de las técnicas de cromatografia de gases con la espectrometria
de masas ha permitido la determinacion simultidnea de hasta 22 sustancias
farmacologicamente activas pertenecientes a diferentes clases terapetticas
(antibidticos, antiinflamatorios no esteroideos/analgésicos, p-bloqueadores,

reguladores de lipidos, hormonas, antiepilépticos, antidepresivos y antisépticos)
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en menos de 30 minutos con limites de deteccion de inferiores a la mayoria de
las metodologias propuestas en la bibliografia y con desviaciones estandares

relativas inferiores al 7 % en todos los casos.

Los estudios llevados a cabo utilizando las metodologias desarrolladas han
demostrado la presencia de productos farmacéuticos, hormonas y productos de
cuidado personal en muestras ambientales (aguas, suelos, sedimentos y lodos),
alimentos (leche y carne) y fluidos bioldgicos (sangre y orina). La presencia de
estos contaminantes en estas muestras puede tener efectos negativos y, por esta
razon, es importante que estas sustancias se tengan en cuenta en la elaboracion

de normativas mas restrictivas de su uso, sobre todo los mas toxicos.

Los resultados obtenidos de los analisis mediante los métodos propuestos en esta
Memoria son comparables con los conseguidos en otras metodologias
encontradas en la bibliografia. Es destacable la presencia de cuatro
antiinflamatorios no  esteroideos/analgésicos  (ibuprofeno, diclofenaco,
ketoprofeno y naproxeno) y las tres hormonas (estrona, 17a-etinilestradiol y
17B-estradiol) en la mayoria de las muestras ambientales analizadas. En el caso
de los alimentos analizados, en la mayoria de las muestras analizadas de leche y
carne de distinto origen o pescado se han detectado fenilbutazona, florfenicol y
las hormonas estrona y 17B-estradiol. Estas dos hormonas también se han
encontrado en muchas de las muestras de orina y sangre analizadas, ademas de
algunos antibioticos, antiinflamatorios/analgésicos y el producto de cuidado

personal triclosan.
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