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Resumen

RESUMEN

El objetivo de esta Tesis Doctoral es el desarrollo y la validacién de metodologias
analiticas eficaces, simples y de bajo coste para la determinacion de sustancias psicoactivas en
diferentes muestras bioldgicas utilizadas habitualmente en laboratorios de analisis
toxicologico y clinico. Las sustancias que se estudian pertenecen a dos grandes grupos:
drogas de abuso (morfina, 6-acetilmorfina, codeina, cocaina, benzoilecgonina, cocaetileno,
metadona y EDDP) y benzodiacepinas (alprazolam, bromacepam, loracepam, lormetacepam,
diacepam y tetracepam). Todas ellas actian sobre el Sistema Nervioso Central como
estimulantes o depresores. En la actualidad, el elevado e indiscriminado consumo de
benzodiacepinas, unido a la ausencia de un correcto seguimiento de su prescripcion, las
convierte en drogas de abuso, con consecuencias negativas para la salud publica y el bienestar
de la sociedad. La necesidad de disponer de métodos analiticos fiables para el control de estas
drogas ha propiciado la investigacion y puesta a punto de procedimientos de preparacion de
muestra, basados en la extraccion asistida por microondas (MAE), y técnicas de
determinacion cromatografica empleando la cromatografia liquida de alta resolucién con
detector de red de diodos (HPLC-DAD). Desde el punto de vista de la quimica verde, la MAE
ofrece ventajas sobre las extracciones convencionales, tales como un menor consumo de
disolventes y una breve manipulacién, ademas de una reduccion de la cantidad de muestra y
del tiempo de extraccion. La aplicacion de estos métodos se ha realizado con éxito en
numerosos casos de intoxicacion, analizando diversos tipos de muestras bioldgicas: plasma,
orina, pelo, saliva y humor vitreo. Cada una de ellas presenta sus propias caracteristicas
farmacocinéticas y de accesibilidad, aportando informacion sobre la deteccion y

cuantificacion de estas sustancias en los controles toxicologicos clinicos y forenses.
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I. INTRODUCCION

A lo largo de la historia, cada cultura y cada sociedad ha desarrollado e integrado en el
seno de su comunidad el consumo de sustancias toxicas o semitoxicas con fines terapéuticos,
magicos, religiosos, recreativos, etc. Sin embargo, no ha sido hasta el siglo XX, por la
confluencia de una serie de factores econdémicos y culturales, cuando han aparecido
problemas derivados del consumo abusivo de sustancias toxicas, alcanzando una importancia

y una alarma social totalmente justificadas.

El consumo de drogas de abuso supone un problema importante para cualquier
sociedad, ya que conlleva una serie de consecuencias negativas como son la pérdida de
productividad, el aumento de la criminalidad y los problemas en materia de salud, debido al
contagio de enfermedades infecciosas como el sida y la hepatitis B y a los costes derivados de
los tratamientos de deshabituacion a las drogas. Ademas, al contrario de lo que se podria
pensar, el abuso de drogas no esta restringido a un solo sector de la poblacién sino que abarca
a todos los niveles de la sociedad constituyendo una grave problematica sobre la que se debe

hacer hincapié tanto a nivel politico como social.

Recientemente, la OMS declaré como droga de abuso toda sustancia que introducida
en un organismo Vvivo es capaz de actuar sobre el sistema nervioso central, provocando una
alteracion fisica y/o psicoldgica, la experimentacion de nuevas sensaciones o la modificacion
de un estado psiquico, es decir, capaz de cambiar el comportamiento de la persona, y que

posee la capacidad de generar dependencia y tolerancia en sus consumidores.

Sin embargo, la via de administracion de la droga es un elemento muy importante

porque tiene una consecuencia directa sobre la rapidez con que se instaura la dependencia:

e Via parenteral (intravenosa, intramuscular y subcutanea): es la via que produce efectos
mas inmediatos. La intravenosa es la preferida para consumir heroina.

e Viapulmonar: usada para la nicotina, cannabis y cocaina crack.

e Viaintranasal: usada para la cocaina.

e Viaoral: usada para benzodiacepinas, anfetaminas, drogas de disefio y alcohol.

Las Figuras 1 y 2 muestran la evolucion de la proporcion de muertes y/o de urgencias

relacionadas con el consumo de drogas y/o sustancias psicoactivas.
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80—

50 —

1996 1997 1998 1999 2000 2001 2002 2004 D3OS 2006 2007 2008 2009
W Heroina 61.5 526 439 425 40.5 335 26.8 42 248 218 20 S 21,8
O Cocaina 274 o0 32 487 453 444 49.0 58,5 634 592 624 637 61.3

FUENTE: DGPMNSD. Observatorio Espafiol de la Droga y las Toxicomanias (OEDT). Indicador Urgencias,

Figura 1. Evolucion de la proporcién de urgencias relacionadas con el consumo de drogas
(%). Esparia, 1996-2009.
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FUENTE: DGPNSD. Observatorio Espanol de la Droga y las Toxicomanias.

Indicador Mortalidad. B Hipnosedantes

Figura 2. Evolucion de la proporcion de muertes por reaccion aguda tras el consumo de
sustancias psicoactivas segun el tipo de sustancia detectada en el anélisis
toxicolégico. Espafia, 1983-20009.
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I.1. OPIACEOS

Actualmente el numero de europeos consumidores de opiaceos que son considerados
problematicos esta entre 1.2 y 1.5 millones (edades comprendidas entre los 15-64 afos).
Ademas, el nimero de muertes inducidas por el consumo de drogas representan el 4% de
todas las defunciones de europeos de 15 a 39 afios de edad, habiéndose encontrado opidceos
en unas tres cuartas partes de las mismas. La heroina es la droga principal de consumo en el
50% de las solicitudes de tratamiento [Observatorio Europeo de las Drogas y las

Toxicomanias, 2011].

La heroina es sin duda el opiaceo méas consumido en Espafia, destacando en los
ultimos afos un descenso de su consumo (Figura 3). En efecto, el nimero de urgencias
directamente relacionadas con drogas en las que se menciond el uso de heroina pasé de 61.5%
en 1996 a 24.2% en 2004. Sin embargo, este descenso se ha estabilizado en los afios
posteriores, observandose un aumento en el nimero de estudiantes de 14-18 afios que han
consumido heroina alguna vez en la vida (0.5% en 1994 a 1.0% en 2006). Estos datos parecen
indicar que el problema esta tocando fondo, pero es necesario estar alerta porque el consumo
de estas drogas puede volver a aumentar, ocasionando situaciones peligrosas para la salud
humana [Observatorio Espafiol de la Droga y las Toxicomanias, 2011].

0 1 1 1 1
1995 1997 1999 2001 2003 2005 2007 2009

| Alguna vez en la vida 08 0.6 0.5 0.6 0.9 0.7 08 0.6

O Uttimos 12 meses 0.5 0.2 0, 0,1 0,1 0,1 0,1 0,1
FUENTE: DGPMSD. Encuesta domiciliaria sobre alcohol y drogas en Espaia (EDADES).

Figura 3. Evolucion de las prevalencias de consumo de heroina alguna vez en la vida y
ultimos doce meses en la poblacion de 15-64 afios. Esparia, 1995-2009.
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Los opiéceos son las drogas terapéuticas mas antiguas que se conocen pues ya existen
referencias de los efectos beneficiosos del opio en el afio 1500 a.C. El opio es una resina que
se obtiene de los frutos de la adormidera (papaver somniferum) (Figuras 4 y 5) y contiene mas
de veinte alcaloides, aunque solo tres estan presentes en una cantidad significativa: morfina,
codeina y tebaina. EI mas abundante es la morfina (10%), la principal responsable de sus
efectos y a partir del cual se obtienen codeina, heroina y 6acetilmorfina. Aunque el cultivo de
esta planta para usos legales se produce principalmente en Australia y los paises
mediterraneos, la adormidera se cultiva principalmente en terrenos montafiosos tropicales
como el sudeste, centro y sur de Asia, México y Colombia [Brunton y col, 2006; Levine,
2003].

Figura4. Cépsula de adormidera. Figura 5. Papaver somniferum.

En sus origenes las drogas se obtenian por extraccion del opio de la planta, y sus usos
eran Unicamente terapéuticos para el tratamiento del dolor, la ansiedad, tos, etc. No fue hasta
principios del siglo XIX cuando se comenzd a experimentar con el opio intentando separar
sus componentes activos. En 1806 se aislé la morfina, que se comercializ6 pronto debido a su
gran utilidad médica [Gomez, 2006]. Pero a finales del mismo siglo comenzaron los
problemas relacionados con la adiccién y el abuso de esta sustancia. En 1874, Wright logré
sintetizar una serie de derivados acetilados de la morfina, entre ellos la heroina. Rapidamente
se descubrieron lo que se creian propiedades beneficiosas de esta sustancia, ya que, al igual
que la morfina, disminuia el ritmo respiratorio y la presion sanguinea, pero carecia de su
efecto adictivo. Por ello, en 1898 la empresa alemana Bayer comenz6 a producir la heroina

comercialmente; sin embargo en 1920 empezaron las prohibiciones de esta sustancia en USA

10
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y en la mayoria de los paises, debido a su caracter adictivo [De la Fuente y col, 1996; De la
Fuente y col, 1998; UNODC, 2004]. Posteriores avances dieron lugar a otras sustancias
totalmente sintéticas como la metadona que, aunque pueden presentar o no similitudes
estructurales con los opiaceos, poseen efectos similares a éstos. Por ello se incluyen dentro de

los denominados opioides [Dart, 2004].

La heroina rara vez se consume pura; la administracién en forma de preparaciones
ilicitas o papelinas (Figura 6) es la méas frecuente, con una pureza variable (10-20%),
excipientes tales como azUcares, y adulterantes como la quinina, cafeina, analgésicos y/o
anestésicos locales [Dominguez y col, 1991; Kaa, 1994]. Las formas de abuso varian segln
los distintos opidceos [Lorenzo y col, 1999]: en un tratamiento médico, obteniendo la droga
por cauces legales; uso experimental o recreativo en jovenes, por via parenteral; consumo de
metadona por via oral en tratamientos de deshabituacion a la heroina [Warner-Smith y col,
2001].

Figura 6. Heroina en distintas formas: marrén, blanca, papelinas.

1.1.1. PROPIEDADES FiSICO-QUIMICAS

Los opiaceos que presentan un mayor interés debido a su incidencia son los derivados
de la morfina. Estos se clasifican como alcaloides y su estructura quimica bésica esta formada
por el grupo fenantreno, el cual esta constituido por tres anillos bencénicos condensados,
unido a un anillo piperidina. Si se sustituyen las posiciones 3 y 6 de los anillos con sendos
grupos hidroxilo se obtiene la molécula de la morfina, a partir de la modificacion de estas dos

posiciones se obtienen muchos de los opiaceos conocidos.

11
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La morfina se presenta como un polvo blanco cristalino. Su formula estructural es
C17H19NO3 y su peso molecular es 285.4 g/mol. Su punto de fusion es 254-256°C y su pK, es

8.0 a 20°C. Se puede encontrar en forma de sal, como acetato, tartrato, sulfato o clorhidrato.

La codeina es un polvo blanco cristalino que fluoresce débilmente y al que afecta la
luz. Su formula estructural es C1gH2:NO3 y su peso molecular es 299.4 g/mol. Tiene un punto
de fusion de 154-156°C y su pK, es 8.2 a 20°C. Se puede encontrar en forma de sal, como

sulfato, fosfato o clorhidrato.

La heroina o diacetilmorfina es sintetizada a partir de la morfina por acetilacion en las
posiciones 3 y 6 sobre los hidroxilos. Se presenta en forma de cristales blancos. Su férmula
estructural es C1H23NO3; y su peso molecular es 369.4 g/mol. Su punto de fusion es
aproximadamente 170°C y su pK, es 7.6 a 23°C. Se hidroliza rapidamente en presencia de
alcalis. Si se encuentra en forma de sal como clorhidrato de heroina tiene un punto de fusion
de 229°C a 233°C.

La metadona deriva de la difenilpropilamina. Su formula estructural es C1H,7NO y su
peso molecular es 309.4 g/mol. Su punto de fusion es 78°C. El clorhidrato de metadona es un
cristal incoloro o polvo blanco cristalino, con un punto de fusion de 235°C y un pK; de 8.3 a
20°C. La molécula de metadona (6-dimetilamino-4,4-difenilheptan-3-ona) presenta un Gnico
atomo quiral de carbono (C6) que justifica la existencia de un par de estereoisdmeros, aunque
casi toda la actividad opioide se debe al isémero L [Moffat y col, 2004; Karch y Drummer,
2009].

1.1.2. PROPIEDADES FARMACOCINETICAS

Morfina: Se puede administrar por todas las vias excepto la dérmica y la sublingual.
Su biodisponibilidad oral es baja (20-30%) y la concentracion plasmatica maxima se alcanza
1 hora después de la dosis. Por via intramuscular su accion se inicia a los 20 minutos y el
efecto maximo se obtiene al cabo de 1 hora. La morfina se distribuye rapidamente (volumen
de distribucion: 3-5 L/Kg) y su union a proteinas plasmaticas es de 20-40%.
Aproximadamente un 5% de la dosis es N-desmetilada a normorfina, la cual es menos activa
como analgésico. La mayor parte de la droga es inactivada por su conversion a morfina-3-
glucurénido, y un 10% se transforma en morfina-6-glucurénido [Osborne y col, 1990] (Figura

7). La excrecion es renal, principalmente como derivados conjugados, eliminandose por heces
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un 5-10% [Lorenzo y col, 1999]. La vida media de eliminacion es de 2-3 horas, y pueden
detectarse en orina todos los metabolitos, asi como pequefias cantidades de morfina inalterada
[Glare y Walsh, 1991; Ladrén de Guevara y Moya Pueyo, 1995; Baselt, 2011].

Morfina Normorfina

= =

Conjugados glucuronidos

Figura 7. Metabolismo de la morfina.

Codeina: Su via de administracion preferente es la oral. La potencia por via parenteral
es 10 veces menor que la de la morfina. Sin embargo, por via oral tiene el 60% de la eficacia
de la via parenteral, a diferencia de la morfina. La administracion intravenosa puede
desencadenar hipotension grave, lo que no debe confundirse con la intoxicacion tipica por
opiaceos. EI metabolismo de la codeina tiene lugar por O-desmetilacion a morfina (10% de la
dosis), su metabolito activo al que debe su efecto analgésico, y por N-desmetilacién a
norcodeina (Figura 8). Un 95% de la dosis se excreta en la orina de las primeras 24 horas
[Baselt, 2011; Lotsch y col, 2004].

Morfina Norcodeina

Conjugados

Figura 8. Metabolismo de la codeina.
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Heroina: Es susceptible de administrarse por las mismas vias que la morfina pero
ademéas puede fumarse, alcanzando una biodisponibilidad entre 40% (inhalada) y 90%
(fumada), y un efecto maximo después de 2-15 minutos. Su biodisponibilidad por via oral es
inferior a la de la morfina y no se detecta ni heroina ni 6acetilmorfina (6AM) en plasma, solo
aparece morfina. Después de su administracion parenteral, la heroina como tal persiste en el
cerebro solo unos minutos; sin embargo tras 30 minutos se encuentran altas concentraciones
de 6AM y morfina, que son las responsables de la mayor parte de la actividad narcotica de la
heroina. Esta droga se desacetila rapidamente a 6AM y ésta a morfina (Figura 9), por lo que
su deteccion en sangre y orina es dificil, de forma que un 70% de la dosis excretada por via
renal se elimina en forma de glucurdnidos: un 45% de una dosis intravenosa se recupera como
metabolitos en la orina de 24 horas. Las vidas medias de heroina y 6AM son de 3 y 40 min,
respectivamente [Gyr y col, 2000; Girardin y col, 2003; Bencharit y col, 2003; Rook y col,
2006].

Conjugacion

Normorfina Morfina

Figura9. Metabolismo de la heroina.

El abuso de heroina es inequivocamente identificado por su metabolito desacetilado, la
6-acetilmorfina, pero su corta vida media de eliminacion (40 min) limita el tiempo de
deteccidn a 2-8 horas, pues se transforma rapidamente a morfina, que esta presente en orina

durante varios dias después del consumo.
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La presencia de codeina en orina estid relacionada con la contaminacion de las
muestras ilicitas de heroina. Una fraccion pequefia (10%) se transforma en morfina, de la cual
se pueden encontrar fracciones tanto libre como conjugada. Por esta razon algunas veces no es
posible distinguir entre consumo de heroina, morfina o codeina. La presencia de morfina sola
en orina indica exposicion a heroina o morfina, mientras que la deteccion de codeina con

bajas concentraciones de morfina indica consumo de codeina.

Metadona: Su biodisponibilidad oral es del 80%, se detecta en plasma después de 30
minutos y la concentracion plasmatica maxima se alcanza a las 2-4 horas postconsumo. Es
lipofila y esta muy unida a proteinas plasmaticas (90%) v tisulares, de forma que alcanza una
concentracion de equilibrio en el plasma, prolongando sus efectos en pacientes que reciben
una dosis diaria. Es metabolizada mediante N-desmetilacién, seguida de ciclacion espontanea,
resultado de la inestabilidad de los metabolitos: 2-etilen-1,5-dimetil-3,3-difenilpirrolidina
(EDDP) y 2-etil-5-metil-3,3-difenilpirrolidina (EMDP). Los tres compuestos son hidroxilados
en la posicion para de uno de los anillos fenilo con la consiguiente conjugacion glucurénida
(Figura 10). La cantidad de metadona excretada es mayor en orinas acidas, y se ha
demostrado que la vida media de la droga puede pasar de 18 a 40 horas cuando un pH muy
acido pasa a un pH muy alcalino. Metadona y EDDP son los principales productos excretados
en la orina de las primeras 24 horas, representando un 5% de la dosis administrada
[Seidenberg y Honegger, 2000; Eap y col, 2002; Leikin y Paloucek, 2008].

® | ®
N~ SN
- J g
/

Metadona EDDP EMDP

~ |

Conjugados p-hidroxilados y glucurénidos

Figura 10. Metabolismo de la metadona.
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1.1.3. PROPIEDADES FARMACOLOGICAS

Normalmente los opidceos se utilizan como anestésicos primarios en la cirugia
cardiovascular para minimizar la depresion cardiaca. Debido a su accion directa sobre la
medula espinal, los opiaceos también se usan como anestesicos locales mediante su inyeccion
directa en la columna. Aunque existen numerosos opiaceos en el mercado farmacéutico la
morfina sigue siendo uno de los analgésicos de eleccion en el tratamiento del dolor intenso,
tanto agudo como crénico, y si se administra por via oral puede llevar a un largo periodo de
actuacion porque el mecanismo de accion es mas lento cuando se usa esta via. Una dosis de
10 mg suprime el dolor, reduce las sensaciones desagradables y produce sedacion con
sensacion de bienestar y euforia; si se aumenta la dosis pueden aparecer sopor y suefio. Los
opiaceos afectan tanto a la componente sensorial como a la afectiva del dolor y también
pueden producir sedacion, apatia, reduccién de la agudeza visual y de la actividad fisica, y
letargo. Sin embargo, existe una componente de excitacion [Ladrén de Guevara y Moya
Pueyo, 1995; Levine, 2003; Moffat y col, 2004].

La codeina se emplea como antitusigeno y analgesico y crea menos dependencia que
la morfina y la heroina. Su uso como sustancia de abuso es restringido, aunque la mayor
facilidad para obtenerla en los circuitos legales y su asociacion con otras sustancias hace que
la codeina sea uno de los opiaceos potencialmente implicados en cuadros de abuso.

La heroina fue introducida en terapéutica como un antitusigeno y analgésico
supuestamente desprovisto de la accion adictiva, lo que la haria atil como alternativa a la
morfina. Es evidente que en este Ultimo aspecto el descubrimiento de la heroina constituy6 un
fracaso terapéutico. La heroina y su metabolito activo la 6-acetilmorfina son muy
liposolubles, por lo que penetran en el cerebro més facilmente que la morfina; a esto se debe

su intenso efecto analgésico.

La metadona es un analgésico opiaceo de origen sintético y fue desarrollada como
sustituto de la morfina. Aunque quimicamente difieren, la potencia analgésica y otras
propiedades son muy similares (miosis, depresion respiratoria). Suprime los sintomas de

abstinencia en sujetos dependientes de opiaceos [Rang y col, 2012].

Los términos opidceo y opioide se suelen utilizar de forma indistinta, pero desde el
punto de vista farmacoldgico, opiaceo se refiere a los productos derivados del opio (morfina,

codeina, tebaina, papaverina, etc.), mientras que la terminologia opioide se utiliza para
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designar aquellas sustancias enddgenas o exdgenas, con afinidad por receptores opioides, que
tienen un efecto anélogo al de la morfina (heroina, metadona, buprenorfina) [Seidenberg y
Honegger, 2000]. Los opiaceos acttan sobre el sistema nervioso central (SNC) mediante la
interaccion con lugares de unidn especificos situados principalmente en la region del cerebro,
la médula espinal y sistema gastrointestinal. Esto da lugar a la mayoria de los efectos
farmacoldgicos de la morfina y analogos. Estas drogas actlan de forma similar a ciertas
sustancias enddgenas que son analgésicos naturales, ubicados en la parte del cerebro donde
estan los receptores opioides especificos, liberandose al resto del cuerpo para modular el
dolor. Cuando los opiaceos se unen a receptores especificos de la médula espinal inhiben la
liberacion de neurotransmisores excitatorios y de otros relacionados con el dolor en los
nervios de la médula espinal, por tanto el efecto de estas sustancias sobre el sistema nervioso

central es el de un potente analgésico [Levine, 2003].

Existen tres tipos principales de receptores opioides segun su situacion y su funcion,
éstos se clasifican en receptores u, receptores 6 y receptores k. Los receptores L son los
responsables de las acciones analgésicas y de otros efectos no deseados, como la depresion
respiratoria, miosis, reduccién de la actividad gastrointestinal, efectos euforizantes, sedacién y
dependencia psicoldgica. Los receptores 6 propician también efectos, como analgesia,
depresién respiratoria, euforia y dependencia; los opiaceos mas significativos tienen una
actividad muy débil sobre estos receptores. Los receptores k actian sobre la médula espinal,
por tanto son mediadores de la analgesia espinal y la sedacion, y producen una pequefia
dependencia fisica [Zinder y Pasternak, 2003; Waldhoer y col, 2004; Ward y col, 2006].

Segun su afinidad con los receptores mencionados, los opiaceos se dividen en:

Agonistas puros, que se comportan como agonistas preferentes y, en ocasiones,

selectivos sobre los receptores Y. Son la morfina, heroina y metadona.

Agonistas-antagonistas, son capaces de actuar sobre méas de un tipo de receptor
opioide, en concreto los receptores p y k. Sobre el receptor k se comportan COMO agonistas,
mientras que sobre el receptor u lo hacen como antagonistas. Entre ellos se encuentran la

pentazocina, butorfanol y nalorfina.

Antagonistas puros, muestran afinidad por los receptores opioides principales y, 6 y K,
pero carecen de actividad sobre los mismos. Son la naloxona y naltrexona [Schumacher y col,
2004; Rang y col, 2012].
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1.1.4. TOXICIDAD, DEPENDENCIA'Y ABUSO

La intoxicacién por opioides presenta una triada clasica de signos: alteracion del nivel
de conciencia, miosis intensa y depresion respiratoria. También puede darse bradicardia,
hipotensidn, nauseas, vémitos, cambios en la motilidad intestinal, hipo e hipertermia, y
cianosis en la fase tardia de la sobredosis. Las complicaciones mas frecuentes son el edema
agudo de pulmén no cardiogénico, convulsiones, rabdomiolisis, arritmias e infecciones
(neumonia, endocarditis). El uso concomitante con otras drogas de abuso puede provocar
sintomas distintos y de mayor gravedad. La sintomatologia de la intoxicacion por heroina es
similar a la que produce cualquier otro opiaceo pero se desarrolla de una forma maés rapida y
con mayores efectos a nivel del SNC. El pronostico de la intoxicacion por heroina es malo,
con baja tasa de deshabituacion y alta mortalidad a corto plazo. La causa de la muerte suele
estar mediada por tres efectos: patologia respiratoria, problemas cardiacos y fracaso renal, y
en la mayoria de los casos fatales se han detectado 6AM, y morfina libre y/o conjugada,
indicando las dos ultimas el tiempo transcurrido desde la inyeccion de heroina [Ehret y col,
2006; Fanoe y col, 2007; Hussain y Ewer, 2007].

La dosis letal minima de heroina es de 20 mg, pero sujetos adictos pueden tolerar
cantidades 10 veces mayores. La morfina, en dosis superiores a 0.5 mg/Kg por via oral 6 0.2
mg/Kg por via parenteral, puede producir parada respiratoria. Las intoxicaciones por codeina
son bastante raras en nuestro ambito ya que la depresion del SNC es mucho menor y no
ocasiona dependencia; se puede establecer la dosis letal de codeina en 0.5 - 1 g. En el caso de
la metadona, es dificil predecir cual es la dosis mortal [Karch y Drummer, 2009], puesto que
la droga se redistribuye antes y después de la muerte y suele consumirse junto con otras
drogas [Mushoff y col, 2004; Corkery y col, 2004; Drummer, 2007]. Se considera que, en

sujetos no habituados la dosis letal de metadona es de 50 mg en adultos.

Las primeras experiencias con opioides pueden ser desagradables por la presencia de
nauseas y vomitos, pero con rapidez se desarrolla tolerancia a la sensacion emética, dando
paso a la euforia. La inyeccion intravenosa produce efectos muy placenteros, seguidos de
euforia lo que propicia la aparicion de dependencia y rapidamente un fenémeno de tolerancia.
Con el tiempo, los periodos entre las sucesivas administraciones cursan con una
sintomatologia cada vez mas intensa, que explica la necesidad de una nueva dosis. La

adiccion a opiaceos se caracteriza por el desarrollo de tolerancia, dependencia y una
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sensibilizacion que induce vulnerabilidad frente a las recaidas. Esta situacion tiene lugar
particularmente con aquellos compuestos que presentan actividad sobre receptores [, tales

como la heroina, morfina, meperidina, fentanilo y metadona.

En general, los opidceos desarrollan tolerancia con relativa rapidez para los efectos
depresores y mucho menos para la miosis y la actividad gastrointestinal. El desarrollo de la
adiccion a opiaceos implica una serie de cambios adaptativos en los receptores opioides del
cerebro, lo que induce una alteracion de diversos sistemas neuroguimicos en regiones
especificas del cerebro [Simonato, 1996; Williams y col, 2001; Nestler, 2001 y 2002;
Crowley y col, 2003; Law y Nutt, 2003]. La tolerancia a estas sustancias se desarrolla a sus
efectos analgésico, euforizante, sedante y depresor de la respiracion, pero no a la miosis y el
estrefiimiento. EI mecanismo por el que se produce la tolerancia y la dependencia a las drogas
se cree que es debido a una reduccion en el numero de receptores Py en la eficiencia del
acoplamiento entre el receptor y sus respuestas bioquimicas. La tolerancia a los opiaceos
puede tener lugar muy rapidamente y ser muy relevante, de modo que una dosis intravenosa
de 20 mg de morfina podria ser letal para un paciente no habituado a su consumo. Sin
embargo, 2 g de esta sustancia podrian ser tolerados por una persona que desarrolld
tolerancia. Se ha observado que también se desarrolla tolerancia a los efectos de la metadona,
pero el sindrome de abstinencia es mas prolongado y mas suave que el provocado por otros
opiaceos [Levine, 2003; Olson, 2004].

El sindrome de abstinencia, generado por la supresion brusca de la droga, se
caracteriza por un conjunto de signos y sintomas: ansiedad, irritabilidad, calambres
musculares, deseo intenso de consumir la droga, disforia, nauseas o vomitos, midriasis,
escalofrios, fiebre, embotamiento mental e hiperactividad motora. Es un sindrome que se
percibe como insufrible por muchos heroinGmanos pero no reviste gravedad y puede
superarse sin riesgo vital. Los primeros sintomas suelen aparecer entre las 8-12 horas de la
ultima dosis; el maximo se alcanza entre las 36-72 horas y la duracion es de 7 a 10 dias. En el
tratamiento del sindrome de abstinencia se suele utilizar la metadona, un agonista de
receptores [, de vida media larga, que se administra por via oral. Disminuyen los deseos de
consumir, los efectos de la inyeccion de heroina y permite el restablecimiento de los ritmos
neuroendocrinos, asi como el desarrollo de una actividad laboral o social normal. El

tratamiento es complejo por su duracién y exige un control adecuado de la dosis para evitar la
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aparicion de dependencia. Su uso clinico se regula a través de los llamados programas de
mantenimiento con metadona [Fldrez y col, 2008].
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1.2. COCAINA

La cocaina es la segunda droga ilegal mas consumida en Europa después del cannabis,
aunque los distintos paises presentan grandes diferencias en términos de niveles de consumo.
Se estima que alrededor de 13 millones de europeos la han consumido al menos una vez en la
vida, lo cual equivale a una media del 3.9 % de los adultos de 15 a 64. Se estima que
alrededor de 4 millones de europeos han consumido esta droga en el Gltimo afio (una media
del 1.2 %), aungue nuevamente se observan variaciones en los distintos paises. EI consumo de
cocaina parece concentrarse en unos pocos paises, como Dinamarca, Espafia, Italia, Irlanda y
el Reino Unido, mientras que sigue siendo relativamente bajo en los demas paises europeos.
Durante el Gltimo decenio se ha observado un aumento general del consumo y la incautacién
de cocaina en la Unidn Europea. Los que se limitan a experimentar con la sustancia en una o
varias ocasiones componen el grupo de consumidores mas amplio. Un segundo grupo es el de
los consumidores habituales socialmente integrados, entre los cuales algunos intensificaran su
consumo, con los consiguientes problemas sociales y de salud de caracter cronico. Un tercer
conjunto de consumidores es el formado por integrantes de grupos socialmente excluidos,
como los consumidores y ex consumidores de opiaceos. Las tendencias del consumo de
cocaina en Europa han seguido pautas diferentes (Figura 11): en los dos paises con la mayor
prevalencia del consumo de cocaina (Espafia y Reino Unido), el consumo de la droga
aumentd enormemente en los Ultimos afios de la década de los noventa, antes de evolucionar
hacia una tendencia mas estable, aunque todavia esta al alza [Observatorio Europeo de las
Drogas y las Toxicomanias, 2011].

En la actualidad, la cocaina es la droga ilegal que genera méas problemas en Espafia.
En los ultimos afios ha aumentado mucho tanto el consumo como los problemas asociados a
esta sustancia. Por otra parte, la oferta de cocaina durante el mismo periodo se mantuvo
estabilizada o aumentd. De hecho, el indicador precio-pureza de los pequefios decomisos de
esta droga se mantuvo bastante estable; sin embargo, la disponibilidad percibida de esta droga
mostré un aumento sostenido tanto entre la poblacion de 15-64 afios, como entre los
estudiantes de 14-18 afios. Frente a este panorama negativo, recientemente han aparecido
algunas evidencias que hacen pensar que puede estar iniciandose un cambio positivo en la
evolucion temporal del consumo y los problemas por cocaina en Espafia. Por ejemplo, entre
los estudiantes se han observado descensos tanto de la prevalencia anual de consumo de

cocaina (que ha pasado de 7.2% en 2004 a 4.1% en 2006) como de la disponibilidad percibida
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de esta droga. Ademas, se ha ralentizado el crecimiento del nimero de admisiones a
tratamiento por cocaina, y de la proporcion de urgencias hospitalarias directamente
relacionadas con drogas ilegales en que se menciona cocaina [Observatorio Espafiol de la

Droga y las Toxicomanias, 2011].

0 1 I 1 I I I I ]
1995 1997 1999 2001 2003 2005 2007 2009

| ] Alguna vez en la vida 34 34 3.1 48 59 7.0 8.0 10,2

O vtime sfo 1.8 1.6 1,6 2.5 2,7 3.0 30 26

B Ultimo mes i} 0.8 0,9 1.3 11 1.6 1.6 1.2
FUENTE: DGPNSD. Encuesta domiciliaria sobre aleohol y drogas en Espafia (EDADES).

Figura 11. Evolucion de las prevalencias de consumo de cocaina base en la poblacion
espafola de 15-64 afios (%). Espafia, 1995-2009.

La cocaina fue utilizada por los indios peruanos durante siglos debido a la sensacion
de bienestar y a la disminucion de la sensacion de fatiga que producia el consumo de las hojas
de la planta Erythroxylon coca y otras especies similares. Dicha planta se desarrolla en
condiciones de humedad y calor elevados a una altitud moderada. Las hojas de la planta se
recogian y se dejaban secar al sol antes de su consumo. La combinacion de las hojas de coca
con piedra caliza incrementan su absorcion y su efecto, esto se debe a que se produce la

liberacidn de la cocaina libre.

La cocaina se identifico como el alcaloide activo en las hojas de coca en 1857, y fue
aislada por primera vez en 1859 por Niemann. Esta sustancia también fue utilizada como
anestésico local pues descubrieron que provocaba insensibilidad en la zona aplicada. En 1905
se sintetizé el primer analogo de la cocaina, la procaina, para su uso como anestésico. Este

compuesto se continda utilizando en la actualidad, al igual que la lidocaina también analoga
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de la cocaina. A finales del siglo XIX la cocaina era utilizada en la composicion de diversas
bebidas y productos de consumo. También se le atribuian propiedades curativas para el dolor
de cabeza, la fatiga, el asma, etc. Pero en 1914 se prohibid su libre distribucion y solo podia
ser usada bajo prescripcion médica [Levine, 2003]. La cocaina que llega al consumidor tiene
una pureza que oscila entre 15 y 90%. Los adulterantes y/o diluyentes mas comunes son
anestésicos locales (lidocaina, procaina, benzocaina, etc.), aztcares (manitol, lactosa, glucosa,

etc.), cafeina, quinina y anfetamina.

Las formas de abuso de cocaina son de gran interés toxicoldgico, ya que condicionan

la farmacocinética, la actividad farmacoldgica, la toxicidad y el grado de adiccion a la droga:

Hojas de coca: es la forma de consumo habitual en Sudamérica, masticAndolas con
sustancias alcalinizantes. Contienen 0.5-1.5% de cocaina, y se suelen masticar una media de
12-15 g de hoja, 3 0 4 veces al dia, siendo la cantidad total consumida una sola vez inferior a
75 mg (Figura 12).

Pasta de coca, basuco o pasta base: se obtiene macerando las hojas de coca con acido
sulfurico, alcalis, disolventes organicos y/o amoniaco. Contiene 40-85% de cocaina y se

consume fumada con tabaco y/o marihuana (Figura 13).

Clorhidrato de cocaina: se obtiene tratando la pasta de coca con &cido clorhidrico; es
la forma habitual de consumo en Espafia, a concentraciones variables del 12-75% [Luna y
Osuna, 2004]. Se consume por via intranasal o intravenosa, mezclada con heroina para evitar

los efectos rebote (Figura 14).

Cocaina base 0 crack: Se obtiene mezclando el clorhidrato de cocaina con una
disolucion basica, extraccion posterior con éter, evaporacion y obtencion de un precipitado en
forma de cristales. El crack es la segunda forma de consumo y es una mezcla de cocaina,
bicarbonato de sodio y amoniaco; contiene 30-90% de cocaina y se inhala en recipientes
calentados o se fuma en pipas de cristal mezclado con tabaco, marihuana y/o fenciclidina
(Figura 15).

Estas formas de abuso pueden contener estimulantes (anfetaminas, cafeina),
anestésicos locales (lidocaina, benzocaina), azucares (lactosa, glucosa) y otras sustancias

inertes.
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Figura 14. Clorhidrato de cocaina. Figura 15. Cocaina-Crack.

1.2.1. PROPIEDADES FiSICO-QUIMICAS

La cocaina o benzoilmetilecgonina se presenta en forma de cristales solubles en
disolventes organicos que cristalizan en un sistema monociclico o en forma de escamas

blancas lustrosas con olor débil.

Esta droga es un alcaloide de estructura inusual que se relaciona con los alcaloides
tropanicos. Su formula estructural es C17H21NO,4 y su peso molecular e 303.4 g/mol. Su punto
de fusion es 96-98°C y su pK, es 8.6 a 20°C. En forma de base libre es muy volatil a 90°C,
pero su punto de ebullicién es mas elevado, 187-188°C. Por el contrario, las sales son poco
volatiles y su punto de ebullicion no se alcanza hasta los 190-195°C. Antes de alcanzar el
punto de ebullicion, la mayor parte de la sal se piroliza. Es altamente lipofilica [Moffat y col,
2004].
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1.2.2. PROPIEDADES FARMACOCINETICAS

La cocaina se absorbe por todas las vias de administracion. Si la droga es esnifada
pasa directamente a la sangre a través de las membranas nasales, mientras que la inyeccién
intravenosa (sola o con heroina) libera la droga directamente al torrente sanguineo,
aumentando asi la intensidad de su efecto [Cone y col, 1994]. Por ambas vias se encuentran
niveles de cocaina en el cerebro en 30 segundos, mientras que fumada la droga pasa
rapidamente desde los pulmones a la sangre y se manifiestan efectos centrales s6lo cinco
segundos después del consumo. Por via oral su absorcion es lenta y la biodisponibilidad esta
en torno a 50-60%. Sus efectos comienzan a los 20 minutos, encontrandose la concentracion
plasméatica maxima 60 minutos después de la administracion. La base libre puede absorberse
por inhalacion, en una cantidad aproximada al 100% de la dosis, si bien se estima que el 20-
30% se piroliza durante el calentamiento [Ladron de Guevara y Moya Pueyo, 1995; Dart,
2004].

Se distribuye por todo el organismo, atravesando las membranas celulares y la barrera
placentaria, por lo que puede provocar dafios en el feto o incluso abortos espontaneos.
Estudios experimentales han identificado receptores de cocaina en cerebro, higado, corazon,
pulmon, intestino y rifidn. El volumen de distribucion varia entre 1.5y 2 L/Kg, y la unién a
proteinas plasmaticas es del 90% [Hernandez y col, 1994; Evans y col, 1996; Esmer y col,
2000; Leikin y Paloucek, 2008].

La cocaina es rapidamente inactivada por la hidrolisis de una o las dos uniones éster
realizada por colinesterasas plasmaticas y hepaticas que hidrolizan cada uno de sus dos
grupos ésteres para producir benzoilecgonina (BEG) y ecgonina metil éster (EME). Estos
metabolitos son altamente polares y, cuando se forman fuera del sistema nervioso central, no
tienen actividad farmacoldgica. Por desmetilacién se transforma en norcocaina que es un
metabolito activo. El alcohol induce la activacion de la enzima carboxilesterasa que convierte
la cocaina en cocaetileno, un metabolito activo que puede aumentar la cardiotoxicidad (Figura
16) [De la Torre y col, 1991; Jatlow y col, 1991; Hearn y col, 1991; Sukbuntherng y col,
1995].
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Figura 16. Metabolismo de la cocaina.

La vida media de eliminacion de la cocaina es de una hora aproximadamente, aunque
es posible detectar benzoilecgonina y ecgonina metil éster en orina hasta 96-144 horas
después de la Gltima dosis. Aproximadamente el 10% de la dosis absorbida se elimina como
cocaina, el 35-54% como benzoilecgonina y el 32-49% como ecgonina metil éster. Las
concentraciones medias de cocaina presentes en 19 muertes atribuidas al consumo de esta
droga son: 5.3 mg/L en sangre y 42.0 mg/L en orina [Drummer y Odell, 2001; Baselt, 2011].
Mientras que la cocaina solo es detectada en la orina de las primeras 24 horas, su metabolito
benzoilecgonina (BEG) se puede detectar hasta 3-5 dias postconsumo, dependiendo de la

dosis, la frecuencia de consumo y el pH de la orina.

1.2.3. PROPIEDADES FARMACOLOGICAS

La cocaina posee a la vez efectos estimulantes y anestésicos. Esta sustancia actla de
forma reversible sobre el sistema nervioso central y realiza acciones periféricas. El efecto
anestésico tiene lugar mediante el bloqueo de las conducciones nerviosas produciéndose
anestesia local, y también es capaz de inducir vasoconstriccion local. Su uso estd muy
limitado debido a su alta toxicidad [Pascual y col, 2001]. La cocaina evita la recaptacion de
los neutrotranmisores, tales como dopamina, noradrenalina y serotonina, en las terminaciones
nerviosas. Estas sustancias estan directamente relacionadas con el humor y el
comportamiento. Dichos compuestos deberian ser reabsorbidos al finalizar la accion de

transmision, ya que este proceso hace posible que el numero de neurotransmisores presentes
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sea el suficiente para la siguiente accion transmisora. Esta inhibicion de neurotransmisores
que produce la cocaina da lugar a un aumento en la duracion de los impulsos nerviosos, e
incluso podria conllevar una interrupcion de la propia transmision. Es mas, podria producir

una sefial en otra terminacion nerviosa o muscular (Figura 17, en psicologia.isipedia.com).
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Figura 17. Mecanismo de accidn de la cocaina.

La cocaina actla principalmente sobre los receptores de dopamina prolongando la
accion de este neurotransmisor. Existe un nimero bastante elevado de receptores de dopamina
sobre los cuales produce diversos efectos. Entre ellos esta el receptor D2, cuya activacion
parece ser la responsable de la mayoria de los efectos de la droga sobre el comportamiento,
tales como la estimulacion de la actividad locomotora, la generacion del comportamiento
estereotipado para los consumidores de esta sustancia o efectos de refuerzo positivo. La
cocaina también afecta a la transmisidén neuronal blogueando el movimiento del i6n sodio a
través de las neuronas sensoriales, 1o que produce un efecto anestésico. Esto puede ser
peligroso si afecta a las conducciones musculares del corazén, ya que puede provocar
arritmias cardiacas e incluso la muerte [Klaassen, 2008]. EI consumo de esta sustancia
también produce un incremento en la respuesta de los neurotransmisores relacionados con la
noradrenalina. El repentino subidon que se experimenta tras una inyeccion intravenosa o tras
fumar la cocaina, es causado por el repentino aumento de noradrenalina y otras aminas en las

terminaciones nerviosas [Levine, 2003].
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1.2.4. TOXICIDAD, DEPENDENCIA'Y ABUSO

Fuera de los usos médicos, no existe una forma segura de usar cocaina. Cualquier tipo
de consumo puede llevar a que se absorban cantidades tdxicas de la droga, causando una
emergencia cardiovascular o cerebral grave que puede resultar en la muerte subita [Mouhaffel
y col, 1995; Lobl y Carbone, 1992; Wang y col, 2001]. Los efectos de la cocaina se presentan

casi inmediatamente después de una sola dosis y desaparecen en cuestion de minutos u horas.

Los que consumen cocaina en pequefias cantidades (hasta 100 mg) generalmente se
sienten euforicos, conversadores y mas alerta, particularmente con relacién a las sensaciones
visuales, auditivas y del tacto. Algunos consumidores sienten que la droga los ayuda a realizar
algunas tareas fisicas e intelectuales mas rapido, mientras que a otros les produce el efecto
contrario. La dosis letal minima estimada es de 1.2 g, pero personas susceptibles han muerto
con dosis tan bajas como 30 mg y personas adictas han tolerado hasta 5 g/dia [Moffat y col,
2004].

La forma en que se administra la cocaina determina el tiempo que dura el efecto
inmediato de euforia. Los efectos fisioldgicos a corto plazo son: vasoconstriccion, midriasis y
aumento de la temperatura corporal, el ritmo cardiaco y la presion arterial. Los usuarios
pueden experimentar temblores, espasmos musculares y, con dosis consecutivas, una reaccion
toxica muy similar al envenenamiento por anfetamina. Las muertes por cocaina suelen
resultar por paros cardiacos o convulsiones seguidas de un paro respiratorio [Quin y col,
1997; Blanco y col, 1999; Muniz y Evans, 2001].

En resumen, las intoxicaciones agudas por cocaina se relacionan frecuentemente con
manifestaciones cardiacas (hipertension, arritmias, infarto de miocardio), neuroldgicas
(cefalea, hemorragia cerebral, convulsiones), psiquiatricas (ansiedad, confusion, euforia),
respiratorias (taquipnea, edema pulmonar), gastrointestinales (nauseas, vomitos, diarreas) y

otras (midriasis).

Algunos autores [Green y col, 1994; Ditton y Hammersley, 1994] reconocen tres
estilos de consumo: el consumidor elitista que se mueve en el mundo de los negocios; el
consumidor recreativo que lo hace por diversion, y el policonsumidor cuya vida gira en torno

a las drogas.
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Después del uso repetido por cualquier via de administracion, la cocaina puede causar
adiccion o tener otras consecuencias adversas para la salud. Se cree que los efectos adictivos y
estimulantes de la cocaina son principalmente el resultado de su habilidad para impedir la
reabsorcion de la dopamina por las células nerviosas. El cerebro libera la dopamina como
parte de su sistema de gratificacion, y la misma esta directa o indirectamente involucrada en
las propiedades adictivas de todas las principales drogas de abuso [Washton, 1995]. Se puede
desarrollar una tolerancia considerable a la droga; de hecho muchos de los adictos a esta
sustancia nunca logran obtener el mismo placer que la primera vez que la consumieron. Por
ello algunos usuarios a menudo aumentan la dosis para intensificar y prolongar la euforia.
Ademas de la tolerancia, los usuarios también pueden desarrollar una mayor sensibilidad a los
efectos anestésicos y convulsivos de la cocaina, sin tener que aumentar la dosis. Esto
explicaria porque algunas muertes ocurren después del uso de dosis de cocaina aparentemente
pequefias. Cuando la cocaina se usa repetidamente y en dosis cada vez mayores, puede
conducir a un estado de irritabilidad, inquietud y paranoia, en el que la persona pierde el
sentido de la realidad y sufre alucinaciones auditivas [Gawin y Kleber, 1986]. Si se
interrumpe bruscamente la administracion de la droga aparece un sindrome de abstinencia que

sigue un modelo de tres fases:

1. Crash o fase de bajada (9 horas a 8 dias), en donde predomina la depresion, anorexia,
insomnio y deseo compulsivo de consumir, seguidos de agotamiento y somnolencia,

2. Abstinencia (1 a 10 semanas), que comienza con una normalizacion del ritmo del
suefio y del estado de &nimo, seguida de hiperactividad,

3. Extincién (meses), en donde el deseo se repite episddicamente segun estimulos

condicionados y disminuye gradualmente, si se mantiene la abstinencia.
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1.3. BENZODIACEPINAS

En 1955 los laboratorios Roche sintetizaron el clordiacepoxido, la primera
benzodiacepina que fue comercializada como Librium® en 1960. A partir de entonces se
probaron distintas modificaciones estructurales, sintetizdndose un compuesto 5 a 10 veces
més potente que el clordiacepéxido, que se comercializé en 1963 con el nombre de Valium®
(diacepam). El diacepam fue la primera benzodiacepina potente que no contenia un grupo
amino basico, el cual constituia la hipotesis de partida para la sintesis de la serie [Foye, 1991].
Pero fue en los afios 80 cuando la aparicion de las benzodiacepinas como farmacos supuso
una alternativa al uso de los barbitaricos. Las triazolo [4,3a][1,4]-benzodiacepinas
(alprazolam) fueron descubiertas y estudiadas casi simultaneamente a comienzos de los afios
70 por cientificos japoneses y estadounidenses, al fusionar un heterociclo como imidazol o
triazol sobre la funcién lactama de la benzodiacepin-2-ona. Posteriormente y hasta la
actualidad salieron al mercado gran cantidad de derivados benzodiacepinicos.

Las benzodiacepinas forman un grupo farmacologico relativamente extenso, con
variedad de efectos e indicaciones; son agentes ansioliticos eficaces en el tratamiento de
trastornos de la ansiedad; hipnéticos usados en el tratamiento del insomnio;
anticonvulsivantes Utiles en el tratamiento de la epilepsia, y miorrelajantes empleados como
pre-anestésicos. Son los psicofarmacos mas ampliamente utilizados en el planeta y quizas los
de mayores ventas entre la amplia diversidad de opciones terapéuticas de cualquier indole
(Informe de la Junta Internacional de Fiscalizacion de Estupefacientes correspondiente a
2010. Naciones Unidas). Su capacidad para generar dependencia y los fendmenos asociados a
su uso en poblaciones de riesgo, como drogodependientes, ancianos 0 pacientes con
enfermedades respiratorias, han limitado su empleo y hoy existen importantes
condicionamientos para su utilizacién continuada [Neutel, 1995; Herings y col, 1995;
Calonge y col, 1997; Hemmelgarn y col, 1997; Barbone y col, 1998].

Las ventajas en cuanto a su eficacia, facil administracion, reducidos precios, bajo
potencial de adiccién, menores efectos secundarios y principalmente su gran margen de
seguridad terapéutica, han contribuido a una enorme prescripcion de las benzodiacepinas en
Espafia [Rayon y col, 1997; Garcia del Pozo y col, 2004] y una mayor implicacion en
intoxicaciones voluntarias, accidentales e incluso homicidas y como medio de cometer delitos

previa administracion a victimas incautas [Cabrera y col, 1993]. Segun la Sociedad Espafiola
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de Medicina de Familia y Comunitaria (SEMFYC), un 15-20% de los pacientes que acuden a
las consultas de Atencidn Primaria consumen algun psicofarmaco, de los que un 75% son
benzodiacepinas. Afortunadamente, la intoxicacion mortal por benzodiacepinas requiere la
administracion de dosis masivas, por lo que los suicidios consumados con estos farmacos son

Muy escasos.

1.3.1. PROPIEDADES FiSICO-QUIMICAS

Las benzodiacepinas poseen una estructura comun compuesta por un anillo de
benceno, unido a otro de diacepina de siete miembros. Sobre esta estructura genérica se han
introducido multitud de variantes, que originan modificaciones en la actividad principal e
incluso en la mayor o menor potencia del farmaco (Figura 18). Asi, los grupos aceptores de
electrones en posicion 2 en el segundo anillo bencénico aumentan la potencia, mientras que
los sustituyentes en cualquier otro lugar disminuyen la actividad [Cabrera y col, 1993]. En
general, todas las benzodiacepinas tienen un marcado carécter liposoluble, aunque esta
propiedad varia notablemente de unos farmacos a otros del grupo.

Alprazolam: 8-cloro-1-metil-6-fenil-4H-1,2,4-triazolo(4,3-a)-(1,4)-benzodiacepina.
Férmula empirica: C;17H13CIN,. Peso molecular: 308.77 g/mol. pK;: 2.4. Nombre comercial:
Trankimazin®. Es un polvo cristalino, de color blanco. Punto de fusién: 228°C. Es insoluble

en agua, parcialmente soluble en alcohol y acetona, y soluble en cloroformo y diclorometano.

Bromacepam:  7-bromo-1,3-dihidro-5-(2-piridil)-2H-1,4-benzodiacepina.  Formula
empirica: C14H10BrN3O. Peso molecular: 316.18 g/mol. pK;: 2.9; 11.0. Nombre comercial:
Lexatin®. Es un polvo cristalino de color amarillento, e inodoro. Punto de fusién: 237-238°C.

Es practicamente insoluble en agua y parcialmente soluble en alcohol y diclorometano.

Diacepam: 7-cloro-1,3-dihidro-1-metil-5-fenil-2H-1,4-benzodiacepin-2-ona. Formula
empirica: C16H13CIN,O. Peso molecular: 284.74 g/mol. pK,: 3.3 (20°C). Nombre comercial:
Valium®. Es un polvo cristalino de color blanquecino o ligeramente amarillento,
practicamente inodoro. Punto de fusion: 131-135°C. Es ligeramente soluble en agua, soluble 1
en 39 de eter, 1 en 25 de etanol, y 1 en 2 de cloroformo.
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Loracepam:  7-cloro-5-(2-clorofenil)-1,3-dihidro-3-hidroxi-2H-1,4-benzodiacepin-2-
ona. Férmula empirica: CsH;¢CIl,N,O;. Peso molecular: 321.16 g/mol. pK,: 1.3 ; 11.5 (20°C).
Nombre comercial: Orfidal®. Es un polvo cristalino de color casi blanco. Punto de fusion:

166-168°C. Es practicamente insoluble en agua, y mas soluble en cloroformo y en alcohol.

Lormetacepam:  T-cloro-5-(2-clorofenil)-1,3-dihidro-3-hidroxi-1-metil-2H-1,4-benzo
diacepin-2-ona. Formula empirica: C;¢H;2CI,N,O,. Peso molecular: 335.19 g/mol. Nombre
comercial: Noctamid®”. Es un polvo cristalino de color blanco. Punto de fusién: 209-211°C.
Practicamente insoluble en agua, ligeramente soluble en etanol y metanol, y muy soluble en

cloroformo.

Tetracepam: 7T-cloro-5-(1-ciclohexen-1-il)-1,3-dihidro-1-metil-2H-1,4-benzodiacepin-
2-ona. Férmula empirica: C;sH;7CIN,O. Peso molecular: 288.78 g/mol. Nombre comercial:
Myolastan®”. Es un polvo cristalino de color amarillento a marrén. Punto de fusion: 144°C

[Moftat y col, 2004].
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Figura 18. Estructuras quimicas de las seis benzodiacepinas estudiadas.
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1.3.2. PROPIEDADES FARMACOCINETICAS

Los datos farmacocinéticos pueden ser la base racional para el uso terapéutico de las
benzodiacepinas, pero también para las interpretaciones forenses. Hay que sefialar que la
duracion de accion de ciertas benzodiacepinas no depende solo de la vida media sino también
de su indice de metabolizacién y su distribucion dentro y fuera del cerebro [Brenneisen y
Raymond, 2001; Dart, 2004].

Las BZDs se absorben muy bien por via oral. La velocidad de absorcion aumenta con
la liposolubilidad, alcanzandose concentraciones plasmaticas maximas después de 30-90
minutos (diacepam) o después de 1 a 6 horas (alprazolam, bromacepam, loracepam,
lormetacepam). Por via intramuscular la absorcion es lenta e irregular. En situaciones de
emergencia (convulsiones) puede utilizarse la via intravenosa. El tiempo de absorcién marca
el inicio de la accion. De esta manera, podremos elegir la molécula mas adecuada teniendo en
cuenta el efecto principal que queremos lograr. Como las benzodiacepinas son muy
liposolubles, se distribuyen rapidamente por todo el organismo, siendo transportadas por las

proteinas plasmaticas, a las que se unen en una proporcién importante (Tabla 1).

Tabla1l. Datos de distribucion de las benzodiacepinas.

, \ . Vd Unibna  Tiempo
Farmaco Metabolitos activos (L/Kg) 0.0.(%) Cp méx. (h)
Accibn larga

N-desmetildiacepam;
Diacepam oxacepam; 1-2 98-99 0.5-1.5
temacepam

Accién intermedia

Bromacepam 1.4 70 1-4
Tetracepam N-desmetiltetracepam 1.1-1.7 80-90 0.5-2

Accion corta

1-hydroxyalprazolam;

Alprazolam a-hydroxyalprazolam 1-15 70-80 1-2
Loracepam 0.7-1 85 2
Lormetacepam 4.6 85 0.8-1.2
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Las benzodiacepinas se metabolizan a través del sistema microsomal hepatico donde
sufren procesos de desmetilacion e hidroxilacion para formar productos farmacolégicamente
activos. Estos a su vez son posteriormente conjugados con acido glucuronico para formar
metabolitos mas hidrosolubles e inactivos. Ademas, la velocidad de eliminacion se ralentiza

con la edad [Moréan y col, 2011].

Las benzodiacepinas se excretan preferentemente por via renal, en forma de
metabolitos (>75% de la dosis). Los derivados glucurénidos se excretan facilmente por
filtracion glomerular. La vida media de eliminacion esta condicionada por la liposolubilidad
del farmaco, la biotransformacion hepatica, la presencia de metabolitos activos y la
proporcién de grasa corporal del individuo. Se ha establecido una divisién entre
benzodiacepinas de accion ultracorta, corta, intermedia y larga, segin su vida media y la de

sus metabolitos activos, y se muestra en la tabla 2.

Tabla 2. Vidas medias de eliminacion de las BZDs.

Tipo Vida media Benzodiacepinas

BZDs de accion larga > 24 h Diacepam

BZDs de accion intermedia 12-24h Bromacepam, Tetracepam
L Alprazolam, Loracepam,

BZDs de accidn corta 6-12h Lormetacepam

BZDs de accion ultracorta <6 h Midazolam

1.3.3. PROPIEDADES FARMACOLOGICAS

Las benzodiacepinas habituales poseen varias acciones farmacoldgicas que amplian el
campo de sus posibilidades terapéuticas. De este modo, aunque comenzaron siendo
principalmente sedantes y ansioliticos menores, en la actualidad algunos farmacos del grupo
son hipnoticos de elevada eficacia, anticonvulsivantes aceptables o inductores anestésicos de
utilidad. Junto con estas acciones hay que destacar farmacos como el diacepam que desde su
comienzo se ha utilizado como relajante muscular eficaz. No todas estas funciones se
presentan habitualmente en un mismo farmaco, pues las distintas estructuras quimicas van a
condicionar su mayor o menor potencia en determinadas acciones pero si es frecuente que una
misma benzodiacepina tenga mas de una funcion, aunque sdlo se manifieste una de ellas, a

dosis terapéutica. De esto se deduce que las principales indicaciones de las benzodiacepinas
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podrian girar en torno a los estados de ansiedad, excitacion, euforia o agitacion de distinta
intensidad, contracturas musculares, alteraciones del suefio, estados maniacos leves o cuadros
convulsivos de distinta etiologia. En ciertas personas, ademas pueden aumentar los signos de
irritabilidad y hostilidad [Cabrera y col, 1993].

Las benzodiacepinas de corta duracion de accion son utilizadas preferentemente como
hipnoticos y como suplementos de la induccion de la anestesia, mientras que las
benzodiacepinas de larga duracion de accién se prescriben como ansioliticos o tranquilizantes
menores [Drummer y Odel, 2001]. La tabla 3 muestra las cinco acciones terapéuticas

principales [Rang y col, 2012].

Tabla 3. Acciones terapéuticas de las benzodiacepinas (en tratamientos breves).

Accion Uso clinico

Ansiolitico Ansiedad y trastornos de panico, fobias
Hipnotico Insomnio

Miorrelajante Espasmos musculares, trastornos espasticos

Ataques causados por ingestion de drogas,
algunas formas de epilepsia
Premedicacion quirdrgica, sedacion en
intervenciones de cirugia menor

Anticonvulsivante

Amnesia

Las benzodiacepinas son farmacos depresores selectivos del SNC, actuando
preferentemente sobre algunas estructuras como el sistema limbico. En funcién de la dosis
administrada provocaran un grado mayor o menor de depresion del mismo. Todas las
benzodiacepinas potencian los efectos de los neurotransmisores, facilitando la accion
inhibidora del neurotransmisor GABA (&cido gamma-aminobutirico), tanto a nivel pre como
post sinaptico en todas las zonas del sistema nervioso central. EI GABA origina una apertura
de los canales de cloro, por tanto la conductividad del cloro en las membranas nerviosas
aumenta, y esto hace que disminuya la accion a estimulos polarizantes (Figura 19, en
farmaconetumsa.blogspot.com). Esto viene avalado por la evidencia de que la utilizacién

previa de antagonistas del GABA reduce notablemente el efecto de las benzodiacepinas.
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Figura 19. Diagrama del mecanismo de accion del neurotransmisor natural GABA y de las
benzodiacepinas en las células del sistema nervioso, en el cerebro. (1,2) El
impulso nervioso hace que el GABA sea liberado de los lugares en los que se
encuentra almacenado en la neurona 1. (3) Es liberado en el espacio interneuronal.
(4) El GABA reacciona con los receptores de la neurona 2; la reaccion permite la
entrada de los iones cloruro (CI') en la neurona. (5) Este efecto inhibe o detiene el
progreso del impulso nervioso. (6,7) Las benzodiacepinas reaccionan con el sitio
de refuerzo de los receptores GABA. (8) Esta accion aumenta los efectos
inhibidores del GABA; el impulso nervioso en curso puede quedar bloqueado
completamente.

Como resultado de este incremento de la actividad inhibidora del GABA, se
disminuye la produccion general de neurotransmisores excitadores, tales como noradrenalina,
serotonina, acetilcolina y dopamina, que son necesarios para las funciones involucradas en el
estado normal de vigilia y alerta, memoria, tono muscular y coordinacion, respuestas
emocionales, secreciones de las glandulas endocrinas, control del ritmo cardiaco y de la
tension sanguinea y para muchas otras funciones, todas las cuales pueden ser perjudicadas por
las benzodiacepinas [Malcolm, 2005]. Se han encontrado inhibidores del GABA, como el
flumacenil, que se emplea como antidoto en sobredosis de benzodiacepinas o para despertar
en el postoperatorio a un paciente previamente sedado con benzodiacepinas [Lullman, 1992;
Cabreray col, 1993; Tan y col, 2010; Riegel y Kalivas, 2010].
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1.3.4. TOXICIDAD, DEPENDENCIA'Y ABUSO

Los efectos de una sobredosis por via oral son leves o moderados, pero la
administracion intravenosa rapida, adn en dosis terapéuticas, puede inducir un paro
respiratorio, ademas de hipotension, ataxia, letargo, habla farfullante y depresion grave del
SNC. La co-ingestion de benzodiacepinas con otras sustancias sedantes, hipndticas, etanol o
anti-psicaticos, potencia el efecto depresor sobre la respiracion y la consciencia. Su empleo
indiscriminado no esta exento de riesgos debido a sus efectos adversos y a su capacidad de
producir tolerancia a los efectos sedantes. Usando la via oral, las dosis terapéuticas estan entre
0.5y 20 mg, y las dosis tdxicas son superiores a 500 mg [Gisbert Calabuig y Gisbert Grifols,
2004]. La tabla 4 muestra las concentraciones de las benzodiacepinas estudiadas en sangre.

Tabla4. Niveles de benzodiacepinas en sangre [Moffat y col, 2004].

Niveles terapéuticos Niveles toxicos Niveles letales
Compuesto

(ng/mL) (ng/mL) (ng/mL)
Alprazolam 0.02-0.10 0.10-0.40 0.21 (1 caso)
Bromacepam 0.11-0.17 0.25-0.50 7.70 (1 caso)
Diacepam 0.10-1.00 >1.50 >5.00
Loracepam 0.05-0.24 0.30-0.60

Lormetacepam  0.01-0.02 (2casos)

Tetracepam 0.49-0.63 (2 casos)

Las benzodiacepinas se prestan al uso ludico y generan cuadros de adiccion, en los que
intervienen factores psicoldgicos y puramente tdxicos. Los compuestos de mayor potencia
farmacoldgica y con perfiles de eliminacion rapida, como el alprazolam o el loracepam, son
méas adictégenos que los que no rednen estas caracteristicas. La adiccion se produce en
pacientes que inician un tratamiento ansiolitico o hipnoinductor con benzodiacepinas, bajo
control médico, pero posteriormente contindan consumiéndolas periodos largos (>4 meses),
sin ningun tipo de control especializado. La falta de motivacion del paciente, que no se
considera toxicomano, y la presencia de una inestabilidad psiquica refuerzan el empleo de
estas sustancias, justificando que las recaidas sean muy frecuentes. La supresién brusca de la

benzodiacepina induce un sindrome de abstinencia, caracterizado por ansiedad, irritabilidad,
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taquicardia, insomnio y cefaleas. Este sindrome se corrige instaurando la dosis inicial y
disminuyéndola progresivamente en semanas. En tratamientos prolongados se evita anulando
la dosis 1 semana cada 2 6 3 meses [Ladron de Guevara y Moya Pueyo, 1995; Calonge y col,
1997; O’Brien, 2005; Autier y col, 2009].
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I.4. MATRICES BIOLOGICAS

La toxicologia forense es la responsable del analisis de psicofarmacos y drogas
susceptibles de causar dependencia y abuso, asi como de la interpretacion de los resultados
obtenidos en ellos. Los test toxicoldgicos son frecuentemente presentados en los juzgados
como pruebas en los juicios de modo que las conclusiones obtenidas dependen en muchas
ocasiones de la correcta interpretacion de los analisis realizados. Por ello cobran gran
importancia tanto las técnicas utilizadas, como la matriz biologica seleccionada para llevar a

cabo los ensayos.

Tradicionalmente las muestras méas utilizadas en el analisis de drogas son la sangre o
el plasma y la orina. Los resultados en sangre y/o plasma muestran de modo dindmico la
distribucion de la droga en el cuerpo, es decir, se puede conocer la concentracion real de
droga que en un determinado momento estd afectando al individuo, y por tanto las
condiciones farmacoldgicas del sujeto. Por el contrario, las concentraciones encontradas en
orina normalmente no se correlacionan con los efectos farmacoldgicos que se producen en el
individuo; no obstante, los elevados niveles de droga y metabolitos presentes en ella
demuestran un consumo previo de la misma. Esto, junto con la accesibilidad de las muestras y
el amplio conocimiento de la farmacocinética de las drogas, convierte a estos fluidos
bioldgicos en los mas utilizados por los toxicologos para la determinacion de sustancias de
abuso. Asi, hasta los afios ochenta, la presencia y distribucion de las drogas en el cuerpo
humano y sus posibles consecuencias en general se obtuvieron a través de los anélisis de

plasma y orina.

Sin embargo, en las Ultimas décadas se han comenzado a realizar determinaciones de
drogas en otras matrices y fluidos diferentes, no convencionales, como humor vitreo, pelo,
saliva y/o sudor. Esta nueva situacion se debe a los avances tecnoldgicos que han permitido
medir cantidades minimas de sustancias y sus metabolitos en estas muestras complejas,
suponiendo una gran ayuda para el estudio de la farmacocinética de psicofarmacos y drogas
de abuso. Estos nuevos medios bioldgicos surgieron como alternativa, pero también como
complemento de las matrices utilizadas hasta el momento, ya que cada una de ellas posee
caracteristicas especiales que proporcionan una informacion diferente, presentando por lo

tanto ventajas e inconvenientes [Kintz y col, 2007]. Cada una de estas matrices bioldgicas
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tiene unas caracteristicas diferentes (concentraciones de droga y metabolitos, ventanas de
deteccion, cantidad de muestra disponible), lo que hace que tengan distinta utilidad.

La concentracion de las drogas en la sangre y otras matrices se utiliza habitualmente
para interpretar posibles intervalos en los que se ha producido la ingestion o exposicion a una
sustancia, y como ayuda para determinar los posibles efectos farmacol6gicos. Por todas estas
razones, en este trabajo se han desarrollado nuevos métodos analiticos para determinar

opiaceos y cocaina en plasma, orina, pelo y saliva, asi como benzodiacepinas en humor vitreo.

1.4.1. CARACTERISTICAS DE LA SANGRE/PLASMA

La sangre es un liquido viscoso que fluye a través del organismo por un circuito
cerrado de vasos llamados arterias, venas y capilares. Sus principales funciones se centran en
su capacidad de disolver o mantener en suspension sustancias y por tanto transportarlas por
todo el cuerpo. Estd compuesta por los elementos formes (glébulos rojos o eritrocitos,
glébulos blancos o leucocitos, plaquetas) y el plasma, un liquido amarillento sin células [Hall,
2011]. La fase liquida de la sangre coagulada se denomina suero, que se diferencia del plasma

por la ausencia de fibrindgeno y otras proteinas que se consumieron durante la coagulacion.

El plasma es una mezcla compleja cuyo principal componente es el agua (91%).
Ademaés contiene proteinas (8%), aminoacidos, hidratos de carbono, lipidos, sales, hormonas,
enzimas, anticuerpos, gases en disolucién y productos de degradacion como urea y creatinina.
Es ligeramente alcalino con un pH=7.4. El plasma contiene varias clases de proteinas:
fibrindgeno, globulinas alfa, beta y gamma, albuminas y lipoproteinas. La albimina es la
proteina plasmatica mas abundante y es capaz de fijar diversos farmacos y determinar la
proporcién de farmaco libre presente en plasma. La presencia de estas proteinas hace que la
sangre sea unas seis veces mas viscosa que el agua [Martinez-Liarte, 1995]. Un adulto normal
de 70 Kg de peso tiene aproximadamente 5 litros de sangre, un 7% del peso corporal. Las

funciones de sus componentes estan en la tabla 5.
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Tabla5. Funciones de los componentes de la sangre.

Componentes Funciones

Agua Disolvente para transportar sustancias

Balance osmdtico, regulacion pH (Na, Ca,
Mg, CI), permeabilidad de membranas
Balance osmatico, coagulacion (albumina,
fibrindgeno, inmunoglobulinas), defensa

Sales

Proteinas plasméticas

Eritrocitos Transporte de O, y CO,
Leucocitos Produccion de anticuerpos, contra infecciones
Plaquetas Coagulacion

Glucosa, &cidos grasos,
vitaminas, hormonas, Nutrientes
productos metabolicos

Centrifugando una muestra de sangre con anticoagulante se obtendran tres capas: una
masa celular que queda en el fondo del tubo y un sobrenadante que es el plasma propiamente
dicho. Entre estas dos capas hay una tercera mas pequefia de color grisaceo-rosado, llamada
“crema de leucocitos”, cuyo principal componente son los leucocitos, pero ademas contiene

plaquetas [Hall, 2011].

La sangre proporciona una estimacion de la concentracion actual circulante de los
analitos de interés, por tanto es la muestra que mejor correlaciona sus niveles con el efecto
farmacoldgico o toxico, indicando si el individuo se encuentra bajo la influencia de una
determinada sustancia. De todas formas, el tiempo de deteccion de las drogas es muy corto
(24-48 horas), por tanto es muy Util solo cuando se trata de demostrar un consumo reciente.
La muestra es recogida por personal especializado, por lo que es dificil su adulteracion por

parte del paciente.

Una limitacion del uso de la sangre como muestra bioldgica es que requiere la adicién
de conservantes [Levine, 2003]. Ademas, su andlisis toxicoldgico debe ser considerado bajo
un triple aspecto: la presencia del agente absorbido, su distribucidn por todo el organismo y su
paso a las vias de excrecion. Puesto que ocupa un lugar intermedio entre el medio externo e

interno, puede ejercer a la vez una doble funcién de ser vehiculo y tejido, lo que le
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proporciona un caracter excepcional. En la préctica, la determinacion de sustancias en este
tipo de muestra se ve limitada por la mayor o menor facilidad de su aislamiento: destruccion
de materia organica, previa al estudio de compuestos minerales; separacion a partir de las

proteinas, previa al analisis de compuestos organicos, etc.

1.4.2. CARACTERISTICAS DE LA ORINA

La orina se produce en el rifion, cuya unidad funcional es la nefrona (Figura 20, en

recursos.cnice-mec.es/.../contenidos 14.htm). Cada rifion posee aproximadamente un millon

de nefronas que contienen los glomérulos, en donde la sangre que llega es filtrada. El
volumen y composicién de la orina se modifica a medida que atraviesa los tubulos proximal y
distal, en donde puede darse secrecion activa de los componentes desde la sangre o
reabsorcion pasiva desde el ultrafiltrado hacia la sangre. Solo las moléculas con un peso
inferior a 50.000 unidades de masa atomica son filtradas en los glomérulos, lo que significa
que las proteinas no son filtradas y por tanto tampoco lo seran las drogas unidas a las
proteinas plasmaticas. La filtracion y la secrecion aumentan la concentracion de la sustancia
en el fluido tubular, mientras que la reabsorcion la disminuye.
T TUBLO

CONTORNEADO CONTORNEADO
PROXIMAL DISTAL

CALIZ RENAL

ASA DE CONDUCTO
— HENLE DE BELLINI

Figura 20. Unidad funcional del rifion: Nefrona.

La orina esta constituida por un 98% de agua y un 2% de urea, acido Urico, minerales
y materiales fisiologicos regeneradores (hormonas, enzimas). Se trata de un fluido cuya
composicion quimica asegura el mantenimiento del balance hidrico entre los electrolitos, y la
acidez del liquido extracelular corporal hacia la vejiga; esto quiere decir que la orina es tan

solo un filtrado de los componentes quimicos de nuestro propio suero, no es toxica y tampoco
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es un simple desecho de sustancias no necesarias para nuestro cuerpo. Su densidad oscila
entre 1.01 a 1.03 g/mL y su pH normal esta entre 4.5 y 7.5. Como el pK, de acidos débiles
estd entre 3y 7.5 y el pK, de bases débiles esta entre 7.5 y 10, ciertas drogas pueden estar
presentes en diferentes proporciones dependiendo del pH urinario. Las drogas basicas se
excretaran mejor en orinas acidas, mientras que las drogas &cidas ven favorecida su excrecion

en orinas bésicas [Levine, 2003].

La orina es la matriz de eleccion para realizar el cribado cualitativo en los laboratorios
de toxicologia, debido a una serie de ventajas: la concentracion de las drogas puede llegar a
ser 100 veces mayor que en la sangre; es posible la deteccion de sustancias durante varios dias
postconsumo; no contiene proteinas, por lo que las interferencias son minimas; se obtiene
facilmente y en cantidad suficiente, en contraposicion con la sangre por el mal estado de las
venas en sujetos adictos a drogas por via parenteral (ADVPs); y no necesita adicion de
conservantes, solo debe conservarse en frio hasta su anélisis. Pero si la muerte se produce
rapidamente, la deteccion de la droga o sus metabolitos en orina sera dificil [Skopp, 2004; Pla
Martinez y Hernandez Jerez, 2004]. Ademas, su recogida implica una potencial intrusion en la
privacidad del sujeto, ya que es necesaria la observacion directa para evitar adulteraciones o

sustituciones de la muestra.

Los andlisis cuantitativos de orina permiten medir la concentracion acumulada de las
drogas desde el Gltimo vaciamiento de la vejiga, pero puede variar sustancialmente pues va a
depender de la cantidad de liquido ingerido. De todas formas se ha de destacar que los
estudios en orina proporcionan un mayor tiempo de diagnostico ya que para la mayoria de las
drogas el tiempo de detectabilidad alcanza hasta varios dias después del consumo, frente a 8-
24 horas en el caso de la sangre. Por estas razones, los analisis urinarios con frecuencia son de
ayuda para determinar los efectos fisioldgicos del agente toxico, si bien la correlacion
existente entre ambos es pobre debido a varios factores que influyen en la velocidad de

excrecion y en el volumen urinario.

1.4.3. CARACTERISTICAS DE LA SALIVA

La saliva es un fluido incoloro y de baja viscosidad, cuyo componente principal es el
agua (>97%), aunque también contiene electrolitos (sodio, potasio, cloruro y bicarbonato),

proteinas (inmunoglobulinas, amilasa, lipasa, lisozima, mucina) y sustancias transportadas
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desde la sangre [Aps y Martens, 2005; Lee y col, 2007]. La saliva es secretada dentro de la
cavidad oral por diversos tipos de glandulas, principalmente las submandibulares situadas
debajo de la lengua (65%), las parotidas que estan en la parte superior de la boca (23%), y las
sublinguales que se encuentran a ambos lados de la boca (4%), ademas de muchas otras
glandulas pequefias distribuidas en la cavidad oral (8%) [Haeckel y Hénecke, 1996; Vining y
McGinley, 1985; Veerman y col, 1996; Caddy, 1984]. La unidad basica de las glandulas
salivares es el salivon, que esta formado por &cinos, conductos intercalares, conductos
estriados y el conducto excretor. Los acinos son sacos formados por células serosas y
mucosas que segregan ptialina o amilasa, y mucina, respectivamente. (Figura 21, en

perfilembriologicobucodental.blogspot.com).

Glandula
paratida
accesoria

Conducto
parotideo

™Glandula
sublingual

Glandula submandibular ?‘-ADAM

Figura 21. Glandulas salivales.

La salivacion puede ser estimulada o reducida por varios factores (ritmo circadiano,
medicamentos), y su pH (5.5-7.9), volumen y composicion pueden variar a lo largo del dia,
por lo que la recogida de muestra debe ser estandarizada [O’Neal y col, 2000]. En condiciones
basales, el volumen producido de saliva es de 0.5 mL/min, pero puede aumentar hasta 5-6
mL/min. Crouch [2005] demuestra que cuando el pH disminuye, una porcion mayor de

farmacos basicos se ioniza y su concentracién en saliva aumenta.

Una delgada capa de células entre los conductos salivares y la circulacién sistémica

permite el paso de sustancias hidrosolubles y liposolubles por difusién pasiva, ultrafiltracién o
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transporte activo [Kidwell y col, 1998; Li y col, 2007]; sin embargo, dado que no esta del
todo claro el mecanismo de incorporacion de ciertas sustancias a la saliva, no siempre se
puede establecer una correlacion constante entre ésta y la sangre, lo que dificulta en la

practica una correcta interpretacion de los resultados analiticos obtenidos.

El primero en utilizar esta muestra bioldgica con fines analiticos fue Rasmussen
[1964] que estudid la secrecién de sulfonamidas a través de la saliva en animales, y a partir de
sus trabajos se ha ido extendiendo su aplicacion a numerosos compuestos de naturaleza
organica, incluyendo distintos farmacos, alcohol y drogas de abuso [Schramm y col, 1992;
Cone, 1993; Cone, 1997; Jones y col, 2002]. En ocasiones la presencia de drogas y/o
farmacos en fluido oral solo permite demostrar el consumo reciente de las sustancias
detectadas. De todas formas, existen algunas organizaciones (FDA, SAMHSA, etc.) que han
establecido unas directrices indicativas de valores para cada grupo de drogas de abuso, por
encima de los cuales se considera que la sustancia ha sido consumida con fines no
terapéuticos. En ocasiones, aunque la sangre es la muestra biolégica mas empleada para
proporcionar informacion valiosa sobre un consumo de sustancias, la saliva o fluido oral
constituye una buena alternativa [Kadehjian, 2005; Drummer, 2006; Samyn y col, 2007; De
Giovanni, 2008], sobre todo debido a su facil recogida en relacion con los fluidos biolégicos
tradicionales.

1.4.4. CARACTERISTICAS DEL PELO

El pelo es una matriz alternativa y complementaria a las anteriores dado que el periodo
de detectabilidad de las drogas comienza varios dias después de su administracion, momento
en el que habitualmente dejan de detectarse en la orina. Se utiliza para demostrar un consumo
anterior (semanas 0 meses antes de la recogida de la muestra). La presencia de drogas en el
pelo también puede deberse a una contaminacién externa, por lo que es necesario realizar un
lavado previo al tratamiento de la muestra, pero la presencia de metabolitos de las drogas se
considera una prueba de consumo. Debido a que el pelo crece como media 1 cm/mes, un
analisis segmentado permite determinar el historial de abuso, siendo la zona occipital del
cuero cabelludo la mas adecuada para recoger el pelo porque la velocidad de crecimiento del
mismo es mas constante. La toma de muestra se debe hacer en un ambiente no contaminado,

indicando sus extremos proximal y distal.
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Para poder interpretar adecuadamente los resultados derivados del andlisis, es
necesario conocer su biologia. El foliculo piloso es una invaginacion tubular de la epidermis
que se extiende por la dermis a 3-4 mm de profundidad [Hashimoto y Shibazaku, 1976]. Esta
rodeado por dos densas redes de capilares y glandulas sebaceas, apocrinas y sudoriparas, lo
que permite la incorporacion al pelo, no solo de los xenobidticos, sino también de aquellas
sustancias enddgenas presentes en los tejidos situados bajo el foliculo. Los principales
componentes son: cuticula o capa mas externa del pelo, cortex o zona intermedia del pelo,
médula o ndcleo del pelo, y membrana celular, que aparece en pelo totalmente queratinizado.
A lo largo de su eje, el pelo se divide en tres zonas: la mas interna, en donde se sintetizan las
células del pelo; la zona queratdgena, en donde se fortalece y solidifica, y la zona final o
region del pelo definitivo, formada por células deshidratadas y cornificadas (Figura 22)
[Harkey, 1993].

EJE CAPILAR ——Jp-

CAPAS

€ —— FOLICULO PILOSO

CELULAS MATRICLALES

Figura 22. Anatomia de un foliculo piloso y su eje capilar.

El pelo es un entramado polimérico parcialmente cristalino, que contiene numerosos
grupos funcionales y permite, por tanto, la incorporacion de moléculas pequefias. Esta
formado por proteinas (65-95%), agua (15-35%), lipidos (1-9%), minerales (0.25-0.95%) y

melanina, de concentracion variable segun el color y el tipo de pelo.
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El anélisis del pelo se basa en el hecho de que muchas drogas son atrapadas y
permanecen estables en la matriz de queratina del pelo [Wang y Cone, 1995]. Varios autores
[Blank y Kidwell, 1995; Cone, 1996] han descrito diferentes mecanismos de incorporacion de

drogas al pelo, aungue todos incluyen:

- Difusién pasiva de las drogas desde la sangre a las células del pelo en crecimiento situadas
en la base del foliculo [Pétsch y col, 1997].

- Transferencia de las drogas desde el sudor y las glandulas sebaceas y apocrinas, una vez
formado el pelo definitivo [Henderson y col, 1996].

- Contaminacién externa, en ambientes en donde se fuman drogas o se realizan analisis de
grandes cantidades de las mismas (laboratorios).

- Difusion en la piel desde la sangre y el sudor, La piel actida como un reservorio para
farmacos lipofilos [Schaefer y col, 1982; Rougier y Lotte, 1987]. Cuando se da contaminacion

externa, las sustancias pasan lentamente a la dermis y posteriormente a la sangre.

Una vez incorporadas las drogas en el pelo, éstas quedan retenidas formando
complejos estables que pueden ser detectados durante largos periodos de tiempo [Kintz y col,
2007]. Hay varios lugares de union de las drogas al pelo: proteinas, melanina y lipidos. La
afinidad por la queratina es sustancialmente mayor para las drogas basicas, tales como
cocaina, nicotina y morfina. Con respecto a la melanina, se piensa que ocurre un fenémeno de
intercambio i6nico, donde esta sustancia seria el receptor de electrones; esto explicaria por
qué especies anionicas (aspirina, THC) no son bien retenidas en el pelo, mientras que
sustancias cationicas (cocaina, opiaceos) estan en altas concentraciones. Por ultimo, y aunque
puede darse esta union con algunos farmacos [Wertz y Downing, 1988; Wertz y Downing,
1989], los lipidos no juegan un papel muy importante en la retencion de drogas en pelo, por

encontrarse en una pequefia proporcion en esta muestra [Joseph, 1996].

1.45. CARACTERISTICAS DEL HUMOR VITREO

El humor vitreo es una sustancia gelatinosa transparente, que facilita la difusion de
diferentes sustancias quimicas desde el cuerpo ciliar hacia la retina. Su pH estdentre 7y 7.8 y
se localiza entre el cristalino y la retina, ocupando la porcion central del ojo. Su volumen
aproximado es de 4 mL y constituye el 80% del globo ocular, siendo, por tanto, la mayor

estructura interna del ojo (Figura 23, en http://anatomiadelojohumano.blogspot.mx/ ). EI 99%

52


http://anatomiadelojohumano.blogspot.mx/

Capitulo I. Introduccion

de su composicion es agua, aparte de la cual, sus dos componentes principales son el colageno
y el &cido hialuronico, a los que se deben sus propiedades viscoelasticas. Otros componentes
son: aminoacidos, glucoproteinas, acido ascorbico, acido lactico, lipidos y sustancias de bajo
peso molecular (iones sodio, potasio, cloruro, calcio y fosforo) [Comper y Laurent, 1978;
Swann, 1980; Xu y col, 2000].

ligamento de suspension . tuerpo vitreo

de la lente

. LN fovea
camara anterior

punto ciego

cérnea _/
vasos

iris —4— sanguineos

cristaling %,
pupila

camara posterior 1 ;
‘nervio
aptico

Cuerpo y musculos ciliares 4
“, esclerdtica

canal hialoideo retiﬁa coroides

Figura 23. Esquema del ojo.

El humor vitreo desempefia un importante papel en el movimiento de solutos y
disolventes dentro del ojo [Vogel y Hodnett, 1981; Logan y Stafford, 1990; Bermejo y col,
1992; Lin y col, 1997]. EI movimiento del agua en el interior del vitreo es muy activo, con el
50% de la misma circulando cada 10-15 minutos. Sus funciones fisioldgicas normales son:
soporte de la retina y funcién de relleno de la cavidad vitrea, barrera de difusion entre los
segmentos anterior y posterior del ojo, amortiguacion metabolica, y establecimiento de una
via para el paso de la luz sin restricciones [Sebag y Ophyh, 1994; Pla Martinez y Hernandez
Jerez, 2004; Repetto Jiménez y Repetto Kuhn, 2009]. Las sustancias que llegan al vitreo
desde la circulacion general lo hacen a partir de la arteria oftalmica, difundiendo sélo la droga
libre. El equilibrio entre la concentracion en sangre y humor vitreo depende de los siguientes
factores: solubilidad de la droga en humor vitreo, liposolubilidad y pK, de la droga, y pH de
los dos fluidos [Ziminski y col, 1984].

Ante la imposibilidad de disponer de otro tipo de muestras (orina, plasma, sangre) en
numerosas ocasiones (cuerpos que hayan sufrido shocks hemorragicos o procesos de

descomposicion, quemados, embalsamados, etc), las investigaciones se han dirigido hacia
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otros fluidos corporales, que se encuentran en lugares cerrados y por tanto protegidos de la
contaminacion. De todos ellos, el humor vitreo es el que ofrece indudablemente mas ventajas
para determinar diferentes tipos de drogas; porque su acceso es sumamente facil, su volumen
es suficiente, posee un bajo contenido de proteinas y células, no esta muy influido por los
procesos agonicos y postmortem, y no permite neoformacion de alcohol por fermentacién
porque no contiene glucosa. Estas caracteristicas la convierten en una muestra
extremadamente Util para la deteccion de drogas de abuso [Fernandez y col, 2011] y

benzodiacepinas [Fernandez y col, 2013].

Por otra parte, a la hora de interpretar los resultados de los analisis toxicoldgicos
Ilevados a cabo hay que tener en cuenta el tiempo transcurrido desde la muerte del sujeto, la
via de administracion de la droga consumida, los habitos de consumo del individuo y la
redistribucion postmortem [Ferndndez y col, 2006]. Wyman y Bultman [2004] comprobaron
que el vitreo es una muestra adecuada para el analisis de drogas de abuso, llegando a discernir
si la morfina presente en la muestra deriva de un consumo de heroina o del metabolismo de la
codeina; si la relacion codeina/morfina es mucho menor que 1 se trataria de morfina
proveniente del consumo de heroina. En general, los resultados en humor vitreo deben servir
para confirmar la presencia de drogas de abuso, especialmente en el caso de 6AM, para
certificar el consumo de heroina debido a su mayor permanencia en vitreo [Fucci y col, 2006;
Antonides y col, 2007] pero extrapolar estos resultados para evaluar niveles sanguineos en el

momento de la muerte puede dar error [Drummer y Gerostamoulos, 2002].

La tabla 6 recoge las ventajas y desventajas de las cinco matrices bioldgicas

estudiadas.
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Tabla 6. Caracteristicas de las matrices bioldgicas estudiadas.
Sangre/ Orina Saliva Pelo Humor vitreo
Plasma
Recogida Invasiva Intrusiva Fécil acceso Fécil acceso  Fécil acceso
L Diagnostico Inadecuiada en En consumos En consumos En casos de
Adecuacion . S muertes . . S
intoxicacion - recientes anteriores putrefaccion
rapidas
A veces hay Resistente a
Deterioro Si No contaminacion No contaminacion
oral bacteriana
Adulteracion No Posible Dificil No No
Disponibilidad 1-5mL >50 mL 1-5mL Variable 1-2mL
Ventana desde: min desde: 3-9h desde: min desde:10 dias
deteccién hasta: 24-48h hasta: 1-3 dias  hasta: 24h hasta: 1 afio
Muy baja
Concentracion Baja Alta, (es la fraccion Baja Baja
(variaconpH) .
libre de drogas)
Preparacion Si Si Si Si
previa
Interoretacion Correlacion ~ Un negativo Correlacion con Demuestra Demuestra
resul fa dos con estado no es niveles plasma 0 CONSUIMO
clinico excluyente (pH-dependiente)
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1.5. METODOLOGIA ANALITICA

1.5.1. EXTRACCION ASISTIDA POR MICROONDAS

La extraccion asistida por microondas es una técnica de preparacion de muestra que
proporciona recuperaciones mejores o similares a las obtenidas en los procesos de extraccion
convencionales. Ademas, ofrece otras ventajas como un menor consumo de energia, menor
tiempo invertido, menores volumenes de disolvente y menor cantidad de residuos, por eso se

puede considerar una técnica limpia [Kingston y Haswell, 1997; Ericsson y Colmsjd, 2000].

Las microondas son ondas electromagnéticas de alta frecuencia con un intervalo de
longitud de onda que abarca desde 1 mm a 1 m (frecuencia de 300 a 3000000 MHz). La
frecuencia maxima a la que pueden actuar la mayoria de microondas industriales y domeésticos
es 2450 MHz (o a una longitud de onda de 12.2 cm), para evitar la interferencia con las ondas
de radio frecuencia. Las microondas constan de un componente eléctrico y un componente
magnético; éstas poseen una variacion sinusoidal y son perpendiculares entre si, al igual que
sus direcciones de propagacion. La energia de microondas se absorbe en forma de fotones. La
capacidad de absorber energia de microondas varia con la naturaleza quimica de la especie
sometida a la radiacion. Si las moléculas polares o particulas cargadas son libres para moverse
causan una corriente en el material, en caso contrario, las particulas sufren una reorientacion
para colocarse en la direccién del campo eléctrico. Esto se conoce como polarizacion
dieléctrica [Jacob y Boey, 1995]. La polarizabilidad se representa por la constante dieléctrica
(€”), que es una medida de la capacidad de la muestra para obstruir el paso de la energia de
microondas a través de ella. De modo que a mayor valor de & mayor es la energia
electromagnética que puede ser almacenada en el material. En presencia de un campo
eléctrico los dipolos se orientan absorbiendo energia y una vez eliminado el campo eléctrico
se restaura el desorden molecular debido a la agitacion térmica, liberandose o disipandose la
energia absorbida en forma de calor pero no de forma inmediata, sino en un corto intervalo de
tiempo, que es el tiempo de relajacion. La eficacia del calentamiento depende del tiempo de
relajacion dieléctrica que depende de la temperatura y de la viscosidad de la muestra. Por
tanto el calentamiento de una muestra sometida a radiacion de microondas dependera también

de la capacidad de la muestra para transformar la energia en calor. Por eso se define la
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siguiente ecuacién [Caddick, 1995] que permite saber la capacidad de un disolvente para

transmitir energia a los otros:
Tan o =¢”/¢’

donde 5 es el factor de disipacion, &” es la pérdida dicléctrica (una medida de la eficacia de

conversion de la energia de microondas en energia calorifica), y € es la constante dieléctrica.

La ecuacion anterior muestra que a una determinada frecuencia no hay una relacion
entre la constante dieléctrica y el factor de pérdida dieléctrica y que no todos los materiales
con alta permitividad dieléctrica presentan un factor de pérdida elevado o alta absorcion de
energia de microondas. Asi, cuando la energia de microondas penetra en una muestra, es
absorbida en una proporcién dependiente del factor de disipacion. La penetracion es
considerada infinita en materiales transparentes a la energia de microondas y cero en

materiales reflectivos como los metales [Letellier y Budzinski, 1999].

En la extraccion asistida por microondas (MAE) el calentamiento de la muestra ocurre
por distintos mecanismos segun se utilice como disolvente: una mezcla de disolventes con
alta y baja pérdida dieléctrica, un disolvente con perdida dieléctrica baja con una muestra de
pérdida dieléctrica alta o una mezcla de disolventes polares con pérdida dieléctrica alta [Dean
y col, 1999]. Los pardmetros que influyen en un proceso de extraccion asistida por

microondas son:

Disolvente: los disolventes polares absorben la energia de microondas facilmente y se
calientan mientras estan sometidos a la radiacién. Durante el proceso de extraccion en
recipientes cerrados, el disolvente elegido puede ser calentado por encima de su punto de
ebullicion, reduciéndose el tiempo requerido para la extraccion. EI volumen del disolvente
debe ser suficiente para asegurar que todo el analito estd en él; normalmente es 10-30 mL
[Eskilsson y Bjorklund, 2000; Cela y col, 2002].

Temperatura: afecta a los dos mecanismos de conversién de energia: rotacion dipolar
y conduccion ionica. La contribucion de cada uno de estos dos mecanismos de calentamiento
dependera de la molécula, de la concentracion de los iones en la muestra y de su tiempo de
relajacion. El agua exhibe una reduccion del factor de disipacion cuando aumenta la
temperatura, mientras que la mayoria de los disolventes organicos se comportan de modo

contrario. La estabilizacion de la temperatura es posible sélo si el calor se puede eliminar en
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proporcion suficientemente alta o si se limita la potencia del microondas. Si se trabaja a una
temperatura superior al punto de ebullicién del disolvente la eficacia de la extraccion aumenta
porque aumenta la desorcién de analitos de la matriz y la capacidad de solubilizacién de los
disolventes, mientras que disminuye la tension superficial y la viscosidad del disolvente

[Ericsson y Colmsj6, 2000].

Potencia: se selecciona segun el nimero de vasos introducidos en el aparato. Debe ser
elegida correctamente para evitar excesivas temperaturas, que provoquen la degradacion del

soluto o sobrepresion dentro de los vasos.

Tiempo de extraccion: un aumento del tiempo puede llevar a recuperaciones mayores,

pero si es demasiado largo se pueden degradar los analitos termolabiles.

Naturaleza de la matriz: el contenido en agua de la matriz es de gran importancia
porque absorbe fuertemente la radiacion de microondas. Como consecuencia obtener

resultados reproducibles requiere el control del contenido en agua de la matriz [Camel, 2000].

Los sistemas de microondas constan de dos componentes principales, unidos mediante
la guia de ondas: 1) el generador de microondas o magnetron, que es un tubo de vacio que
convierte la energia eléctrica continua en energia de microondas. La energia de los electrones
se convierte en energia de radiofrecuencia en una serie de cavidades resonantes; y 2) el
aplicador de microondas, que asegura la transferencia de energia electromagnética desde la
linea de transmision hasta el material a tratar. Las paredes metalicas absorben una pequefia
cantidad de energia, pero la mayor parte es reflejada volviendo al magnetron, disminuyendo
su eficacia y su vida. Para evitar esto se usa un circulador que redirige y refleja la potencia

lejos del magnetron [Cela y col, 2002].

Actualmente estan comercializados dos tipos de sistemas analiticos de calentamiento

por microondas: el sistema de recipiente abierto y el sistema de recipiente cerrado.

Sistema de recipiente abierto: la extraccion tiene lugar a presion atmosférica, por tanto la

maxima temperatura posible viene determinada por el punto de ebullicion del disolvente a esa
presion. El sistema utiliza microondas enfocadas, siendo el calentamiento de la muestra muy

homogéneo y eficaz.
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Sistema de recipiente cerrado: el disolvente puede calentarse a temperaturas superiores a su

punto de ebullicion a presion atmosférica, proporcionando mayor eficiencia y rapidez de
extraccion y permitiendo varias extracciones simultaneas. Como el campo eléctrico no es
homogéneo en la cavidad, los recipientes se colocan en un soporte giratorio [Camel, 2000].
Un sistema comercial de este tipo es el ETHOS PLUS MPR-300/12S de media presion
(Milestone), que permite trabajar con 12 vasos de extraccion irradiados simultdneamente
hasta alcanzar 1000 W de energia de microondas al 100% de potencia. El sistema esta

formado por los siguientes componentes:

Vasos de extraccion: son vasos de teflon con una capacidad de 100 mL, que resisten
temperaturas maximas de trabajo de 260°C (periodos largos) o 300°C (periodos cortos) y una
presion maxima de 35 bar (500 psi). Estan contenidos en un cuerpo rigido, que evita
deformaciones laterales y se utilizan sellados con una tapa también de teflon, transparente a la
energia de microondas e inerte a los disolventes empleados. Durante la extraccion se
encuentran presurizados y por ello incorporan un mecanismo de cierre que es al mismo
tiempo un sistema de alivio de presion (“tapa muelle”). Asi, se permite que los vasos se abran
eliminando el exceso de presion y rapidamente se vuelvan a cerrar para evitar pérdidas de
componentes de la muestra. En este sistema se puede trabajar con agitacién constante que

mejora el rendimiento de la extraccion.

Sistemas de control de presién y temperatura: el control de temperatura se lleva a cabo
con una sonda colocada en el interior del vaso de referencia. La temperatura maxima de
trabajo de la sonda es 300°C. La fibra esta conectada a un sistema de control que permite
variar la potencia del microondas para mantener la temperatura fijada para la extraccién. Un
sistema regula la presion permitiendo como méaximo 35 bares. EI microondas posee ademas
un sensor QP (Quality Pressure) que detecta la presencia de productos de reaccién dentro de
la cavidad, de forma que envia una respuesta si la concentracion de dichos productos
sobrepasa un limite definido. El sensor QP también puede actuar como un sistema adicional
de seguridad, ya que controla el calentamiento evitando una sobrepresion y como
consecuencia la apertura de los vasos. Cuando el sensor QP detecta gases que han difundido a

través de los vasos rapidamente regula la potencia del microondas (Figura 24).
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Figura 24. Microondas utilizado en este trabajo.

1.5.2. CROMATOGRAFIA LIQUIDA-DETECTOR DE RED DE DIODOS

Actualmente el método estandar para el analisis de drogas es la cromatografia de
gases-espectrometria de masas (GC-MS) debido a su elevada sensibilidad y especificidad. Sin
embargo, los compuestos no volatiles no pueden ser analizados por esta técnica a no ser que
sean volatilizados por derivatizacion; otro de sus inconvenientes es su elevado coste. Ambos
aspectos han ido restringiendo su aplicabilidad. Por otro lado surge la cromatografia liquida
de alta resolucién (HPLC) como una técnica que puede separar un amplio rango de analitos
sin necesidad de tratamientos previos. Ademas la cromatografia liquida presenta otras
ventajas respecto a la cromatografia de gases porque separaciones complicadas,
frecuentemente son llevadas a cabo de forma mas eficaz en cromatografia liquida. Las
separaciones cromatograficas son el resultado de la interaccion especifica entre los analitos y
las fases estacionaria y mavil. Estas interacciones no existen en la fase movil gaseosa de la
cromatografia de gases, pero si en la de la liquida, lo que origina otra variable que controlar y
optimizar en la separacion. Existe una gran variedad de fases estacionarias diferentes Utiles en
cromatografia liquida, que permiten un amplio rango de interacciones selectivas y aumentan
las posibilidades de separacién. Por ultimo, las separaciones cromatograficas son mejores
cuanto menor es la temperatura, porque las interacciones moleculares son mas efectivas, esto
favorece a la cromatografia liquida que normalmente tiene lugar a temperatura ambiente
[Snyder y Kirkland, 1979].
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La cromatografia liquida de alta resolucién es importante por su sensibilidad, su facil
adaptacion a las determinaciones cuantitativas exactas, su idoneidad para la separacion de
especies no volatiles o termolabiles y sobre todo su aplicabilidad a sustancias como las que

NoS ocupan.

Fuenta da
helio regulada —=

Vélvula de salida

—_—
Al
Amortiguador desech

de pulsaciones
lj %omba Vilvula de Il
Disclventes de reserva entrada Valvula de

l . Eiltro I drenaje
Difusor  de T
) entrada l

J Jeringa para cebar

—
Regulador Filtro
Transductor dg contrapresion

de presidn

————
Valvula de inyeccion

Figura 25. Esquema basico de un equipo de HPLC.

Las partes que componen normalmente un sistema HPLC son: bomba, inyector,
columna y detector (Figura 25). La bomba facilita una circulacion continua e ininterrumpida
de fase movil a través del sistema. El inyector hace posible la introduccién de la muestra sin
despresurizar el sistema y sin sobrecargar la columna. La columna es el corazén del HPLC, en
donde se produce la separacion de los analitos de una mezcla. El detector es un dispositivo
capaz de detectar una sefial relacionada con la concentracion de los solutos que
separadamente van saliendo de la columna. Esta sefial obtenida y el tiempo de retencion
caracteristico de cada componente daran lugar a un cromatograma. De esta forma se puede

realizar el andlisis cuantitativo y cualitativo de la muestra.

El detector ultravioleta mas reciente es el detector de red de diodos (Figura 26) en el
cual la radiacion procedente de una ldmpara de deuterio pasa a través de un divisor de haz
hacia la celda de flujo, de modo que la muestra recibe la radiacion luminica total. El haz de
luz pasa a través de otra lente que lo enfoca hacia una red de difraccién produciendo la

dispersion de la luz. La radiacion dispersada se refleja sobre un transductor de red de diodos
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situados sobre un chip de silicona. Al existir la misma separacion entre las rendijas de la red
de difraccion que entre los diodos, la sefial de cada diodo se corresponde con radiaciéon de
diferente longitud de onda. La serie de diodos en conjunto cubre un ancho intervalo del
espectro, 190 a 800 nm, midiendo cada uno de ellos una banda estrecha del espectro de 1 6 2
nm. El escaneado secuencial de todas las sefiales da lugar a un espectro y permite monitorizar
la muestra a mas de una longitud de onda. El detector de red de diodos presenta tres grandes
ventajas: deteccion de sefial multiple, identificacion de picos y determinacion de la pureza de

los picos [Huber y George, 1993].

Lampara

Fuente de Deuterio
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Rendija de dispersian

Figura 26. Esquema bésico de un detector de red de diodos.

1.5.3. DISENOS EXPERIMENTALES

La experimentacion forma parte natural de la mayoria de las investigaciones
industriales, cientificas y en estudios toxicologicos, donde la presencia de distintos factores

influye sobre los resultados del proceso de interés [Kobilinsky, 1997; Kuehl, 2000].

Es fundamental conocer los factores que influyen realmente entre un numero
considerable de posibilidades y estimar esta influencia. Para ello es necesario planificar los
experimentos, variar las condiciones experimentales y observar la variable respuesta. Del
analisis y estudio de la informacion recogida se obtienen las conclusiones. La planificacion de
experiencias consiste en imponer a los factores variaciones particulares, medir las variaciones
inducidas y deducir las relaciones entre causas (factores) y consecuencias (respuestas). Se
podria definir el concepto de experiencia como la prueba o ensayo efectuado para estudiar un

fendmeno; la respuesta experimental seria la manifestacion medible que se observa al variar
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los factores estudiados, y debe ser pertinente, repetible y tener una precision aceptable. La
forma tradicional que se utilizaba en la experimentacion, para el estudio de estos problemas,
se basa en estudiar los factores uno a uno, esto es, variar los niveles de un factor
permaneciendo fijos los demas. Esta metodologia presenta grandes inconvenientes como el
gran numero de ensayos necesarios, que implica un aumento de tiempo de trabajo y coste, asi
como la imposibilidad de evaluar las interacciones entre las variables [Miller y Miller, 2002].

Como alternativa, el disefio de experimentos permite estudiar simultaneamente los
efectos de todos los factores de interés, son mas eficaces y proporcionan mejores resultados
en un tiempo razonable de trabajo que implica un menor coste [Ryan, 2007]. Se trata de una
herramienta quimiométrica para la planificacion y andlisis de experimentos, con el objeto de
obtener la informacion requerida, con la mayor precision y eficacia posible. De esta manera se
consigue caracterizar y optimizar un proceso, determinando los parametros operacionales que
influyen sobre las respuestas [Lewis y col, 1999]. Las etapas a seguir en el proceso de

utilizacion de disefio de experimentos en un estudio determinado son las siguientes:

— Definir los objetivos del experimento.

— ldentificar las posibles variables influyentes.

— Definir el dominio experimental de trabajo

— Determinar las respuestas susceptibles de variacion.

— Plantear una estrategia experimental basada en una matriz de experimentos.

— Llevar a cabo los experimentos y realizar el andlisis estadistico de los resultados.

Para alcanzar el objetivo, puede disefiarse una estrategia que permita estimar la
magnitud y direccion de los efectos de todas las variables (disefios de cribado o screening).
Tras descartar los factores no significativos, el nimero de variables utilizadas para crear un
disefio que permita el estudio de factores se reduce considerablemente, y por tanto también lo
hace el nimero de experimentos a realizar lo que supone un ahorro de tiempo y dinero. En
este segundo tipo de disefios se mide el cambio en la respuesta con los distintos niveles de un
factor (efectos principales) y se pueden determinan las interacciones entre factores. Los
experimentos realizados en esta fase del estudio pueden servir de base para la optimizacion
del proceso. En estos estudios todos los factores deben tener al menos dos niveles. EI namero
de coeficientes en el modelo matematico postulado y el numero de experiencias necesarias

para determinar los coeficientes aumentan bruscamente con el nimero de niveles de los
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factores y con el estudio de las interacciones entre variables. Existen varios tipos de disefios
de experiencias, entre los que destacan las disefios factoriales simétricos o asimétricos [Lewis
y col, 1999], completos o fraccionales [Fernandez Ruano y Tomas, 2007]. Una vez definido el
disefio de experiencias se transforma en el plan de experimentacion, que consiste en la
aplicacion en el mundo real de la estructura formal definida por el disefio o matriz de
experiencias. A continuacion, se realizan las experiencias y se obtiene la matriz de respuestas.
Un grado méas de conocimiento se adquiere en el estudio de las respuestas, con el fin de
prever en cualquier punto del campo experimental de interes, el valor de la respuesta sin estar
obligado a efectuar la experiencia [Mathieu y Phan-Tan-Luu, 1997; Lewis y col, 1999; Myers
y col, 2009]. Finalmente, la optimizacion grafica a través de las superficies de respuesta, 0
numérica, mediante funciones de deseabilidad, permite encontrar las condiciones

operacionales que proporcionan las mejores respuestas [Lewis y col, 1999].

En general, se puede establecer una relacion de regresion entre la funcion respuesta y
las variables influyentes, a través de un modelo polinémico de primer o segundo grado:

2 2
Y= ﬂO +,lel +..+ ﬂnxn + ﬁllxl +..t+ ﬂnnxn + ,Blnxlxn +..+ ﬂnlxnxl

donde Y es la respuesta, y X, son los diferentes factores de los que depende la respuesta. Los

coeficientes S tienen el siguiente significado:

Soes el término constante
fnes el efecto lineal del factor n
Pines el efecto de interaccion de dos factores

Pnn €s el efecto cuadratico del factor n-ésimo

Los experimentos realizados permiten la evaluacion mediante el analisis de varianza
[Otto, 2007] de los coeficientes del modelo, de modo que se determina la importancia de cada
factor, asi como las posibles interacciones entre factores, mediante la metodologia de

superficies de respuesta.

Disenos de screening asimétrico

El cribado o screening de factores, consiste en investigar de manera rapida cuales son
los factores influyentes dentro de un conjunto potencial. No siempre es adecuado utilizar
disefios que consideran el mismo nimero de niveles para todas las variables consideradas

(disefios simetricos) o, incluso, sélo dos niveles por factor (Plackett-Burman). Para estudiar
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variables que no tienen el mismo ndmero de niveles se emplean disefios asimétricos. Para que
las estimaciones de los efectos principales de cada nivel sean obtenidas de manera
independiente, los niveles de una variable deberan estar combinados con cada uno de los
niveles de otra variable siguiendo frecuencias proporcionales. Los software disponen de
diversas formas de obtener estas matrices, pero destacan los métodos de correspondencia
propuestos por Addelman para la construccion de matrices asimétricas [Lewis y col, 1999].

La influencia de los distintos niveles de cada factor sobre la respuesta (como eficacia
de extraccion de cada compuesto) y las interacciones entre factores quedan puestas de
manifiesto mediante dos tipos de gréficos de diagramas de barras: Efectos totales y de Pesos
delta, que permiten comparar los efectos relativos sobre la respuesta de un cambio de nivel en
una variable. El grafico de los Pesos delta representa los efectos relativos cuando se produce
un cambio de nivel para cada variable. La longitud de las barras es proporcional a la amplitud
del efecto relativo. Las barras se dirigen hacia la derecha cuando el efecto es positivo y hacia
la izquierda cuando es negativo. Las lineas discontinuas del gréafico indican los limites de
significacion estadistica. Si las barras de los efectos sobrepasan dichas lineas, el efecto del
nivel considerado sobre la respuesta estudiada es estadisticamente significativo. El gréafico de
los Efectos totales es también un diagrama de barras en el que la longitud de cada barra es
proporcional al valor del efecto de cada nivel de un factor sobre la respuesta [Mathieu y col,
2000].

Disefios de superficie de respuesta

Entre los disefios de superficie de respuesta mas utilizados cabe destacar el disefio
central compuesto (CCD) de dominio esférico («=1.682). Son disefios construidos a partir de
disefios factoriales 2 con 2k combinaciones adicionales llamadas puntos axiales o en estrella
y No puntos centrales [Myers y col, 2009; Lewis y col, 1999]. Las coordenadas de los puntos
axiales de los ejes del factor codificado son (+ ,0,0,...,0), (0,£0,0,0....,0), ..., (0,0,0,....£a) y
los puntos centrales son de la forma (0,0,0,...,0). De este modo, el nimero de niveles
considerado para cada factor es cinco. EI niumero de experimentos en un disefio central
compuesto, se determina por la expresion siguiente: N = 2 + 2k + no; donde k es el niimero de
factores y ng el nimero de repeticiones en el centro del dominio experimental. ElI punto
central se repite para lograr la estimacion del error experimental, y reducir la varianza de las

estimaciones, v (y) en el centro del dominio experimental. La rotabilidad es una propiedad
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deseable de estos disefios, segun la cual la varianza de los valores estimados es constante en

Y4 Asi, el valor de a

puntos equidistantes del centro del disefio. Se logra estableciendo o = 29
para un disefio de tres factores es a =1.682. Los valores de respuesta obtenidos tras la
experimentacion, se utilizan para estimar los valores de los coeficientes del modelo, a través
de la regresion lineal multiple mediante el método de minimos cuadrados. La validacion del
modelo se lleva a cabo mediante ANOVA. Las representaciones graficas en 2D y 3D de las
superficies de respuesta, que enfrenta dos factores, se utilizan para estudiar la influencia sobre
la respuesta. La optimizacion multirespuesta presenta la dificultad de encontrar unas
condiciones de compromiso comunes a todos los analitos, donde todas las respuestas
presenten un valor optimo. Por ello se recurre a la optimizacion numérica basada en la
aplicacion de funciones de deseabilidad [Lewis y col, 1999]. Estas funciones permiten la
obtencion inequivoca de unas condiciones Optimas de extraccion simultanea para las
respuestas estudiadas sin experimentacion adicional. Para ello, se propone una funcion de
transformacion de las respuestas que tenga un grado de conformidad adecuado para cada
respuesta. Se define la funcion de deseabilidad individual d; = d(Y;) = 1, ..., r) para cada
respuesta en funcion de la combinacion de todas las respuestas de modo que cuando d; se
aproxima a 0 indica la ausencia de conformidad con la respuesta deseada y cuando d; se
aproxima a 1 indica total conformidad. Finalmente, se define una deseabilidad global, D,
calculada como la media geomeétrica de las d; individuales.

Existen otros disefios de superficie de respuesta recomendables para problemas de
optimizacion por sus propiedades y por ser econémicos, en términos del numero
experimentos que debe ser realizado. Asi, el disefio Hibrido permite estudiar diferentes
niveles para los factores considerados con un minimo de experimentos inferior al CCD.
Consiste en un disefio factorial para todas las variables excepto una, y las variables restantes
mantenidas en un nivel constante; un disefio de estrella para las mismas variables, la variable
restante es mantenida a un nivel constante diferente; 2 0 mas puntos axiales; se puede afiadir
uno o0 mas puntos centrales [Lewis y col, 1999]. Tiene mucha similitud con el CCD. Los
disefios Hibridos existen para 3, 4 y 6 factores en un dominio esférico, donde la mayoria de
los experimentos se llevan a cabo en la superficie de la zona de interés. No son adecuados
para un enfoque secuencial y los experimentos deben realizarse en un solo bloque y en orden

aleatorio.
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1.5.4. VALIDACION DE LOS METODOS ANALITICOS

La validacion de un método analitico requiere demostrar que el procedimiento de
analisis cuantitativo de los analitos en una matriz biologica es fiable dentro de un margen de
error determinado para comprobar si es 0 no adecuado para la resolucion de problemas
analiticos. Solamente los métodos analiticos validados permiten asegurar como ciertos los
resultados obtenidos. Los criterios seguidos en este trabajo son los recomendados por
organizaciones como la FDA [Food and Drug Administration] y la ICH [International
Conference of Harmonization]. Para realizar la validacion es necesaria la determinacion de los
siguientes pardmetros: linealidad y analisis de regresion, sensibilidad, limites de deteccion y

cuantificacion, selectividad, precision, exactitud, recuperacion y robustez.

Linealidad y andlisis de regresion: La linealidad de un método analitico se define
como la capacidad de obtener respuestas linealmente proporcionales a la concentracion de un
analito en un intervalo determinado. El estudio de la linealidad requiere la realizacion de
curvas de calibrado, que han de ser realizadas para cada uno de los analitos en estudio,
utilizando una muestra cero (matriz sin droga) y seis a ocho niveles para definir de forma
adecuada la relacion entre la concentracion y la respuesta. Las concentraciones de los puntos
estandar son elegidas en base al rango esperado en cada situacion particular. Las curvas de
calibrado se obtienen mediante la representacion grafica de las areas de los picos
cromatograficos obtenidos frente a la concentracion conocida del analito. Los datos obtenidos
permitiran realizar un analisis de regresion mediante el cual se ajustan a un modelo lineal del
tipo y = ax + b donde a es la pendiente de la recta de regresion y b es la ordenada en el origen.
También es coman calcular el coeficiente de correlacion, r, que muestra el grado de relacién

entre las variables x e y, al igual que el coeficiente de determinacién, r’.

Sensibilidad: La sensibilidad de los métodos analiticos es la capacidad para discernir

pequefias variaciones en la concentracion del analito.

Limites de deteccion y cuantificacion: El limite de deteccion (LOD) se define como
la menor cantidad de analito que puede detectarse con seguridad diferenciandose
estadisticamente de un blanco y que no tiene que ser cuantificada como un valor exacto. El
limite de deteccién se calcula realizando replicados de muestras blanco, empleando un

minimo de cinco determinaciones y utilizando las ecuaciones siguientes:

LOD: SIR = 3; YLOD= 3Yb

70



Capitulo I. Introduccion

donde S/R es la relacién sefial-ruido e Yy, representa la sefial de un blanco cuyos picos definen
el ruido medio estimado para cada compuesto. A continuacién, sustituyendo la sefial en la
ecuacion de la recta de calibrado:

Yiop =aXiopt+ b

El limite de cuantificacion (LOQ) se define como la menor cantidad de analito que
puede ser determinada cuantitativamente con unos niveles aceptables de exactitud y precision
Se expresa como aquella concentracion cuya sefial instrumental es igual a la media de las

sefales del blanco mas diez veces la desviacion estandar de éstas
LOQ S/IR = 10; YLOQ = lon

donde S/R es la relacion sefial-ruido e Yy, representa la sefial de un blanco cuyos picos definen
el ruido medio estimado para cada compuesto. A continuacion, sustituyendo la sefial en la
ecuacion de la recta de calibrado:

Yiog =aXiog+ b

Se acepta como limite inferior de cuantificacion (LLOQ) el estdndar méas bajo de la
curva de calibracidn si cumple las siguientes condiciones: la respuesta del analito en el LLOQ
es por lo menos cinco veces superior a la respuesta del blanco, y el pico del analito es

identificable y reproducible con una precision de 20% y una exactitud de 80-120%.

Selectividad: La selectividad es la capacidad de un método analitico de distinguir y
cuantificar el analito en presencia de otros componentes de la muestra. Existen diferentes
métodos para validar la selectividad. EI método mas sencillo cuando se habla de analisis
cromatograficos es demostrar la ausencia de respuesta en una muestra blanco de la matriz
bioldgica que tratemos. Para confirmar que el método analitico es selectivo se debe realizar el
analisis de al menos cinco muestras blanco de diferente de procedencia. Una vez hecho esto
se examinaran con cuidado los cromatogramas en los tiempos de retencién de los analitos de

interés.

Precision y Exactitud: La precision es una medida de la variabilidad de los resultados
obtenidos cuando una muestra se analiza repetidas veces con un mismo método analitico, es
decir, es una indicacion de la reproducibilidad de una medida. Se recomienda realizar un
minimo de cinco determinaciones por cada concentracion y un minimo de dos niveles (alto y
bajo) dentro del rango seleccionado. Se expresa normalmente como coeficiente de variacion

(CV) 6 desviacion estandar relativa (RSD) y viene determinado por la formula:
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CV = x100

< || »n

siendo s la desviacion estandar yx el valor medio. El coeficiente de variacion calculado para
cada nivel de concentracion no debe exceder del 15%, a excepcion del LLOQ donde no debe
exceder del 20%, como criterio de validacién. Existen dos tipos de precision, intra-serie 0
repetibilidad, que determina la precision durante el procesado de una sola secuencia de datos;
e inter-serie o reproducibilidad que refleja la precision en el tiempo.

La exactitud analitica de un método es la medida de la concordancia entre el valor
obtenido en una medida y su valor real o asignado. La determinacion de este pardmetro
permite estimar el grado en el que los errores sistematicos afectan a un método en particular
[Araujo, 2009]. Existen varios procedimientos para su evaluacion: medida del analito en un
material de referencia certificado y comparacion del resultado con el valor certificado;
comparacion de los resultados del método propuesto con los resultados de un método de
referencia y el andlisis de muestras adicionales [Campafié y Rios, 2002]. La exactitud debe
ser calculada para un minimo de cinco replicados por cada concentracién, aplicadas por lo
menos a dos niveles de concentracién distintos dentro del rango de la curva de calibrado. Para

ello se ha empleado la siguiente ecuacion:

E -1 X"%l 100
Xt

siendo E, el error relativo; x el valor de la media y x, el valor tedrico. El error relativo medio

debe ser inferior o igual al 15% respecto al valor real, excepto en el limite inferior de
cuantificacion (LLOQ), donde la desviacién no debe superar el 20%, para Ssu uso como
criterio de validacion [Shah y col, 2000; Peters y Maurer, 2002].

Recuperacion: La recuperacion es la relacion porcentual entre la respuesta del
detector obtenida a partir de una cantidad de analito afiadido y posteriormente extraido de la
matriz bioldgica, en comparacion con la respuesta de ese mismo detector obtenida para la
concentracion verdadera de la sustancia estandar pura. La recuperacion nos proporciona la
idea de la eficacia de la extraccion de un método analitico dentro de unos limites de
variabilidad. La recuperacion del analito no tiene porqué ser del 100%, pero si debe ser

constante, exacta y reproducible [Bressolle y col, 1996]. Después del proceso de extraccion,
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cinco muestras conteniendo las drogas fueron analizadas en el cromatografo y a otras cinco
muestras blanco se les afiadid la cantidad exacta del analito para conseguir la concentracion
tedrica maxima antes de ser medidas en el cromatografo. La recuperacion se calcula
comparando las areas de cada analito en las primeras cinco muestras (drogas extraidas), con

las reas de cada analito en las otras cinco muestras (que representaban el 100% del analito).

Robustez. Mide la capacidad de un procedimiento analitico para no ser afectado por
variaciones pequefias pero deliberadas en los parametros del método, y proporciona una
indicacion de su fiabilidad durante su uso habitual [ICH Q2B].
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1.6. DETERMINACION DE DROGAS DE ABUSO Y BENZODIACEPINAS
EN MATRICES BIOLOGICAS. ANTECEDENTES BIBLIOGRAFICOS

La preparacion de la muestra para el analisis es un paso muy importante, siendo
normalmente el paso mas lento. La finalidad de este proceso es la extraccion de los analitos
de matrices complejas en el menor tiempo y con el menor consumo de energia posible y con
la mayor eficiencia y reproducibilidad posible. Los sistemas mas comunes de extraccion de
drogas de abuso actualmente son: extraccion liquido-liquido y extraccion en fase solida. El
elevado consumo de drogas de abuso hace necesaria una investigacion continuada en este
campo, tanto desde el punto de vista analitico como toxicoldgico, lo que lleva a la busqueda
de métodos mas eficaces de extraccion, tales como la extraccion asistida por microondas. La
radiacion de microondas ha sido muy utilizada para la extraccion de contaminantes organicos,
tales como hidrocarburos aromaticos policiclicos, policlorobifenilos, pesticidas, herbicidas,
fenoles, en varias matrices como sedimentos, suelos, aguas, etc. Pero en escasas ocasiones

para la extraccion de drogas de abuso y ain en menor medida a partir de matrices bioldgicas.

La extraccién de compuestos organicos por radiacion microondas fue realizada por
primera vez por Ganzler y col [1986], que desarrollaron procedimientos para la extraccion de
lipidos, no-nutrientes y pesticidas de suelos, sedimentos y alimentos utilizando un pequefio
volumen de disolvente, irradiando durante treinta segundos hasta siete veces en microondas
domeésticos (1140 W). Unos afios después el mismo investigador y sus colaboradores [Ganzler
y col, 1990] llevaron a cabo la extraccién de esparteina y sus metabolitos en diferentes
matrices (sedimentos y heces de rata), demostrando que la reproducibilidad de cualquier
técnica de microondas depende de la homogeneidad de la radiacidon, y que ésta viene
determinada por las caracteristicas del magnetrén y por el modo de propagacién de la onda en

la cavidad del microondas.

Paré y Belanger [1994] desarrollaron procesos de extraccion de productos naturales en
agua, suelos, plantas y animales. Este método muestra capacidades analiticas tales como
selectividad, sensibilidad, linealidad y reproducibilidad similares o mejores que las de
métodos tradicionales. Es en este mismo afio cuando surge una de las primeras aplicaciones
de la radiacion microondas a tejidos biologicos realizada por Croteau y col [1994] que
extrajeron el acido 3-nitro-4-hidroxifenilarsénico de higado, rifion y musculo de cerdo. Este

acido es un suplemento dietético para cerdos que aumenta enormemente su crecimiento.
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Franke y col [1996] utilizaron la radiacion de microondas para la extraccion de drogas
de suero humano entre ellas metadona, lidocaina y diacepam. El sistema fue comparado con
la extraccion liquido-liquido concluyendo que no existe degradacion de las drogas por la
exposicion a elevadas temperaturas y que las recuperaciones obtenidas para las muestras son
similares por ambos métodos. Sin embargo, el uso de microondas disminuye el tiempo de

extraccion y el consumo de disolvente.

Eskilsson y Bjorklund [1999] aplicaron la extraccion asistida por microondas (MAE)
para la obtencion de felodipina a partir de comprimidos. Trataron de optimizar el disolvente
de extraccion y el tiempo de extraccion. En su trabajo concluyen que una de las mayores
ventajas de este sistema es el minimo tratamiento de muestra ya que se trata de una extraccion

directa sin ningun tratamiento previo.

Brachet y col [2002] y Bieri y col [2006] llevaron a cabo la extraccion de cocaina y
benzoilecgonina a partir de las hojas de coca, utilizando para ello la extraccion asistida por
microondas de enfoque (focused microwave assisted extraction) a presion atmosférica. Los
resultados que obtuvieron muestran que la absorcion de la radiacion microondas por los
disolventes juega un papel importante en la eficiencia de la extraccion, seleccionando metanol
debido a que su capacidad de calentamiento es buena al igual que su habilidad para solubilizar

cocaina.

Deng y col [2006] aplicaron la extraccion asistida por microondas combinada con la
microextraccion por espacio de cabeza a muestras de paeonol en comprimidos. En la
optimizacion del proceso concluyeron que una elevada potencia de la energia de microondas y

tiempos largos de irradiacion pueden llevar a la descomposicion del analito.

La extraccion asistida por microondas (MAE) ha sido aplicada para drogas de abuso
en orina, saliva, pelo y humor vitreo [Fernandez y col, 2007; 2008; 2009; 2011]. Los
parametros optimizados mediante disefio experimental fueron: temperatura, tiempo de
extraccion, y tipo y volumen de disolvente, obteniendo buenos resultados con un tiempo de 10
minutos, a 60/100°C y usando pequefios volumenes de extractante (cloroformo o

diclorometano).

Alvarez y col. [2008, 2009] han propuesto dos métodos basados en MAE para la
extraccion de etil glucuronido (ETG), marcador del consumo de alcohol, en orina y pelo. Las
condiciones de trabajo se fijaron en 110°C, 11 minutos y 8 mL de n-hexano/agua (1:1 v/v).
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Desrosiers y col. [2009] llevaron a cabo un estudio sobre la aplicacion de la MAE a la
extraccion de diferentes farmacos (ketamina, diacepam y pentobarbital) a partir de hueso
molido de animales que fueron expuestos previamente a dosis elevadas de los mismos.
Estudiaron el efecto del disolvente de extraccion, la masa ésea y el tiempo de irradiacion,
obteniendo buenos resultados con un tiempo de 5 minutos, adicion de tampén fosfato y

extraccion con metanol o agua-metanol, a presion atmosférica.

Mazzarino y col. [2010] demostraron que la radiacion de microondas acelera la etapa
de extraccion liquido-liquido de diuréticos, narcéticos, glucocorticoides, beta-bloqueantes y
beta2-agonistas, compuestos incluidos en la lista de sustancias prohibidas publicada cada afio
por la Agencia Mundial Antidopaje. La potencia Optima se fijo en 600 W (generando una
temperatura de 70°C) para los componentes mas termolabiles y 1020W (generando una
temperatura de 150°C) para los otros compuestos estudiados. Los experimentos realizados con
mayor potencia y tiempo mostraron peores resultados debido a la degradacion de las
sustancias. Las mejores recuperaciones se obtuvieron utilizando acetato de etilo como

disolvente.

Wietecha-Postuszny y col [2011] desarrollaron, optimizaron y validaron un método
para la determinacion de ocho antidepresivos triciclicos en pelo, basado en la irradiacién con
microondas. Simultaneamente realizaron la hidrolisis alcalina y la extraccion asistida por
microondas a 60°C con hexano-alcohol isoamilico (99:1 v/v) como disolvente de extraccion.
Los extractos fueron analizados por HPLC-DAD, con LOQ entre 0.9 y 4.0 pg/g (rango

terapéutico).

De Brabanter y col [2013] desarrollaron un procedimiento réapido para la
determinacion de 11-nor-D9-tetrahidrocannabinol-9-acido carboxilico (THCA), principal
metabolito de los cannabinoides, en orina. EI método descrito se basa en la completa
derivatizacion de THCA con 20 pL de acetonitrilo, 50 puL de MSTFA y 50 pL de
MSTFA/etanotiol/ioduro amonico (500:4:2) y extraccion asistida por microondas a 750 W
durante 1.5 min. La GC-MS permite su separacion de los componentes interferentes de la

matriz en menos de 4 minutos.
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En relacién con las técnicas de determinacion, una de las primeras utilizadas para
investigar drogas de abuso fue el radioinmunoensayo (RIA) [Valente y col, 1981,
Baumgartner y col, 1982; Balabanova y col, 1987], que permitié la deteccion de metabolitos
de cocaina en el pelo del 100% de los sujetos cocaindmanos estudiados. Smith y Liu [1986]
aplicaron esta técnica para analizar el pelo de una persona que habia alegado ser victima de
una agresion sexual, siendo positivo el resultado del test. Esta fue la primera vez que los
resultados de un analisis de drogas en pelo fueron utilizados en un tribunal de justicia de
Estados Unidos. Reuschel y Smith [1991] emplearon el RIA para analizar muestras de pelo
recogidas anonimamente de 48 presos, confirmando los resultados positivos de 22 muestras

mediante GC-MS con impacto electronico.

Otros autores [Harkey y col, 1991; Cone y col, 1991; Henderson y col, 1992; Cone y
col, 1993; Hold y col, 1998] describieron métodos mas sensibles para la determinacion
simultanea de cocaina y metabolitos en pelo humano usando cromatografia de gases acoplada
a espectrometria de masas (GC-MS). A partir del afio 2000 son mas frecuentes las
aplicaciones de GC-MS para la determinacién conjunta de opiaceos, cocaina y otras drogas en
pelo [Uhl, 2000; Skender y col, 2002; Romolo y col, 2003; Gambelunghe y col, 2005;
Cordero y Paterson, 2007; Aleksa y col, 2012]. También se estudiaron drogas de abuso en
otras matrices biol6gicas (orina, sangre, plasma y/o saliva), usando GC-MS. Los trabajos
publicados en los ultimos afios demuestran la bondad de este sistema de deteccién que
permite llegar a un rango de nanogramos y diferenciar inequivocamente cada droga, asi como
sus respectivos metabolitos [Kacinko y col, 2004; Gunnar y col, 2005; Cognard y col, 2006;
Nikolaou y col, 2008; Bravo y col, 2011; Rees y col, 2012].

Sin embargo, la cromatografia liquida de alta resolucién (HPLC) es la técnica mas
utilizada en el campo de la toxicologia para la determinacion de drogas de abuso en diversas
matrices como orina, plasma, humor vitreo, pelo, sudor, saliva, higado, masculo o rifidn. Esta
técnica acelera el proceso de separacion de compuestos y mejora la resolucion, usando en
columnas rellenas de pequefas particulas (3-10 um) y elucion con un liquido o fase movil
bajo condiciones de alta presién. La eleccién de la fase mévil es fundamental: mientras que en
la cromatografia de gases se habla de la temperatura de la columna, en la cromatografia
liquida importa la polaridad de la fase movil, empleando generalmente mezclas binarias o
ternarias de disolventes, libres de particulas y de gases disueltos que pudiesen introducir

burbujas en el sistema. El equipo con el que trabajamos resuelve todos estos problemas con
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facilidad ya que cuenta con un desgasificador de membrana. Para la investigacion de
alcaloides se pueden usar diversos sistemas de deteccidn que consiguen limites de
sensibilidad del orden de nanogramos. La introduccion de la cromatografia liquida en la
década de los sesenta revela ciertas ventajas sobre la cromatografia de gases, pues facilita la
separacion y deteccion de compuestos termolébiles no volatiles que pueden ser cuantificados

sin recurrir a su derivatizacion.

Esto explica la existencia de numerosos trabajos llevados a cabo con esta técnica para
la determinacion de opiaceos, cocaina y sus metabolitos en plasma, en los que ha ido variando
el método de deteccion debido a la aparicién de nuevos sistemas con mayores ventajas. Se ha
estudiado la separacién con distintas columnas y fases mdviles, y se han utilizado diferentes
procedimientos de preparacion de la muestra. La tabla 7 muestra una revision bibliografica
por orden cronoldgico, relacionada con drogas de abuso, cromatografia liquida, diferentes
procedimientos de extraccion (SPE, LLE, MAE) y diversas muestras bioldgicas (sangre,

plasma, orina, saliva, pelo).

Tabla7. Revision bibliografica sobre la determinacién de las drogas de abuso por HPLC.

Droga

. Detector  Fase movil Columna Referencia
Matriz
Cocaina, BEG Acetonitrilo - Tampén Velosep ODS
Sangre v fosfato pH 2.1 (6:94) (100 x 3.2 mm, 3um) Sandberg, 1990
Cocaina, BEG Metanol — Acetonitrilo -  pBondapack C18
Suero v Tampon acetato pH 5.1 (300 x 2 mm, 10um) Lau, 1990
100 drogas - ) .

e Acetonitrilo - Tampon Lichrospher 100 C8/I1

gisi:f;s DAD fosfato pH 3.2 (250 x 4.6 mm, 5um) Logan, 1990

. N-hexano - Cloruro .
Mc_)rfma, BEG uv metileno — Metanol - Lichrospher 100 RP8 Ferrara, 1992
Orina N (250 x 4 mm, 5um)

Dietilamina

. Fosfato monopotasico
Co_calna, BEG uv pH 3 — Acetonitrilo - IBM C3 Larsen, 1992
Orina o (150 x 4.6 mm, 5um)

Dietilamina
Cocaina, BEG )
Muestras DAD Metanol - Tampon Separon SGX CN Balikova, 1994
L fosfato (15:85) (150 x 3 mm, 7um)
biologicas
. . Acetonitrilo — Metanol -  Zorbax RX .

Oplaceos, cocalna - DAD Acido fosférico (250 x 4.6 mm, 5um) Hill, 1994
Drogas de abuso Acetonitrilo - Tampén Lichrospher 60 RP8 .
Orina DAD fosfato pH 3.2 (250 x 4 mm, 5um) Li, 1994
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Drongl Detector  Fase movil Columna Referencia
Matriz
Cocaina, BEG uvV Metanol - Tampon Lichrospher RP18 Fernandez,
Humor vitreo fosfato (25:75) (125 x 4 mm, 5um) 1994
gg?ma’ BEG, UV Acetonitrilo - Tampén Nova Pack C8 Sukbuntherng,
Pl . fosfato pH 6 (76:24) (150 x 3.9 mm, 4um) 1995
asma, orina
Cocaina, opiaceos
Muestras DAD Metanol - NaOH Aluspher RP Lambert, 1995
bioloai 12.5mM (125 x 4 mm, 5um)
iologicas
OpiAceos Pentano — Diclorometano Hvpersil
P uv - Metanol con 0.5% yp Low, 1995
Orina o (200 x 4.6 mm, 5um)
dietilamina
Opiaceos, cocaina Metanol — Acetonitrilo - -
Muestras DAD Acetato amoénico éoé%o)r(bgsespirwne;fsl 8m) '{ggegdorldls,
biolbgicas (40:15:45) ' O
Cocaina, opiaceos
’ Metanol — THF - Nova Pack C18 .
'V.'“e?tfas DAD Tampon fosfato (300 x 3.9 mm, 4pm) Tracqui, 1995
biolbgicas
Cocaina, opiaceos Acetonitrilo - Acido .
Muestras DAD fosférico con trietilamina Lichrospher 100 RP8 Koves, 1995
AR (250 x 4 mm, 5um)
biolégicas pH 3.4
Opiéceos, cocaina UV Agua - Acido fosférico -  Spherisorb ODS-1 Grogg-Sulser,
Muestras ilicitas Hexilamina - Acetonitrilo (125 x 4.6 mm, 3um) 1995
- Acetonitrilo - Tampén
Opiaceos Fluoresc.  fosfato trietilamonico FRSPRER 5 Aderjan, 1995
Suero bH 3 (125 x 4 mm, 4pum )
g(I)EcTama, BEG, DAD Acetonitrilo — Metanol - Hypersil BDS C18 Clauwaert,
Orina Agua (10:10:80) (150 x 4.6 mm, 5um) 1996
Cocaina, BEG UV Metanol - Tampon Lichrospher RP18 Fernandez,
Plasma, orina fosfato pH 7 (70:30) (125 x 4 mm, 5um) 1996
Morfina, cocaina - ODS RP18
Orina MS Acetato amoénico 100mM (150 X 4.6 mm, 5m) Tatsuno, 1996
Cocaina, BEG, Tampon fosfato pH 3 - .
CET uv Acetonitrilo - Butilamina gggff?ﬁ:ﬁo m  Phillips, 1996
Orina (81:18:1) 0 MM, 194
] Acetonitrilo con 0.3% ;
Cocaing, BEG uv trietilamina - Tampén Nucleosil C18 Virag, 1996
Plasma (250 x 4.6 mm, 5um)
fosfato pH 3
Cocaina, CET Acetonitrilo - Tampén Supelcosil LC-CN -
Suero v fosfato pH 7.4 (38:62) (250 x 4.6 mm, 5um) Williams, 1996
Cocaina, opiaceos Metanol — Acetonitrilo - Supelcosil ABZ
Plasma v Fosfato amonico (5:7:63) (250 x 2.1 mm, 5um) Pan, 1997
Acetonitrilo - Tampén
Drogas de abuso fosfato pH 3 - Hypersil C18 .
Suero, orina DAD Octilsulfato sédico - (150 x 4.6 mm, 5um) Lai, 1997
Trietilamina
Cocaina, BEG Metanol — Acetonitrilo-  Brownlee C18
Suero v Tampodn acetato pH 2.2 (100 x 2.1 mm, 5pm) Ma, 1997
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Drongl Detector  Fase movil Columna Referencia

Matriz

Cocaina, BEG, Acetonitrilo - Tampon uBondapack C18

CET DAD fosfato pH 2.7 (250 x 4.6 mm, 5um)  -09an: 1997

Muestras bioldg. pH 2. ' O

Morfina Tampon fosfato - Symmetry C8 .

Pelo DAD Acetonitrilo (250 x 4.6 mm, 5um) Gaillard, 1997
Acetonitrilo - Tampén .

Codeina DAD fosfato trietilamoénico Spherisorb 55 OD/CN Elliot, 1998
OH 3 (150 x 4.6 mm, 5um)

Cocainay

metabolitos Acetonitrilo - Tampén Supelcosil ABZ C18

Suero, orina, DAD fosfato pH 2.3 (250 x 4.6 mm, 5m) Foulon, 1999

saliva

Cocaina, opiaceos Acetonitrilo - Agua Spherisorb RP8 .

Muestras biolég. MS (80:20) (100 x 2.1 mm, 5um) Cailleux, 1999

. Agua — Acetonitrilo — .
Opiéceos PO LiChrospher 100 RP8 ;
L MS THF - Acido formico Schénzle, 1999

Muestras bioldg. (100:1:1:0.1) (125 x 3 mm, 5um)
Acetonitrilo — .

g"ﬁ;zdona' EDDP v Dimetiloctilamina - gg(;a)'('fqun Sum) Angelo, 1999
Fosfato sédico pH 5 U
0.1% Acido .

g/lﬁgaadona, EDDP DAD trifluoroacético — (Sly5n8r:1(e?'frg/ rSr]r:]:elg I?nP)18 Cheng, 1999
Metanol (60:40) 2 MM, SH

Opiéceos Acetonitrilo - Agua RP18-DB L

Pelo W (30:70) (250 X 4.6 mm, 5um)  Fichini, 1999

Cocaina, BEG L Advantage Basic .

Orina MS Agua pH 4 - Acetonitrilo (50 X 2 mm, 5pm) Jeanville, 2000

Cocaina Acetonitrilo - Formiato Columna C18

Orina MS-MS ménico pH 3 (30 x 2.1 mm, 5um) Needham, 2000

Morfina, cocaina Fosfato potasico pH 9.5- PLRP-S .

Pelo Fluoresc Acetonitrilo (80:20) (150 x 4.6 mm, 5um) Tagliaro, 2000

Cocaina, BEG Acetonitrilo — Agua - Baker Cvano

Muestras uv Acido trifluoroacético (250 x 4y6 mm, 5m) Jamdar, 2000

biolégicas (28:72:0.1) ' O

gcécTauna, BEG, MS Metanol - Acetonitrilo -~ Zorbax Eclipse XDB-C8 Klingmann,
Tampon acetato pH 3.6 (150 x 2.1 mm, 5um) 2001

Plasma
Acido formico 50 mM +

Cocaina, BEG Formiato amoénico Allure basix .

Orina MS 100mM + Acetonitrilo - (30 x 2.1 mm, 5pm) Jeanville, 2001
Acetona

Opiaceos Acetato aménicopH 6 - Capcell Pak SCX .

Orina MS Acetonitrilo (30:70) (150 x 1.5 mm, 5um) Katagl, 2001

Cocaina, BEG, Acetato aménico — .

CET DAD Metanol - Acetonitrilo I(_Zlggrgs‘{)fr]:rrnlgo 5518 Antollini, 2001

Orina (80:10:10) O

Cocaina, BEG UV Metanol - Tampon Lichrospher RP18 Bujan, 2001

Sangre, orina

fosfato pH 7

(125 x 4 mm, 5pum)
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Drongl Detector  Fase movil Columna Referencia
Matriz
Opiéceos Agua - Metanol con Hypersil BDS Phenyl
Sangre, orina DAD Trietilamina pH 4.5 (53 x 7. mm, 3um) Dams, 2002
. Acetonitrilo - Tampén XTerra RP18 .

Morfina W fosfato pH 2.5 (100 X 4.6 mm, 3.5um)  Dlanova, 2002
Morfina DAD Acetonitrilo - Tampén Symmetry Shield RP8 Brandsteterova,
Suero fosfato pH 2.5 (150 x 4.6 mm, 5um) 2002
Droaas de abuso Acetonitrilo - Tampon Chromolith Perform
Plas?na uv fosfato + Acido pentano  RP18 Caufield, 2002

sulfénico 25mM (95:5) (100 x 4.6 mm, 5pum)

. Acetonitrilo — Metanol -  NovaPak
Cocaina, BEG W Tampon fosfato pH 6.9 (150 x 3.9 mm, 4um) Rofael, 2002
Opiéceos, cocaina Metanol - Formiato Hypersil BDS fenil .
Saliva MS aménico pH 5 (6:94) (100 x 2.2 mm, 3um) _Mortier, 2002
Cocaina, opiaceos DAD Acetonitrilo - Tampén LiChrosorb RP8 Kroener, 2003
Sangre fosfato pH 2.3
Cocaina, BEG Metanol - Tampén Alltech C18
Sangre W fosfato pH 6 (250 x 4 mm, 5um) Brunetto, 2003
Opiéceos, cocaina PREMiato amauges - Synergi Polar RP
p1aceos, MS-MS  Acido férmico - ynerg Dams, 2003

Orina ol (150 x 2 mm, 4um)

Acetonitrilo

Etil acetato — Metanol -

Hidroxido aménico

(85:10:5)

Ciclohexano — Tolueno - .
Drogas de abuso Dietilamina (75:15:10)  L\chrospher 100RP-8 .. 9003
Orina . (125 x 4 mm, Spm)

Etil acetato —

Diclorometano — Metanol

- Hidréxido amonico

(80:90:15:5)
Morfina MS Metanol — Acetonitrilo -  Atlantis C18 Whittington,
Plasma Acido formico pH 3 (150 x 2.1 mm, 5um) 2003
Cocaina Acetonitrilo - Acetato Atlantis Hilic Silica .
Muestras bioldg. MS amonico (150 x 2.1 mm, 3um) Giroud, 2004
Metadona Acetonitrilo - Tampén Lichrospher RP18
Sangre, orina DAD fosfato (125 x 4.3 mm) Trachta, 2004
Cocaina, opiaceos MS Acetonitrilo - Acetato Synergi Hydro RP18 Maralikova,
Plasma, orina amonico pH 6.5 (150 x 2 mm, 3um) 2004
Cocaina, opiaceos DAD Acetonitrilo - Tampén Lichrospher 100 NH, Conemans,
Muestras ilicitas fosfato pH 7 (250 x 3 mm, 5um) 2004
Cocaina . Acetonitrilo - Tampon ISRP-C18
Pelo UV-VIS fostato pH 8 (12:88) (250 x 2 mm) Menezes, 2004
Opiaceos, cocaina  APCI- ﬁcHet(in(l)trcl)loolo—/gcé?é%to Synergi Hydro RP Scheidweiler,
Pelo MS/MS i 0 (150 x 2 mm, 4pm) 2004

formico pH 4.5
Cocaina Acetonitrilo + Metanol +
metaboli%i)s MS Acetato amonico - Hypersil BDS C18 Clauwaert,
Saliva Acetonitrilo + Metanol + (100 x 2.1 mm, 3um) 2004

Agua
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Drongl Detector  Fase movil Columna Referencia
Matriz
. Acetonitrilo — Metanol - .
g?iﬁna’ BEG DAD Tampon fosfato pH 3 (Sngl(()a st%bnmlg m) Brunetto, 2005
(15:15:70) -0 MM, 5H
Morfina MS I\/’Ieta'nol —Agua + Acido  Zorbax SB-C18 Edwars, 2005
Suero formico (50 x 2.1 mm, Spm)
Cocaina, opiaceos Acetonitrilo - Formiato Zorbax Bonus
Plasma MS amonico pH 4 (150 x 4.6 mm, 5um) Rook, 2005
Opiéceos i Acetato amoénico — Synergi Fusion RP
Orina MS-MS Acetonitrilo - Metanol (75 x 2 mm) Murphy, 2005
Opiéceos, cocaina DAD Acetonitrilo - Tampén XTerra RP8 Fernandez,
Orina fosfato pH 6.5 (250 x 4.6 mm, 5um) 2005
Opiaceos, cocaina Metanol - Bicarbonato XTerra MS C18
Saliva MS aménico pH 10 (30:70) (150 x 2.1 mm, 3.5um)  W/00d 2005
. . Acetonitrilo - Formiato
SO;alliz\all(;eos, cocaina MS-MS amonico + Acido I(_1u5r2)a)§:21 ?nm 3um) Wylie, 2005
férmico + Agua s
Opiaceos, cocaina DAD Acetonitrilo - Tampén XTerra RP8 Fernandez,
Plasma fosfato pH 6.5 (250 x 4.6 mm, 5m) 2006
Cocaina, BEG Formiato amonico - Svnerdi Polar RP
Sangre, orina, MS-MS Acido férmico - ynerg Duer, 2006
- - (150 x 2 mm, 4pum)
humor vitreo Acetonitrilo
Opiéceos i Acetonitrilo - Tampon Synergi C12 Max RP
Sangre MS-MS formiato pH 3.5 (150 x 2 mm, 4pum) Musshoff, 2006
Drogas de abuso MS-MS Acetonitrilo - Tampén Atlantis dC18 Concheiro,
Saliva formiato pH 3 (200 x 2.1 mm, 3um) 2007
Opiaceos MS-MS Acetonitrilo - Tampon Synergi Polar RP Al-Asmari,
Sangre formiato pH 3 (150 x 2 mm, 4um) 2007
Opiéaceos . f
Plasma, suero, MS-MS Acet(_)nltrllo - Tampon Nova-Pack CN HP Coles, 2007
orina formiato pH 3 (200 x 3.9 mm, 4pm)
Opiéceos, cocaina DAD Acetonitrilo - Tampén XTerra RP 8 Fernandez,
Plasma, orina fosfato pH 6.5 (250 x 4.6 mm, 5um) 2007
Cocaina Acetonitrilo - Acido Zorbax SB-C18
Sangre, orina MS formico - Agua (30 x 2.1 mm, 3um) Johansen, 2007
- Acetonitrilo - Acido .
Opiaceos UV-MS  acético - Acetato Lichrospher 100RP-8 1 | evie, 2007
Sangre L (250 x 4 mm, S5pm)
amonico
Opiaceos Ms-Ms  Acetonitrilo - Acido Luna C18 Gustavsson,
Orina foérmico (100 x 2 mm, 3um) 2007
. - Acetonitrilo — .
Mqrfma, petidina MS-MS Trietilamina - Tampén Hypersil C18 Zhang, 2008
Orina (250 x 4.6 mm, 5um)
fosfato pH 3
Acido férmico 0.1% -
Cocaina i Agua Gemini C6-Phenyl
Sangre MS-MS Acido férmico 0.1% - (50 x 3 mm, 5um) Jagerdeo, 2008
Acetonitrilo
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Drongl Detector  Fase movil Columna Referencia
Matriz
) Acetonitrilo - Acido N
(S);rlla(r:s();rina MS-MS férmico - Acetato E%rglglzcnlli 3um) Gergov, 2009
gre. amanico s
Acetato aménico pH 6.8
- Metanol
- i Acetato aménico pH 8 -  High Purity C8
Opiéaceos MS-MS Metanol , (150 x 2 mm, 3um) Fox, 2009
2-propanol - Acido
formico - Metanol
Opiéceos, cocaina Bicarbonato amoénicopH BEH C18
Orina MS-MS 10.2 - Metanol (50 x 2.1 mm, L.7um)  ocrg 2009
Cocaina Formiato amoénico pH 2.7 XDB - C8
Orina MS-MS — Metanol - Acetonitrilo (50 x 2.1 mm, 1.8um) Langman, 2009
. - Zorbax XDB-C18
Formiato amonico + (50x4.6 mm, 1.8um)
Cocaina, opiaceos Acido férmico 0.1% - ' oM
. MS-MS . A Coca Stout, 2009
Orina Acetonitrilo + Acido (50x4.6mm,3.5pm)
formico 0.1% X4.5mm, .51
Opiaceo
Formiato amonico -
Morfina Acido férmico pH 2.7 Svnerai Polar
Muestras MS Acetonjtrilo - Formiato (13/50 )?2 mm) Taylor, 2009
biolégicas NH, - Acido férmico
pH 3.8
Drogas abuso DAD Acetonitrilo - Tampoén XTerra RP8 Fernandez,
Pelo fosfato pH 6.5 (250 x 4.6 mm, 5um) 2009
Drogas de abuso Metanol - Formiato Varian Pursuit 3 C18 .
Sangre MS amonico (100 x 3 mm, 3um) Bjork, 2010
Opiéceos, cocaina i Acetato amoénico 10mM -  Synergi Fusion RP
Orina MS-MS Acetonitrilo - Metanol (75 X 2 mm) Shakleya, 2010
Drogas de abuso 0.5% é&cido formico en Zorbax Eclipse XDB- Chiuminatto
Orir?a MS-MS  agua - 0.5% Acido C18 5010 '
férmico en acetonitrilo (50 x 4.6 mm, 1.8um)
Opiaceos,
anfetamina, Acetonitrilo - Acetato
flunitracepam, MS-MS NH,en agua 10mM pH ggée;SZHf;;s f%lum; Wang, 2010
cocaina 6.25 ' oM
Saliva
Buprenorfina,
metadona, 0.1% acido foérmico en . .
cocaina, opidceos, MS-MS agua - 0.1% acido (87y5n irglrzﬂaz-RrE)SOA ggfg heiro,
nicotina foérmico en acetonitrilo -
Fluido oral
Anfetaminas, Acetonitrilo - 5mM acido  C18 Gemini
cocaina, metabol. MS-MS . . Sergi, 2010
. formico en acetonitrilo (100 x 2.1 mm, 3pum)
Fluido oral
Drogas abuso DAD Acetonitrilo - Tampon XTerra RP8 Fernandez,
Humor vitreo fosfato pH 6.53 (250 x 4.6 mm, 5um) 2011
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Drongl Detector  Fase movil Columna Referencia
Matriz
0.1% écido formico y
Drogas abuso 1mM formiato aménico - Restek, Allure PFP
Sue?o humano MS-MS Acetonitrilo con 0.1% Propyl Bassan, 2011
acido formicoy 1 mM (50 x 2.1 mm, 5um)
formiato amonico.
Anfete_\mlnas, . Formiato amonico pH 3.5 Unison UK-C18 Miyaguchi,
ketamina, cocaina  MS-MS -
Pelo en agua - Acetonitrilo (150 x 3 mm) 2011
Acido formico 0.1% +
y ; Acetato amonico 2mM +  poqeie Allure PFP-
Opiaceos, cocaina Acetonitrilo 2% en agua -
. MS-MS PP Propyl Cone, 2012
Saliva Acido férmico 0.1% + (50 X 2.1 mm, 5um)
Acetato aménico 2mM + ‘ O
Acetonitrilo 10% en agua
Acetato aménico 5mM
Cannabinoides en agua - Acetato Aquasil C18
Orina MS-MS amonico 5mM en (100 x 2.1 mm, 5um) Jager, 2012
Metanol - Acetonitrilo
Metadona 0.1% acido fluoroacético
Orina, plasma, t%S nm) en metanol - Agua 82_.)'8 Tzaescnl]ﬁ] 10um) Ranjbari, 2012
saliva (60:40) -0 MM, 9
10% acetonitrilo en .
Drogas abuso MS-MS  metanol - Acido formico  inetex C18 Napoletano,
Plasma, orina (150 x 2.1 mm, 2.6um) 2012
5mM en agua
THCy Agua + Acido férmico Luna C18
metabolitos MS-MS (100:0.1) - Acetonitrilo + (20 X 2 mm, Spm) Ferreirds, 2013
Plasma Acido férmico (100:0.1) O
Anfetaminas, 0.1% amoniaco acuoso
cocaina, opiaceos, i (25%) en agua - 0.1% AcquityUPLC C18 .
BzD MS-MS amoniaco acuoso (25%) (100 x 2.1 mm, 1.7um) Bjork, 2013
Sangre en metanol
iy ] Acetona - Acido .
Opiéceos, cocaina hentafl butirico al Spherisorb C18 S5W Oberacher,
Sangre, orina MS-MS eptariuorobutirico a (200 x 2 mm, 5um) 2013
’ 0.05% (5:95) ’
Opidceos. cocaina Acido formico 0.1% en Acquity UPLC BEH Ramirez -
Sapn o ’ MS-MS agua — Acido férmico Phenyl Fernandez,
g 0.1% en metanol (100x 2.1 mm, 1.7um) 2013
iy Acido formico 0.1% en
Opidceos MS-MS  agua — Acido férmico Poroshell 120 EC-C18 Lin, 2013
Orina (100 x 2.1 mm, 2.7um)
0.1% en metanol
Opiaceos MS-MS 0.1% acido foérmico- Acquity UPLCHSS T3 Andersson,
Orina Metanol (100x2.1 mm, 1.8um) 2013
Q)r::fae;[r?;ng]ais'é{ceos Acido fprmico 0.1% en Hypersil Gold
0P " MS-MS agua - Acido férmico yp Schaefer, 2013
BzZD o (50 x 2.1 mm, Spm)
. 0.1% en acetonitrilo
Orina
- Acido férmico 0.1% en :
Cannabinoides < . L, Kinetex XB-C18 Wohlfarth,
Orina MS-MS agua - Acido formico (50 X 3 mm, 2.6pm) 2013

0.1% en acetonitrilo
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Drog{a Detector  Fase movil Columna Referencia
Matriz

. 1: Eclipse XDB-C8
Cocainay -

. i Acetato aménico 5mM - (12.5 x 2.1mm, 5um)
?;t:bolltos MS-MS Acetonitrilo 2: Kinetex C18 Alves, 2013
(50 x 2.1 mm, 2.6um).

Anfetaminas,
opiaceos, cocaina, i Metanol — Acetonitrilo -  Kinetex XB C18 .
alucindgenos MS-MS Acido formico 7mM (100 x 2.1 mm, 2.6pum) Sergi, 2013
Pelo
Cocaina Tampon fosfato - Brancaccio,
Muestras calle DAD Acetonitrilo Columna C18 2013
Anfetaminas, Acido fprmico 0.1% en Kinetex C18
opiaceos MS-MS agua - Acido férmico (50 x 4.6 mm, 2.6ym) Chang, 2014
Pelo 0.1% en metanol ' » €01

Las intoxicaciones por medicamentos y entre ellos las benzodiacepinas ocupan uno de
los primeros lugares en cuanto a frecuencia y peligrosidad se refiere [Cabrera, 1993]. Desde
su descubrimiento sus ventas fueron muy altas, quizas las méas elevadas que haya alcanzado
una categoria de drogas, pero su naturaleza adictiva no se puso de manifiesto hasta 1961. Este
hecho suscitd bastante interés, por lo que se produjeron numerosas investigaciones
[Escohotado, 1998; Drummer, 1998; Samanidou, 2009].

Entre los métodos empleados se encuentra la Electroforesis Capilar [Tomita, 1996;
Kratzsch, 2004], la Cromatografia Micelar Electrocinética [Hsiu-Li, 2009], Técnicas de
Inmunoensayo [Moore, 1999], Métodos electroquimicos, potenciométricos [Salem, 2003],
espectrofotométricos [Salem, 2002] y fluorimétricos [Dolejsova, 1999] o la cromatografia en
capa fina. Si los resultados preliminares son positivos, se realiza un ensayo confirmatorio para
su verificacion. Los métodos mas empleados con fines cuantitativos son los cromatograficos,
tanto cromatografia de gases [Pirnay, 2002; Gunnar, 2004; Gunnar, 2005; Gunnar, 2006;
Papoutsis, 2010], como cromatografia de liquidos (HPLC, UPLC), o cromatografia liquida

micelar [Esteve-Romero, 2005] y separacion quiral.

La cromatografia liquida de alta resolucion (HPLC) ha sido y sigue siendo una de las
técnicas mas utilizadas en el campo de la toxicologia para la determinacion de
benzodiacepinas en distintas matrices bioldgicas como sangre, orina, humor vitreo, etc. Se ha
hecho una busqueda exhaustiva de publicaciones, en donde se usan diferentes detectores: UV,

fluorescencia, electroquimico o espectrometria de masas.
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La separacion de benzodiacepinas y sus metabolitos en cromatografia liquida con
deteccion espectrofotométrica requiere el uso de un gradiente de eluciéon y, a menudo la
adicion de modificadores ionicos, como tampones fosfato en la fase mdvil, para aumentar la
retencion de conjugados polares. La reciente introduccion del UPLC (Ultra Performance
Liquid Chromatography) permite trabajar a elevadas presiones (hasta 15000 psi) con
columnas cromatogréaficas de tamafio de particula inferior a 2 um [Neue y col, 2010]. Esta
tecnologia presenta ventajas significativas en la resolucion, velocidad y sensibilidad para
aplicaciones analiticas, particularmente cuando se combina con espectrometria de masas
[Nakamura, 2011]. Su elevada resolucion origina mejores separaciones con picos
cromatograficos estrechos, tiempos de analisis mas cortos mejorando los limites de deteccion
y reduciendo el efecto matriz. Para la deteccion por espectrometria de masas, los analitos
tienen que ser ionizados primero, siendo los mecanismos de ionizacion a presion atmosférica
(API), electrospray (ESI) e ionizacion quimica a presion atmosférica (APCI), los mas
utilizados. La técnica de ionizacién mediante ESI, es el método méas adecuado para

compuestos polares e ionicos. APCI es mas apropiado para analitos no ionizados.

La tabla 8 contiene una recopilacion de los distintos métodos de cromatografia liquida
empleados en la determinacion de benzodiacepinas en diversas muestras biolégicas (sangre,
plasma, suero, orina, humor vitreo), usando diferentes procedimientos de extraccion (SPE,
LLE, MAE).
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Tabla 8. Revision bibliografica sobre la determinacion de las benzodiacepinas usando HPLC.
Anall-tos Detector  Fase movil Columna Referencia
Matriz

Acetonitrilo - Tampén
éﬂiiD DAD fosfato pH 6.4 - Metanol ?‘1%\6&)3%(:; g‘lrﬁ Aum) Puopolo, 1991
(292:610:98) 2 MM, 4
3BZD Acetonitrilo - Tampén Kontrosorb 10 RP18
sangre, sUero DAD fosfato pH 2.3 (16:34) (250 x 4.6 mm, 5um)  “iuphoff, 1992
Agua — Acetonitrilo -
Elr{i(?srgzcepam uv Trietilamina pH 7.4 ?Ilg\éagaékgcr]lﬁn 5um) Le Solleu, 1993
(700:300:4) 2 MM, ol
3B7D Acetonitrilo — Metanol -
Suero. olasma DAD Tampon fosfato pH 3.7 Novapak C18, 4um Akerman, 1996
P (30:2:100)
TSK-Super ODS
12 BZD Acetonitrilo - Tampén (100 x 4.6 mm, 2um)
Suero W fosfato pH 6 (45:55) Hypersil ODS C18 Tanaka, 1996
(100 x 4.6 mm, 5um)
9BzD Metanol - Acetato Novapak C18 ..
Sangre MS-MS amonico 50mM (60:40) (150 x 3.9 mm, 4um) Verwei], 1996
Alprazolam Metanol - Agua + 0ODS .
Sangre, orina W Dietilamina 1% (60:40) (150 x 4.6 mm, 5pm) Jenkins, 1997
Fosfato potésico —
Elgc;nr:%cepam UV-VIS  Acetato aménico - Acido ?2?(? ff: 6 mm, Sum) Panderi, 1997
acético (26.5:21.5:52) ) 6
Flunitrazepam Metanol - Agua con Chromspher C8
Plasma, orina DAD 0.125% isopropilamina (100 x 3 mm, Spm) He, 1997
5BzZD Metanol — Agua + Chromspher C8
Plasma, orina DAD isopropilamina (50:50) (100 x 3 mm, Spum) He, 1998
Metanol — Acetonitrilo - :
EI;ISsZnE; orina uv Tampon fosfato pH 3.5 I(—|23é%e)r(s;rl ﬁE]SSRI;l)S Azzam, 1998
' (50:10:40) O
Midazolam UV Tampon fosfato pH 7 — Hypersil C18 BDS Eeckhoudt,
Plasma Acetonitrilo (150 x 0.8 mm, 5um) 1998
Clonazepam UV Acetonitrilo - Tampén Symmetry C18 Le Guellec,
Plasma fosfato pH 7 (250 x 4.6 mm, 5um) 1998
Midazolam Metanol - Acido Spherisorb Silica .
Plasma v perclérico 0.02% (30:70) (250 x 4.6 mm, 5um) - orter, 1999
Alprazolam ESI- ) Zorbax Rx C18
Plasma MS/MS Metanol-Agua (60:40) (150 x 2.1 mm) Crouch, 1999
2 BZD ) Lichrospher RP-18 Atta-Politou,
Plasma UV-VIS  ACN-Agua (45:55) (250 x 4 mm, 5um) 1999
Diacepam UV Tampon fosfato pH 7 — Stainless Steel Colum El-Gizawy,
Orina Metanol (75:25) (100 x 4.6 mm, 5pm) 2000
. Acetato amoénico - Agua
Diacepam i . p1Bondapack C18
Suero DAD Acetonitrilo (300 x 3.9 mm, 5um) Ahrens, 2000

(290:160:200)
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Anall-tos Detector  Fase movil Columna Referencia
Matriz
Diacepam DAD Acetonitrilo - Tampén Lichrospher C8 El Mahjoub,
Sangre, suero fosfato pH 2.1 (35:65) (125 x 3 mm, 5um) 2000
10 BzZD i Acetonitrilo - Tampén Lichrospher 100 RP8 .
Sangre UV-ED o cetato pH 4.6 (45:5) (150 x 4.6 mm) Wilhelm, 2000
5BZD DAD Acetonitrilo - Tampon Lichrospher Select-B El Mahjoub,
Sangre fosfato pH 7.2 (6:94) (125 x 3 mm, 5um) 2001
3BzD Tampon fosfato — Hyposil ODS
Humor vitreo v Metanol (30:70) (250 x 4.6 mm, Spm) Scott, 2001
Acetonitrilo — Agua -
2BZD Tampon fosfato Supelcosil LC-8-DB L
Suero, orina W (440:540:20) parasuero (250 x 4.6 mm, 5m) Kunicki, 2001
0 (360:580:60) para orina
Acetonitrilo - Tampén .
! B.ZD DAD fosfato pH 4.5 con Hypersil C18 Segura, 2001
Orina Lo (100 x 4.6 mm, 3pum)
octilamina
Diacepam i Acetonitrilo - Tampén Ultrasphere ODS .
Plasma UV-VIS fosfato pH 3.5 (31:69) (150 x 4.6 mm, 5um) Muchohi, 2001
5BZD y Supelcosil C18
Plasma, orina uv Agua - Metanol (52:48) (50 x 4.6 mm, 5um) Mullet, 2002
Acetonitrilo - Tampén
2BzZD DAD fosfato trietilamonio ?f;; fahg rrr?r?1 R5P m) Aebi, 2002
(10:90) -0 MM, SH
8 BZD UV SDS - Butanol 5% - Kromasil C18 Capella-Peird,
Suero Tampon fosfato pH 7 (120 x 4.6 mm, 5um) 2002
4 BzZD Acetonitrilo - Tampdn Hisep .
Plasma UV-VIS acetato pH 2.5 (15:85) (250 x 4.6 mm, 5um) Pistos, 2003
Drogas, BZD Acetonitrilo - Tampon .
Sangre DAD fosfato pH 2.3 (1:2) Lichrosorb RP18 Kroener, 2003
Acetonitrilo - Acetato
LOrSCePAM  APIMS  amonico + Acido (S;‘giej L - Lee, 2003
’ férmico pH 2.76 ' » O
18 BZD APCI- Metanol - Tampdn Zorbax XDB C8 Rivera. 2003
Sangre MS/MS formiato pH 9 (60:40) (150 x 4.6 mm, 5um) ’
Bromacepam i Acetonitrilo — Agua Genesis C18 .
Plasma MS-MS (50:50) (100 x 2.1 mm, 4um)  -aurito, 2004
- Chromsep Microsorb
Bromacepam ESI- Acetato amonico -
Plasma MS/MS  Metanol (20:80) %508 y gi%? Andraus, 2004
Clobazam
Muestras DAD Metanol - Agua 8%'8 TgaerErlnS 3.50m) Proenca, 2004
biol6gicas ' 291
Alprazolam UV Tampon fosfato pH 6 - ODS C18 Pérez Lozano,
Tabletas Acetonitrilo (45:55) (200 x 4.6 mm, 5um) 2004
.- . Superspher 60RP
23 BZD APCI-Ms Acetonitrilo - Tampon ¢ j g Kratzsch, 2004
Plasma formiato pH 3 (125 x 2 mm)
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Anall-tos Detector  Fase movil Columna Referencia
Matriz
33BzZD Metanol — Ac. formico XTerra MS C18 .
Sangre APCEMS 113 (30:60) (150 x 2.1 mm, 3.5um)  omink, 2004
AcNH, pH 3.3 -
4 BZD Acetonitrilo (75:25) Supelco RP18
Sangre MS AcNH, pH 6.7 - (150 x 4 mm, 5pm) Walles, 2004
Acetonitrilo (50:50)
Loracepam i Acetonitrilo — Tampon XTerra C18 .
Orina,saliva, pelo MS-MS formiato pH 3.6 (5:95) (100 x 2.1 mm, 3.5um) Kintz, 2004
Clonazepam Acetonitrilo — Tampon NovaPak C18
. ; _ Bares, 2004
Plasma acetato pH 7 (40:60) (150 x 3.9 mm; 4um)
8 BZDs Acetonitrilo - Tampon Chromolith RP18
Plasma DAD fosfato pH 2.1 (30:70) (100 x 4.6 mm) Bugey, 2004
DzP, DDZ i Acetonitrilo - Acetato Symmetry C18 .
Humor vitreo DAD-MS amonico (60:40) (150 x 2.1 mm, 5pm) Teixeira, 2004
9BZD Acetonitrilo — Acido XTerra RP18 .
Plasma, saliva V1> f6rmico 0.1% (150 x 2.0 mm, 5um)  Quintela, 2005
Loracepam i Acetonitrilo — Agua - Chiralpak OD-R -
Plasma, orina ESIMS  AchH (80:20:0.1) (250 x 4.6 mm, 10um) - apini, 2006
2BZD 4 Synergi RP C18
Sangre, orina DAD Metanol — 0.1% TFA (150 X 4.6 mm, 5m) Hackett, 2006
12 BZD Acetonitrilo - Metanol -  Restek Allure C18
Sangre, suero DAD-MS Acetato amoénico (150 x 3.2 mm, 5um) Dussy, 2006
8 BZD Tampon formiato pH 3~ Chromolith RP18
Sangre APCI-MS Acetonitrilo (65:35) (100 x 4.6 mm) Bugey, 2006
Acetato aménico - . i
4 BZD . Inertsil C8 Samanidou
. UV-VIS Metanol - Acetonitrilo ’
Plasma, orina (33:57:10) (250 x 4 mm, 5um) 2007
Acetonitrilo + Agua +
Clonazepam i Acido formico (90:9:1) -  Genesis C8
Plasma MS-MS Agua + acido formico (100 x 2.1 mm) Cavedal, 2007
(99.954:0.046)
2BzD DAD- Acido férmico 0.1% - Gemini C18 Laloup. 2007
Orina, saliva MS/MS Metanol (10:90) (150 x 2 mm, 3.5um) P,
6 BZD Metanol - Ace_tomtnlo " Kromasil C8 Nasir Uddin,
Sangre, orina DAD Acetato amonico (250 x 4 mm, 5um) 2008a
gre, (30:15:55) O
6 BZD Metanol - Acetonitrilo - . . .
Sangre, orina, DAD Acetato aménico ég)om;z"nsrﬁ 5m) lz\lc?osgbUddm,
saliva (14:32:54) s
15 BZD Acetonitrilo - Tampén Zorbax Eclipse C8 -
Plasma W fosfato pH 3 (35-65) (150 x 4.6 mm, 5um)  Mercolini, 2008
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Anall-tos Detector Fase movil Columna Referencia
Matriz
Acetonitrilo — Metanol — .
giﬁa uv Tampon fosfato pH 2.5 flkg)r(())?:(z)ll ghm??ls m) Rouini, 2008
(27:10:63) -0 MM, 5H
7BzZD UV 'II\'/Iampor; fosfatpl pH 6 - Supelcosil LC-18 DB Bastos Borges,
Plasma etanol - Dietileter (250 x 4.6 mm, Spm) 2009
(55:40:5) ' ’
Acetonitrilo - Tampén .
DZP y metabol. R Zorbax Eclipse C8 .
Plasma, cerebro uv fosfato + Trietilamina (150 x 4.6 mm, Sym) Mercolini, 2009
(38:62)
43 BZD 0.05% Acido férmicoen  Acquity UPLC BEH
Plasma UPLC-MS agua - 0.05% Acido C18 Ishida, 2009
férmico en acetonitrilo (100 x 2.1 mm, 1.7um)
2BZD Acetonitrilo - Tampén XBridge Shield .
Sangre APPIEMS ¢ sfato pH 5 (33:67) (100 x 2.1 mm, 3.5um) Marchi, 2009
21 BZD MS-MS Metanol - Acido férmico  Unison UK-C18 Nakamura,
Suero + Formiato amonico (150 x 2 mm, 3um) 2009
Acetonitrilo + 0.1% AcH
4 BZD (10:90) .
Plasma, orina MS-MS Acetonitrilo + 0.1% AcH Cudjoe, 2009
(90:10)
Acetonitrilo - Acetato
DZP, LOR MS-MS  aménico+AcH (pH 3.8) Lna¢18 Roskar, 2010
Orina i (50 x 2 mm)
(35:65)
Ac. formico 0.5% en .
BZD, drogas UHPLC- agua — Acido formico é%bax Eclipse XDB Chiuminatto,
Orina MS 0.5% en acetonitrilo (50 x 4.6 mm, 1.8m) 2010
(90:10) e
6 BZD UV Acetonitrilo - Tampén XTerra RP8 Fernandez,
Plasma fosfato pH 7.5 (250 x 4.6 mm, 5um) 2010a
6 BZD UV Acetonitrilo - Tampon XTerra RP8 Fernandez,
Plasma fosfato pH 7.5 (250 x 4.6 mm, 5m) 2010b
Amoniaco + 25% agua -  Acquity UPLC BEH
éianeD :\J/IPS%CAE Amoniaco + 25% c18 Simonsen, 2010
g metanol (100 x 2.1 mm, 1.7pum)
6 BZD Acetonitrilo - Tampén XBridge RP18
Humor vitreo DAD fosfato pH 6 (35:65) (150 x 4.6 mm, 5pm) Cabarcos, 2010
3B7D Agua+ 0.2% acido Acquity UPLC BEH
Orina MS férmico — Metanol + C18 Ming, 2011
0.2% acido férmico (50 x 2.1 mm, 1.7um)
Acetato aménico + Agua .
(B)ﬁlr?a drogas MS-MS — Acetato amoénico + ﬁ%%aillzilrim Sum) De Jager, 2011
Metanol : ACN (1:1) - mm, O
17 BZD Eclipse XDB C18 Salomone,
Orina MS-MS Agua - Metanol (50 x 4.6 mm, 1.8um) 2011
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Anall-tos Detector Fase movil Columna Referencia
Matriz
Acetonitrilo - Acetato
Midazolam amonico 2mM - &cido Synergi Polar RP 80A
Sangre, orina MS-MS formico (150 x 2 mm, 4um) Oertel, 2011
A:5:95:0.2; B: 95:5:0.2
28 BZD UHPLC-  ramponformiatopH 3.4 -\ so1d Phenyl
— Acetonitrilo + Acido Remane, 2011
Plasma MS/MS e (100 x 2.1 mm, 1.9um)
formico 0.1%
Acido formico 0.1% +
Formiato aménico 1mM
élzasrﬁf MS-MS - Acetonitrilo + Acido gl(l)u;ezliF;:lrospyrln) Bassan, 2011
formico 0.1% + Formiato ’ oK
amoénico 1mM
3BzD Acetonitrilo - 0.1% acido  Allure PFP Propyl
Plasma MS-MS formico (50 x 2.1 mm, Spm) Larsen, 2011
Acetato amonico 0.05M . . .
ga?i%/aD uv — Acetonitrilo - Metanol (K2r500m>?§1llmm 5um) lz\lglsllr Uddin,
(55:15:30) O
Acido formico 0.1% en
ggIEZD HR-MS agua - Acido férmico I(_lusr;)afllinm 5yum) Vogliardi, 2011
0.1% en acetonitrilo oK
Acetonitrilo - Acetato
00 52b MS-MS  aménico 20mM en Acido (Al'(')‘érf( oY ' m  Xiang.201
férmico 1% pH 4 ' oM
Phenazepam Acetonil el Luna phenyl-hexyl
Sanare porina MS-MS amonico 10mM en acido (50 xg mrr>1/ 3 m% Kriikku, 2012
grey formico 0.1% nel!
11 BZD UPLC-  Acetonitrilo - Tampon  ‘Acquity UPLC BEH
Sangre MS/MS acetato pH 5 - Sauve, 2012
(100 x 2.1 mm, 1.7um)
Dodecil sulfato sédico -
guBefoD uv 2.4% pentanol en Fosfato ?215% CZI 6y rgrsn Sum) Hoonka, 2012
s6dico - 0.1%trietilamina X5 s
Tampoén formiato pH 3.5
21 BZD + Acido formico — Kinetex C18
Pelo MS-MS Metanol + Formiato (50 x 2 mm, 2.6um) Rust, 2012
amonico
17 BZD Acido formico 0.1% - Hypersil Gold -
Pelo MS-MS Acetonitrilo (100 x 2.1 mm, 3um) Morini, 2012
BzZD Acetato aménico 10mM  Zorbax Eclipse plus C18
Pelo QTOF-MS  _ M etanol (100 x 2.1 mm, 3.5um) Broecker, 2012
fZIEInr;;?anrg, am MS-MS Formiato aménico pH 3.5 Unison UK-C18 Miyaguchi,
Dol P _ Acetonitrilo (150 x 3 mm, 3um) 2013
~ - Ve = 0 1 -
6 BZD UHPLC- ';‘zt%%ft?: {Q'C‘;gri]l/; o Columna Acclaim z\é';fle:z:ay
Pelo MS-TOF amoénico pH 3.4 (250 x 4.6 mm, 5um) 2013
Acido férmico 0.1% en .
BzZD i R ga Hypersil Gold
Orina MS-MS agua - Acido férmico (50 x 2.1mm, Spm) Schaefer, 2013

0.1% en acetonitrilo
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Analitos

. Detector  Fase movil Columna Referencia
Matriz
BzZD Metanol - Formiato Eclipse Plus C18
Orina, sangre TOF-MS amonico 5mM (100 x 3 mm, 1.8um) Guale, 2013
Acquity BEH C18
7BZD UPCL- Acetonitrilo - Tampon (100 x 2.1 mm, 1.7um)  Fernandez,
Plasma DAD fosfato ImM pH 6 Acquity BEH RP18 2013

(100 x 2.1 mm, 1.7um)

Acido formico +

Clonazepam UPLC-  Acetonitrilo - Acido Acquity UPLC BEH

L C18 Favreto, 2013
Plasma MS/MS Iggmzlg;) + Metanol (50 x 2.1 mm, 1.7um)
4 BZD UPLC- Acetonitrilo - Acido Acquity UPLC HSST3 Proenca. 2013
Sangre MS/MS  férmico 0.1% (100 x 2.1 mm, 1.8um) ¢

Formiato amonico +

95 BZD Acido férmico 0.2% en Zorbax Eclipse XDB-

Fluido oral MS-MS agua - Formiato aménico  C18 Jang, 2013
+ Acido formico 0.2% en (150 x 4.6 mm, 5um),
acetonitrilo
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I1. JUSTIFICACION Y OBJETIVOS

Hoy en dia, el consumo de drogas de abuso se ha convertido en un grave problema
social y de salud publica. En Espafia, se puede apreciar un aumento del numero de
intoxicaciones por cocaina en los Gltimos afios en contraposicion al resto de drogas ilicitas
como la heroina, siendo cada vez méas importantes las consecuencias de su consumo habitual.
Durante los ultimos afios se ha observado un aumento significativo de las urgencias
hospitalarias relacionadas con intoxicaciones por benzodiacepinas, porque son farmacos
frecuentemente prescritos, de facil administracion y de precios reducidos. La gran variedad
presente en el mercado, asi como su elevada versatilidad en aplicaciones clinicas, las
identifica como una de las familias de medicamentos de mayor uso. Este elevado consumo,
unido a la ausencia de un correcto seguimiento de su prescripcion, esta convirtiendo a las

benzodiacepinas en drogas de abuso, con las consecuencias negativas que esto supone.

La sangre proporciona una estimacion de la concentracion actual circulante de los
analitos de interés, por tanto es la muestra que mejor correlaciona sus niveles con el efecto
farmacoldgico o toxico, indicando si el individuo se encuentra bajo la influencia de una
determinada sustancia, asi como su grado de afectacion. Sin embargo, el tiempo de deteccidn
de las drogas es muy corto (24-48 horas), por lo que esta muestra es de gran utilidad solo
cuando se pretende demostrar un consumo reciente. Tanto los opiaceos como la cocaina se
metabolizan rapidamente en el organismo, de ahi la importancia de la investigacion analitica

conjunta de cada droga y sus principales metabolitos en sangre.

El anélisis de orina es usado rutinariamente para demostrar el consumo de opiaceos y
cocaina en toxicologia forense, pues su recogida es comoda y no invasiva, la deteccion de
drogas de abuso es relativamente facil hasta pasados varios dias de su administracion, y
presenta menor cantidad de sustancias que pueden interferir en el analisis. Por el contrario,
este analisis requiere una supervision que garantice la no manipulacion, no siempre es posible
tomar una muestra en un momento determinado, la conservacion de la muestra requiere
refrigeracion o congelacién, y no existe una correlacion entre las concentraciones de drogas
en orina y en sangre. Las drogas se metabolizan rapidamente, excretandose en orina en forma
inalterada y como metabolitos, de ahi la importancia de la determinacion conjunta de cada

droga y sus principales metabolitos en orina.
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La saliva o fluido oral se considera como una muestra alternativa para medir drogas de
abuso porque es facil de recoger, no invade la privacidad del individuo y contiene mayores
concentraciones de las drogas originales frente a sus metabolitos, lo que favorece la
identificacion de las sustancias consumidas. La transferencia de las drogas desde la sangre a la
saliva tiene lugar por difusion pasiva, transporte activo y/o filtracion, segun su liposolubilidad
y su tamafio molecular. Si se favorece el flujo de la saliva, por estimulacion mecénica o
tomando alguna sustancia &cida, el pH de la saliva puede variar, modificandose asi la
concentracion de las drogas en esta matriz. Puesto que la ventana de deteccion en saliva es
corta (1-2 dias), se utiliza unicamente como indicador de consumo reciente; ademas, los
niveles de drogas suelen ser bajos, por lo que se requiere una metodologia analitica con una

adecuada sensibilidad, tal como la cromatografia liquida propuesta en este trabajo.

El andlisis de pelo permite conocer el historial de adiccion a drogas de un sujeto,
durante un periodo mas o menos prolongado, en funcién de la longitud de los cabellos (su
crecimiento aproximado es de 1 cm/mes). La deteccion de drogas en pelo puede realizarse
incluso meses después de su consumo puesto que su unién a la matriz es muy estable, al
contrario de lo que sucede con la orina y el plasma. La muestra es recogida preferentemente
en la zona occipital del cuero cabelludo porque se ha observado una menor variabilidad en la
velocidad de crecimiento, presenta una buena estabilidad y hay posibilidad de una segunda
muestra para comparacion o contraanalisis. Los resultados de los test de drogas en pelo han
sido utilizados en estudios clinicos, forenses y epidemioldgicos, investigacion historica e

incluso han sido presentados como prueba en tribunales civiles, criminales y militares.

El humor vitreo es una muestra bastante utilizada en la actualidad ya que tiene
propiedades de las que carecen otras matrices bioldgicas. En el caso de cuerpos que hayan
sufrido shocks hemorragicos o procesos de descomposicion, quemados o embalsamados, es
necesario recurrir a fluidos bioldgicos, que se encuentran en lugares protegidos de la
contaminacion (liquido cefalorraquideo, humor vitreo, liquido sinovial y liquido pericérdico).
De todos ellos, el humor vitreo es el que presenta mas ventajas para determinar diferentes
tipos de drogas; su acceso es sumamente facil, su volumen es suficiente y tiene un bajo
contenido proteico, por lo que no estd muy influenciado por procesos postmortem. Muchos
han sido los esfuerzos para determinar la relacion existente entre los niveles de droga en

humor vitreo y los correspondientes en sangre, sin poder llegar a una conclusion comin y
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definitiva para las benzodiacepinas y drogas de abuso; sin embargo es una muestra alternativa

muy atil para demostrar el consumo de estas sustancias.

Se han desarrollado nuevos procedimientos de preparacion de muestra que
proporcionan buenos rendimientos sin excesivo gasto de tiempo y dinero. Hasta la
publicacién de los trabajos presentados en esta tesis doctoral, la extraccion asistida por
microondas (MAE) era una técnica muy poco utilizada en el campo de la toxicologia forense
pero muy extendida en el tratamiento de otras matrices. Nuestra experiencia con las multiples
aplicaciones de la MAE, realizadas para la extraccion de drogas de abuso y benzodiacepinas
en diferentes matrices bioldgicas, nos permite demostrar la obtencion de unos buenos
resultados (recuperaciones y limpieza de la muestra) y confirmar que se trata de una técnica
limpia y amable con el medio ambiente, porque se disminuye significativamente el consumo

de disolventes organicos, el tiempo y por tanto el coste final de los analisis.

La cromatografia liquida de alta resolucién con detector de red de diodos (HPLC-
DAD) es una técnica mas eficaz si se compara con el radioinmunoensayo (RIA) pues permite
diferenciar las drogas de sus metabolitos, y ademas es mas rapida y sencilla si se compara con
la cromatografia de gases, en la que es necesaria la derivatizacion previa de algunas drogas,
para su identificacion y cuantificacion en medios bioldgicos. Ademas, los resultados son
buenos y comparables con los obtenidos por otras técnicas para la deteccion de un amplio
namero de drogas y/o psicofarmacos (sin ningun tratamiento quimico) en plasma, orina,
saliva, pelo y humor vitreo. El uso de este detector aumenta la especificidad y selectividad del

método proporcionando el espectro de cada pico cromatografico.

En la actualidad, es obligado optimizar constantemente las técnicas de preparacion de
la muestra y de cuantificacion de los analitos, con el fin de ahorrar tiempo y costes, siempre
gue no se reduzcan la sensibilidad y reproducibilidad del método analitico. En consecuencia,
se ha planteado este trabajo de investigacion, en el que estan implicadas diversas matrices
biologicas y las drogas de abuso y benzodiacepinas mas consumidas en el area sanitaria de

Santiago de Compostela.
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Los objetivos del trabajo presentado en esta Memoria son:

1- Optimizar y validar cinco métodos de cromatografia liquida de alta resolucién
acoplada a un detector de red de diodos (HPLC-DAD) para la identificacion y determinacion
de drogas de abuso (morfina, 6-acetilmorfina, codeina, cocaina, benzoilecgonina, cocaetileno,
metadona y EDDP) en plasma, orina, saliva y pelo, asi como de benzodiacepinas (alprazolam,

bromacepam, loracepam, lormetacepam, diacepam y tetracepam) en humor vitreo.

2- Desarrollar cinco procesos de extraccion asistida por microondas (MAE) para el
aislamiento de drogas de abuso (morfina, 6-acetilmorfina, codeina, cocaina, benzoilecgonina,
cocaetileno, metadona y EDDP) a partir de plasma, orina, saliva y pelo, asi como de
benzodiacepinas (alprazolam, bromacepam, loracepam, lormetacepan, diacepam vy
tetracepam) a partir de humor vitreo. Se recurre al uso de disefios experimentales para estudiar
la influencia de la identidad y volumen del disolvente extractante, pH, temperatura y tiempo

de extraccion.

3- Aplicar estos procesos de extraccion asistida por microondas, seguidos de la
cromatografia liquida con detector de red de diodos (MAE-HPLC/DAD), para la
determinacion de drogas de abuso en muestras reales de plasma, orina, saliva y pelo, asi
como de benzodiacepinas en muestras de humor vitreo, todas ellas procedentes de sujetos
consumidores de drogas y/o benzodiacepinas.
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I11.SECCION EXPERIMENTAL. RESULTADOS Y DISCUSION
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111.1.1. Aplicacion de la extraccion asistida por microondas y la cromatografia liquida
de alta resolucion con detector de red de diodos (MAE/HPLC-DAD) para la

determinacion de drogas de abuso en plasma humano

El objetivo de este trabajo ha sido la optimizacion de un procedimiento de extraccion
asistida por microondas y de un método de cromatografia liquida para la separacion y
determinacion simultaneas de drogas de abuso y sus metabolitos més importantes (morfina, 6-
acetilmorfina, codeina, cocaina, benzoilecgonina, cocaetileno, metadona y 2-etiliden-1,5-
dimetil-3,3-difenilpirrolidina) en muestras de plasma humano. La heroina y la cocaina son
drogas consumidas con fines recreativos por una gran parte de la poblacién espafiola, mientras
que la metadona es utilizada en programas de deshabituacion al consumo de heroina, hechos
que explican el elevado numero de intoxicaciones provocadas por todas ellas, y que justifican
su eleccion para ser estudiadas. El plasma es una muestra bioldégica muy importante en
toxicologia porque es util para realizar estudios toxicocinéticos y porque las concentraciones
de drogas alcanzadas en la misma guardan una correlacion con el estado clinico o la muerte
del sujeto. Como la cantidad de muestra es limitada y los niveles plasmaticos de las sustancias
suelen tomar valores muy bajos, es necesario poner a punto este método analitico, para que

sea suficientemente sensible para su determinacion.

La extraccion asistida por microondas no necesita una etapa posterior de limpieza y ha
demostrado ser un procedimiento simple, rapido y eficaz para ser incorporado en cualquier
laboratorio como un método rutinario a utilizar en muestras, cuyo estudio es requerido por
hospitales y juzgados, en este caso de Galicia. Una vez seleccionados dos disolventes con una
buena afinidad por los analitos, se realizé un disefio experimental, estudiando tres factores
(uno cualitativo y dos cuantitativos): disolvente (cloroformo y diclorometano), temperatura
(50, 75 y 100°C) y tiempo de extraccion (1, 5 y 10 minutos). La matriz de experiencias
realizada se corresponde con un disefio factorial parcial porque no todos los factores
estudiados presentan el mismo namero de niveles; por tanto se trata de una matriz asimétrica
de 2'.3% // 9 experiencias. Las respuestas cromatogréficas obtenidas por HPLC-DAD son
representadas en forma de graficos Pareto, graficos de efectos totales y analisis bayesiano de
los coeficientes, concluyendo que las condiciones éptimas son: cloroformo como disolvente,

75°C como temperatura de extraccion y 10 min como tiempo de extraccion.

123



Capitulo Ill. Seccidn experimental. Resultados y discusion

Paralelamente, se ha validado un método de cromatografia liquida de alta resolucion
con detector de red de diodos para determinar las drogas de abuso en plasma, optimizando
previamente la separacion de los analitos mediante la seleccion de los componentes de la fase
movil, flujo, gradiente y tipo de columna cromatografica. Los resultados obtenidos son
buenos para los objetivos propuestos: la linealidad se cumple en el rango de concentraciones
0.05-2 pg/mL en plasma, y los limites de deteccion oscilan entre 10 y 40 ng/mL. Se
demuestra una buena selectividad, la precision obtenida siempre es menor de 7.5%, la
exactitud se encuentra en el rango 0.1-6.9% vy las recuperaciones medias estan comprendidas
entre 68 y 83%.

Finalmente, se aplicé el método propuesto (MAE/HPLC-DAD) a 20 muestras de
plasma de sujetos vivos y a otras 18 procedentes de sujetos muertos, todas ellas recibidas en
nuestro laboratorio para su analisis y posterior interpretacion toxicoldgica. Los resultados
obtenidos demuestran la utilidad de la determinacion conjunta de las drogas en estudio y sus
metabolitos. En el primer grupo se detectaron tres consumidores de heroina+
cocaina+metadona, cuatro de heroina+metadona, cinco de cocaina+metadona, y seis de
heroina+cocaina. En el segundo grupo se encontraron cuatro consumidores de las tres drogas,

once de dos drogas Yy tres de una sola droga.
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ABSTRACT

A sample preparation procedure using microwave energy is proposed for the
determination of morphine, 6-acetylmorphine, codeine, cocaine, cocaethylene,
benzoylecgonine, methadone and 2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) in
human plasma. A screening asymmetrical factorial design was used to identify the most
suitable extraction conditions as regards solvent, temperature and extraction time. The target
drugs were quantified by high-performance liquid chromatography with diode-array
detection. The use of microwave energy was found to reduce solvent consumption and the
extraction time compared with solid-phase extraction. The detector response was linear over
the drug concentration range 0.05-2.0 pg/mL in human plasma. The precision and accuracy
were good, with values less than 8% and 7%, respectively. Drug recoveries from spiked
samples ranged from 69 to 81%. The proposed method was successfully applied to a number

of forensic cases.

INTRODUCTION

Sample preparation is possibly the most important step of the analytical process
inasmuch as it has a direct influence on accuracy, representativeness and precision, and hence
a direct impact on the quality of the results. Microwave assisted extraction (MAE) is
especially useful with a view to reducing solvent consumption and the preparation time for

complex clinical and environmental samples.

The reliability of forensic toxicological analyses depends heavily on appropriate

preparation of the samples. There have been major recent developments in extraction
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methodology including improved solid-phase extraction (SPE) methods (1-3), and new solid-
phase microextraction (SPME) (4-6) and microwave-based methods (7-12). Microwaves
constitute a non-ionizing type of radiation spanning the frequency region between radio
frequencies and the infrared spectrum. Currently commercially available microwave
equipment allows the safe, rapid, selective separation of analytes from complex matrices (e.g.
the extraction of drugs of abuse from human fluids) at high pressures and temperatures.

This paper reports a new method to prepare human plasma for the determination of
morphine, 6-acetylmorphine (6AM), codeine, methadone its metabolite 2-ethylene-1,5-
dimethyl-3,3-diphenylpyrrolidine (EDDP),and cocaine and its metabolites benzoylecgonine
(BEG) and cocaethylene, by the use of microwave energy. The operating conditions were
selected as regards solvent, temperature and extraction time by using a factorial experimental

design.

EXPERIMENTAL

Reagents

Standards of morphine, codeine, 6AM, cocaine, cocaethylene, BEG, methadone and
EDDP were supplied by Cerilliant (Round Rock, TX). Gradient-grade acetonitrile, methanol,
chloroform and dichloromethane were purchased from Merck (Darmstadt, Germany). Purified
water was obtained from a Milli-Q water system from Millipore (Le Mont-sur-Lausanne,

Switzerland).

Plasma samples

Drug-free plasma taken from Transfusion Galician Centre was used for preparation of
calibration standards. Plasma samples were obtained from patients on a methadone
maintenance program (MMP), patients in legal custody, patients in Galician Hospitals and
others from fatally poisoned individuals. They were stored refrigerated at 4°C, unless the
analysis was delayed, in which case the samples were frozen at -18°C. All studies were
conducted in accordance with the World Medical Association’s “Ethical Principles for

Medical Research Involving Human Subjects” and the Spanish National Law.
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Preparation of calibration standards

Standards containing a 1 mg/mL concentration of each drug in methanol (morphine,
codeine, BEG, methadone and EDDP) or acetonitrile (6AM, cocaine and cocaethylene) were
used to prepare working-strength solutions containing a 0.5, 1, 2, 5, 10 or 20 pg/mL
concentration of each drug in mobile phase (10:90, v/v, acetonitrile/phosphate buffer, pH 6.5)
by appropriate dilution.

Apparatus

The microwave extractor system was an ETHOS PLUS MPR300/12S from
Milestone® (Agrigento, Italy) equipped with a solvent detector. The microwave was able to
extract 12 samples simultaneously in PTFE-lined extraction closed vessels under the same
conditions (temperature and pressure), with simultaneous magnetic stirring of the sample and
solvent inside. An in board pressure control system was installed for monitoring and
controlling pressure and conditions inside the extraction vessels. This oven allows a
maximum of 1000 W and the power changes in order to reach and maintain the temperature

selected.

The analyses of the extracts were performed on a model 2695 chromatograph from
Waters® (Milford, MA) connected to a model 996 photodiode array detector, also from
Waters. Data were processed by using the software Millennium 32® v.3.05.01 for Windows
98. Samples were injected onto an XTerra® RP8 stainless steel column (250 mm x 4.6 mm

1.d., 5 um particle size) supplied by Waters.

In order to optimize peak resolution in the chromatograms and efficient separation of
the analytes in a reasonably short time (22 min), elution was done in the gradient mode, using
a mobile phase consisting of a mixture of acetonitrile and 20mM phosphate buffer (pH 6.5) at

a variable flow rate (Table 1).
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Table 1. Eluent Gradient.

;rr:lrrlg (mllz_llor\rllvi n) A'(%) B (%)
0 0.7 10 90
5 0.7 2 98
7 0.8 20 80
10 0.8 35 65
15 0.8 50 50
20 0.8 50 50
22 0.7 10 90

“A = acetonitrile and B = 20mM phosphate buffer (pH 6.5).

The diode-array detector allowed the wavelength range 200-400 nm to be scanned in
order to obtain three-dimensional (wavelength x absorbance x time) chromatograms. The
sensitivity was optimized by using the wavelengths of maximal chromatographic response for
the analytes (specifically, 233 nm for cocaine, BEG and cocaethylene; 285 nm for morphine,
codeine and 6AM; and 292 nm for methadone and EDDP).

Experimental design

The extraction conditions were selected in an experimental design constructed with the
aid of the software Nemrod W. 2000, LPRAI (University of Aix-Marseille 111, Marseille,
France). Because of the large number of variables potentially affecting the efficiency of
microwave assisted extraction, only a few were examined, all others being set at the optimum
values found in earlier tests. A screening asymmetrical factorial design of the 2'3%/9 type was
used for this purpose (Table 2). The proposed model is not predictive; rather, it measures
response changes at each factor level and then determines interactions. This type of design
discards non-significant factors, which reduces the number of tests needed and saves times
and expenses as a result (13). We studied three factors at variable numbers of levels, namely a
qualitative factor (solvent) at two levels and two quantitative factors (extraction temperature
and time) at three levels each. Variables and levels were selected from a test series conducted
prior to constructing the design. In these tests we tried organic solvents with high affinity with
the analytes, such as chloroform, dichloromethane, hexane, toluene and ethyl acetate. The best
results were obtained with chloroform and dichloromethane; therefore, they were included in
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the design. After analyzing the effect of temperature and time on the process we found that
the stability of the studied drugs is no affected in the ranges studied in the design. The
experimental domain comprised the following specific variables and levels: solvent
(chloroform or dichloromethane), temperature (50, 75 or 100°C) and extraction time (1, 5 or
10 min).

Table 2. Design Matrix (2*.3%).

No. Exp. Solvent Temperature (°C) Time (min)
1 Chloroform 50 1
2 Chloroform 75 5
3 Chloroform 100 10
4 Dichloromethane 50 5
5 Dichloromethane 75 10
6 Dichloromethane 100 1
7 Chloroform 50 10
8 Chloroform 75 1
9 Chloroform 100 5

Extraction procedure

A 1-mL sample was mixed with 10 mL of solvent and placed in the vessel of the
microwave oven for extraction under the conditions of the particular test as dictated by the
experimental design. Following extraction, the vessel contents were centrifuged at 4000 rpm
for 20 min and the organic layer was removed for evaporation to dryness under a nitrogen
stream in a thermostated bath at 40°C. Finally, the dry extract was reconstituted in 100 pL of

mobile phase and a 20-pL aliquot was injected into the chromatograph for analysis.

RESULTS AND DISCUSSION

Once the extraction conditions were selected, plasma solutions containing the eight
drugs at concentrations of 0.05, 0.1, 0.2, 0.5, 1.0 and 2.0 pg/mL were prepared and extracted
in accordance with the described procedure for analysis by HPLC-DAD and construction of

calibration curves.
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The analytes were identified from their retention times (approximately 6.6. min for
morphine, 11.4 min for codeine, 12.5 min for BEG, 13.0 min for 6AM, 15.0 min for cocaine,
16.0 min for cocaethylene, 17.6 min for EDDP and 18.6 min for methadone) and absorption
spectra. The HPLC-DAD technique exhibited a high specificity by virtue of its allowing the
analytes to be discriminated from other substances with identical retention times potentially
present in plasma. Also, it provided a high sensitivity as a result of it allowing the maximum
absorption wavelength for each analyte (specifically 233 nm for BEG, cocaine and
cocaethylene; 285 nm for morphine, codeine and 6AM; and 292 nm for EDDP and
methadone) to be monitored.

The calibration curves for the analytes were linear over the concentration range 0.05-
2.0 ug/mL in plasma, and their correlation coefficients were all greater than 0.997. A linear
regression analysis of the type y = ax + b provided additional useful parameters such as the
slope and intercept (Table 3). By way of example, figure 1 shows the chromatogram for a
plasma sample containing a 0.05 pug/mL concentration of each analyte as monitored at 233

nm.

Table 3. Linearity Data for the Standard Curves of Each Analyte (n = 5).

Coefficient of

Compound Linearity Correlation
Morphine y =1737x - 934 0.9997
Codeine y = 1800x + 679 0.9983
6AM y = 2974x + 843 0.9995
BEG y = 22320x + 2204 0.9989
Cocaine y = 29470x - 5852 0.9969
Cocaethylene y =7765x + 4672 0.9998
EDDP y =285x + 77 0.9986
Methadone y =339x + 57 0.9996

130



Capitulo Ill. Seccidn experimental. Resultados y discusion

0,008 7 | coc

=233 nm
BEG

AU ] 1
|

0,004 ] H

GAM ‘ ‘ ‘

MRP coD || | ‘ | ||I MTD

A JJPU U __JU L,J \_J B

0,000

— —
16,00 20,00

Minutes

Figure 1. Chromatogram at 233 nm for a plasma sample (concentration 0.05 pg/mL).

The chromatographic conditions used to separate the studied drugs were selected from
a series of tests involving various types of columns, mobile phases and gradients.

Application of the described extraction procedure to drug-free plasma samples
revealed the absence of interferences in the chromatographic regions of interest for the

analytes.

The results obtained in this work were examined with the aid of graphic tools supplied
by the software used (Nemrod) including the total effects graph, the bars in which are
proportional in length to the effect of each factor level on the analytical response. As can be
seen in figure 2, chloroform provides better responses for 6AM (a), BEG (b), codeine (e) and
morphine (h); it appeared as statistically significant effect for these drugs. This solvent
practically provides the same effect as dichloromethane for cocaethylene (c), cocaine (d), and
methadone (g). Only EDDP (f) presented better responses when dichloromethane was used in
MAE.
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Figure 2. Total effect graphics for 6AM (a), BEG (b), cocaethylene (c), cocaine (d), codeine
(e), EDDRP (f), methadone (g) and morphine (h). The bar units are chromatographic peak area.
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Medium level of temperature (75°C) supplied the best responses for four of the drugs:
EEDP, BEG, morphine and codeine. The methadone has shown a better response with 100°C,
but very short response with 50°C. Cocaine and cocaethylene have presented better responses
for low value (50°C) than medium level (75°C), but good responses were also achieved at
75°C; both of values were statistically significant for these drugs, but also 75°C has shown
statistical signification for morphine and 6AM and almost statistical signification for BEG.

All of the considered drugs show the best responses when high level of time (10 min)
was used in MAE. This level of time was also statistically significant for cocaine,
cocaethylene and 6AM. So the most suitable conditions for extracting the eight drugs were as

follows: chloroform as solvent, a temperature of 75°C and a time of 10 min.

Under these conditions, the proposed method was validated in accordance with the
recommendations of Shah et al. (14), and Peters and Maurer (15). The within-day and
between-day precision (RSD), and accuracy (relative error), were estimated by subjecting five
samples containing the eight drugs at different concentration levels (0.05, 0.5 and 2 pg/mL) to
the described extraction procedure. The results thus obtained were acceptable; the RSDs were
less than 8% and relative errors less than 7% in all cases (Table 4). These values are similar to

those previously obtained by Caufield and Stewart (2) and Foulon et al. (16).

The limit of quantitation (LOQ) of the method was taken to be the lowest
concentration in the calibration curve (0.05 ug/mL). The limit of detection (LOD), which was
taken to be the lowest concentration giving a signal three times as high as the signal-to-noise
ratio, was 0.01 pg/mL for cocaine, cocaethylene and BEG; 0.03 pug/mL for morphine, 6AM
and methadone; and 0.04 pg/mL for codeine and EDDP. These LOD values are similar to

those previously reported by Brunetto et al. (17).

Analyte recoveries were determined at two different concentration levels (0.05 and 2.0
pg/mL). To this end, the mean area under the peak obtained from five replicate analyses of
plasma spiked and extracted as described were compared with the mean area under the peak
obtained from five replicate samples containing the same analyte concentrations in mobile

phase using the following expression:
Recovery (%) = (mean area pjasma/Mean area mopile phase) X 100

The recoveries thus calculated ranged from 68% for 6AM to 83% for morphine (Table
4). These values are similar to those obtained by other authors (18, 19) using SPE. The
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proposed MAE method is therefore quite robust and can be used for the determination of
opiates and cocaine in human plasma. Microwave energy expedites extraction of the analytes
while maintaining analyte recovery rates. Because the technique uses standard laboratory
equipment, it can be an effective method relative to potential alternatives such as liquid-liquid
extraction and SPE; in fact, MAE reduces solvent consumption and extraction time, compared
with the method published by Fernandez et al. (20).

Table 4. Within-Day and Between-Day Precision and Accuracy and Recoveries.

Precision Accuracy Precision Accuracy
Concen. RSD (%) Rel. error (%) RSD (%) Rel. error (%) Recovery
(Mg/mL) Within-day  Within-day  Between-day  Between-day (%)

(n=5) (n=5) (n=5) (n=5)
0.05 2.09 0.62 7.22 5.12 80.60
Morphine 0.5 6.94 2.25 3.97 3.44 -
2.0 391 3.37 1.55 1.88 82.96
0.05 0.77 2.80 2.18 4.20 76.58
Codeine 0.5 6.01 3.65 4.30 2.80 -
2.0 2.85 1.26 0.88 1.84 77.94
0.05 2.08 0.37 7.14 5.52 70.10
6AM 0.5 5.49 3.20 4.95 1.24 -
2.0 2.38 3.81 1.23 1.63 68.42
0.05 0.96 1.89 2.81 4.64 75.69
BEG 0.5 6.25 3.05 3.16 6.89 -
2.0 1.94 2.88 0.85 0.93 78.35
0.05 1.38 0.52 3.04 3.92 71.01
Cocaine 0.5 2.26 3.15 4.79 4.36 -
2.0 1.82 0.62 1.56 0.65 69.73
0.05 3.25 0.88 4.43 5.72 78.10
CET 0.5 4.90 3.20 191 0.64 -
2.0 1.96 2.17 1.29 0.73 82.02
0.05 0.97 0.12 6.08 3.72 72.18
EDDP 0.5 4.56 1.75 2.11 2.80 -
2.0 2.43 0.20 1.54 0.13 77.50
0.05 1.53 0.39 3.29 2.00 77.83
MTD 0.5 2.09 0.62 1.56 1.99 -
2.0 6.94 2.25 1.36 0.15 71.33
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Once validated, the proposed method was applied to 20 human plasma samples
obtained from Galician hospitals and courts (Table 5) and 18 others from fatally poisoned
individuals obtained from the Institute of Legal Medicine of Galicia (Table 6). The results
obtained testify to the usefulness of the simultaneous determination of the studied drugs.
Thus, three drug consumers (Table 5) were found to be consuming heroin, cocaine and
methadone; four heroin and methadone; five cocaine and methadone; and six others heroin
and cocaine. Cocaethylene was detected in seven cases, suggesting the simultaneous use of
cocaine and alcohol. The average concentrations of the drugs in the plasma samples that
tested positive for them were as follows: 0.71 pg/mL for morphine, 0.80 pg/mL for codeine,
0.38 pg/mL for 6AM, 0.76 png/mL for BEG, 0.84 pg/mL for cocaine, 0.42 pg/mL for
cocaethylene, 0.62 pg/mL for EDDP and 0.48 pg/mL for methadone.

Table 5. Drug Concentrations (ug/mL) Found in Human Plasma from Drug Addicts.

MRP COD 6AM BEG COC CET EDDP MTD

Positive 12 5 7 4 8 9 8 10
cases

:\é'\f‘e’i'm“m 160 126 09 176 196 116  1.09 153
:Z'\;Ql'm“m 005 006 005 005 008 008 032 0.07
Mean 071 080 038 077 084 042 066 0.63
Standard 057 045 031 053 060 040 027 0.48
deviation

Table 6. Drug Concentrations (ug/mL) Found in Plasma from Fatally Poisoned Individuals.

MRP COD 6AM BEG COC CET EDDP MTD

Positive

10 3 9 15 11 7 6 8
cases
:\é'\f‘e)i'm“m 159 152 141 208 192 208 150 1.65
:\é'\;g‘l'm“m 009 011 006 012 015 025 013 0.6
Mean 075 099 072 121 103 106 073 0.91
Standard 050 077 054 077 061 065 055 0.57
deviation
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The average drug concentrations in the positive samples from fatally poisoned
individuals were 0.89 pg/mL for morphine, 0.99 pg/mL for codeine, 0.69 pg/mL for 6AM,
1.21 pg/mL for BEG, 1.03 pg/mL for cocaine, 1.06 ng/mL for cocaethylene, 0.73 pg/mL for
EDDP and 0.90 pg/mL for methadone. Four individuals (Table 6) were found to have used
three drugs (heroin, cocaine and methadone), eleven used two drugs and three others only one
drug. The results for cocaine are within the ranges previously obtained by Kroener et al. (21).

Based on the results, the time elapsed between consumption of the drugs and
collection of the samples was quite long. In fact, 6AM, which is the main metabolite of
heroin, was detected in fewer cases and at lower concentrations than was morphine (a product
of the metabolism of 6AM). The fast metabolization of cocaine resulted in its being detected

in fewer cases than was BEG, its main metabolite.
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I111.1.2. Analisis de drogas de abuso en orina por cromatografia liquida de alta
resolucion, previa optimizacion de su extraccion asistida por microondas

mediante disefio experimental

El objetivo de este trabajo ha sido el desarrollo de un procedimiento de extraccion
asistida por microondas y de un método de cromatografia liquida para el aislamiento y la
determinacion conjunta de drogas de abuso y sus metabolitos mas importantes (morfina, 6-
acetilmorfina, codeina, cocaina, benzoilecgonina, cocaetileno, metadona y 2-etiliden-1,5-
dimetil-3,3-difenilpirrolidina) en muestras de orina humana. Como ya se dijo, la seleccién de
las drogas estudiadas se basa en el elevado consumo de heroina, cocaina y metadona; que, de
esta forma, se convierten en las responsables de un gran nimero de intoxicaciones. La orina
es una muestra bioldgica importante para ser analizada en casos de sobredosis pues, aunque
no existe (como en el plasma) una correlacion entre los niveles urinarios y el estado clinico o
la muerte del sujeto, presenta ventajas tales como un mayor tiempo de deteccion
postconsumo, disponibilidad de volumenes elevados y concentraciones altas de drogas y sus

metabolitos.

Por primera vez, se reveld la extraccion asistida por microondas como un
procedimiento atil para el andlisis de drogas en orina, permitiendo optimizar un factor tan
importante como el pH, que determina cuantitativamente la excrecion de una sustancia.
Después de aplicar un inmunoensayo a las muestras de orina y obtener un resultado positivo,

en este trabajo se procedio a un andlisis de confirmacion, utilizando MAE y HPLC-DAD.

Para la optimizacion de la MAE se han probado diferentes disolventes, con el fin de
conocer su capacidad de extraccion de las drogas en estudio, diferentes temperaturas y
diferentes tiempos de extraccion, demostrando que los mejores resultados son obtenidos
cuando se usan cloroformo o diclorometano, una temperatura de 100°C y un tiempo entre 5y
20 minutos. A continuacion se realizé un disefio experimental, estudiando tres factores (uno
cualitativo y dos cuantitativos): disolvente (cloroformo y diclorometano), pH de la muestra
(5.5y9) y tiempo de extraccion (5, 10 y 20 minutos). El sistema esta adecuadamente descrito
mediante el modelo lineal de un polinomio de primer grado donde se tienen en cuenta las
interacciones de primer orden. La matriz de experiencias se corresponde con un disefio
factorial completo, de modo que se realizan 22.3' // 12 experiencias. Las é&reas de los picos

cromatograficos obtenidos en las experiencias del disefio son representadas en forma de
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gréaficos de interaccion entre factores, graficos de pesos delta y rectas de Henry, concluyendo
que las condiciones 6ptimas son: cloroformo como disolvente, pH 9 y 10 minutos de tiempo

de extraccion.

Paralelamente, se ha validado un método de cromatografia liquida de alta resolucion
con detector de red de diodos para determinar las drogas de abuso en orina. En primer lugar,
se optimizo la separacion cromatografica de los analitos, en base a la composicion y flujo de
la fase movil, y el tipo de columna usada. Los resultados obtenidos son buenos para los
objetivos propuestos. La linealidad se cumple en el rango de concentraciones 0.1-4 pg/mL en
orina. Los limites de deteccion oscilan entre 20 y 80 ng/mL, los coeficientes de variacion
siempre son menores de 8%, y las recuperaciones medias van desde 61 a 109%.

Finalmente, se comprob6 la utilidad del método propuesto (MAE/HPLC-DAD),
aplicandolo a 21 muestras de orina de sujetos vivos y a otras 17 procedentes de sujetos
muertos, todas ellas recibidas en nuestro laboratorio para su analisis y posterior estudio
toxicologico. En el primer grupo se detectaron ocho consumidores de heroina+
cocaina+metadona, seis de heroina+metadona, tres de cocaina+metadona y tres de
heroina+cocaina. En el segundo grupo se encontraron cuatro consumidores de las tres drogas,

once de dos drogas y dos de una sola droga.
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MICROWAVE ASSISTED EXTRACTION OF DRUGS OF ABUSE FROM HUMAN
URINE

Purificacién Fernandez**, Marta Lago®, Rosa Antonia Lorenzo?, Antonia Marfa Carro®, Ana

Marfa Bermejo* and Maria Jests Tabernero®
! Institute of Legal Medicine, Forensic Toxicology Service, Santiago de Compostela, Spain
2 Department of Analytical Chemistry, Faculty of Chemistry, Santiago de Compostela, Spain

* Correspondence to: P. Fernandez, Institute of Legal Medicine, Forensic Toxicology Service,

C/ San Francisco s/n, 15782, Santiago de Compostela, Spain. E-mail: imlpuri@usc.es

ABSTRACT

Microwave assisted extraction (MAE) was used to extract drugs of abuse from urine
samples for the simultaneous determination of morphine, codeine, 6-acetylmorphine (6AM),
cocaine, cocaethylene, benzoylecgonine (BEG), methadone and 2-ethylidene-1,5-dimethyl-
3,3-diphenylpyrrolidine (EDDP) by high performance liquid chromatography with diode
array detector (HPLC-DAD). The working wavelengths used were 285 nm for morphine,
codeine and 6AM; 233 nm for cocaine, cocaethylene and BEG; and 292 nm for methadone
and EDDP. The mobile phase was a gradient of acetonitrile and phosphate buffer at pH 6.5. A
full factorial design was used to identify the most suitable extraction conditions as regards
pH, solvent and time of extraction. The optimum conditions thus established provided analyte
recoveries from 61% to 109%. The detector response was linear over the drug concentration
range 0.1-4.0 pg/mL in urine. The within- and between-day precision and accuracy were less
than 8% and 6.5%, respectively. The method was applied successfully to samples obtained

from Galician hospitals and courts.

Key Words: MAE; HPLC-DAD; gradient; urine; drugs of abuse
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INTRODUCTION

Urine analyses are routinely used to detect the presence of drugs of abuse and certify
their consumption; in fact, urine is an easily collected biological fluid that can contain many
drugs — and, especially, their metabolites - at higher concentrations than in blood for several

days.

Immunological techniques (Cone et al., 1998; Williams et al., 2000; Schramm et al.,
1993) are the most widely used for detecting drugs in biological fluids by virtue of their
simplicity and expeditiousness; however, they are poorly sensitive and specific, which has
compelled the development of alternative methods for the efficient identification and
determination of drugs of abuse. One of the most widely used, gas chromatography-mass
spectrometry (Cone et al., 1994; Cardenas et al., 1996; McCambly et al., 1997) requires the
prior derivatization of non-volatile analytes. High performance liquid chromatography has
emerged as an effective alternative in this context as it allows a large number of analytes to be
separated with no chemical pretreatment (Antollini et al., 2001; Brunetto et al., 2005; Dams et
al., 2002; Foulon et al., 1999; Concheiro et al., 2006).

Drugs of abuse are usually extracted from samples by using liquid—liquid (Elliot and
Hale, 1998) or solid phase extraction (Schéanzle et al., 1999; Maralikova and Weinmann,
2004). The growing interest in obtaining increasingly better results in this context has led to
the development of microwave assisted extraction (MAE), which has been widely used for the
extraction of organic pollutants from sediments, soil, water and other types of materials
(Ganzler et al., 1986; Paré and Belanger, 1994; Croteau et al., 1994). By contrast, MAE has
scarcely been used to extract drugs of abuse from different materials such as serum, tablets or
coca leaves (Franke et al., 1996; Eskilsson et al., 1999; Brachet et al., 2002).

This work developed a new fast method based on microwave assisted extraction and
high performance liquid chromatography-diode array detection (HPLC-DAD) for the
determination of morphine, codeine, 6-acetylmorphine (6AM), cocaine, benzoylecgonine
(BEG), cocaethylene, methadone and 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine
(EDDP) in urine. The MAE procedure was optimized using an experimental design in order to
establish the relative influence of three considered qualitative and quantitative factors for the

operating conditions (Miller and Miller, 2000).
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EXPERIMENTAL

Chemicals

All tests were conducted with gradient-grade solvents. The drug standards used
(morphine, 6AM, cocaine, cocaethylene, BEG, methadone and EDDP) were supplied by
Cerilliant (Round Rock, TX, USA). Gradient grade acetonitrile, methanol, chloroform and
dichloromethane were from Merck (Darmstadt, Germany). Purified water was obtained in the
laboratory using a Milli-Q water system (Le Mont-sur-Lausanne, Switzerland). Drug-free
urine samples were obtained from non-drug users, and real samples from opiate and/or

cocaine users. All were stored refrigerated at 4°C until analysis.

Preparation of Calibration Standard Solutions

Standards containing 1 mg/mL of each drug in methanol (morphine, codeine, BEG,
methadone and EDDP) or acetonitrile (6AM, cocaine and cocaethylene) were used. Working-
strength solutions were prepared by appropriate dilution of the previous standards to obtain
0.5,1,2,5, 10 and 20 pg/mL of each drug in mobile phase (acetonitrile-phosphate buffer pH
6.5, 10:90, v/v).

Chromatographic Conditions

Analyses were carried out on a Waters® 2695 chromatograph (Milford, MA, USA)
connected to a Model 996 photodiode array detector, also from Waters® (Milford, MA, USA).
Data were processed with the software Millennium 32® 3.05.01 for Windows 98. Samples
were injected onto an XTerra® RP8 (250 mm x 4.6 mm i.d., 5 pm particle size) stainless steel
column (Milford, MA, USA).

In order to ensure optimal peak resolution in the chromatograms, and hence efficient
separation of the analytes in a reasonably short time (22 min), elution was done in the gradient
mode, using a mobile phase consisting of a mixture of acetonitrile and 0.02M phosphate
buffer (pH 6.5) at a variable flow rate (Table 1).

The diode array detector allowed the wavelength range 200-400 nm to be scanned in
order to obtain three-dimensional (wavelength x absorbance x time) chromatograms. The

sensitivity was optimized by using the wavelengths where the chromatographic responses of
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the analytes were maximal, namely: 233 nm for cocaine, BEG and cocaethylene; 285 nm for
morphine, codeine and 6AM; and 292 nm for methadone and EDDP.

Table 1. Eluent gradient. Eluent A consisted of acetonitrile and eluent B of 20mM potassium
phosphate (pH 6.5).

;rrr!rlrr]g (mﬁ}?nv}ln) A (%) B (%)
0 0.7 10 90
5 0.7 2 98
7 0.8 20 80
10 0.8 35 65
15 0.8 50 50
20 0.8 50 50
22 0.7 10 90

Experimental Design

The extraction conditions were evaluated using an experimental design constructed
with the software Nemrod W. Version 2000, LPRAI (University of Aix-Marseille IlI,

Marseille, France).

The proposed model is not predictive; rather, it measures response changes at each
factor level and determines interactions - albeit with an aim other than mapping the response
over the domain; this type of design discards non-significant factors, which reduces the
number of tests to be performed and saves time and expense as a result. A full factorial matrix
was used (Table 2) including three factors at a different number of levels that were chosen
from a test series conducted prior to constructing the design: a qualitative factor (solvent) at
two levels, a quantitative factor (pH) at two levels and another quantitative factor (extraction

time) at three levels. Therefore, the matrix will be 22.3* = 12 (Lewis et al., 1999).
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Table 2. Design matrix (2°.3%).

Experiment Solvent (A) pH (B) Time (min) (C)
1 Chloroform 55 5
2 Dichloromethane 55 3)
3 Chloroform 9 5
4 Dichloromethane 9 3)
5 Chloroform 55 10
6 Dichloromethane 55 10
7 Chloroform 9 10
8 Dichloromethane 9 10
9 Chloroform 55 20
10 Dichloromethane 55 20
11 Chloroform 9 20
12 Dichloromethane 9 20

Extraction Procedure

Prior to extraction, the drug-free control sample was diluted twofold with Milli-Q
water in order to minimize matrix effect, the pH was modified up to 9 and then the sample

was centrifuged at 14000 rpm for 10 min.

Under these conditions, the sample (1 mL) was mixed with 10 mL of chloroform and
placed in the vessel of an ETHOS PLUS MPR300/12S microwave oven (Milestone®,
Agrigento, Italy) for extraction at 100°C for 10 min. After extraction, the vessel contents were
centrifuged at 4000 rpm for 20 min and the organic layer was removed for evaporation to
dryness under a nitrogen stream in a thermostatic bath at 40°C. Finally, the dry extract was
reconstituted in 100 pL of mobile phase and a 20 pL aliquot was injected into the

chromatograph for analysis.

Subsequently, solutions containing the eight drugs at concentrations of 0.1, 0.2, 0.4,
1.0, 2.0 and 4.0 ug/mL in urine were prepared and extracted following the previous procedure

for analysis by HPLC-DAD and construction of calibration curves.
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RESULTS AND DISCUSSION

The analytes were identified from their retention times (namely 6.6 min for morphine,
11.4 min for codeine, 12.5 min for BEG, 13.0 min for 6AM, 15.0 min for cocaine, 16.0 min
for cocaethylene, 17.6 min for EDDP and 18.6 min for methadone) and absorption spectra. In
this way, the HPLC-DAD is a technique with a high specificity because it allows the analytes
to be discriminated from other substances with the same retention times potentially present in
urine. In addition, this technique provided a high sensitivity as it allowed the maximum
absorption wavelength for each analyte to be monitored, namely: 233 nm for BEG, cocaine
and cocaethylene; 285 nm for morphine, codeine and 6AM; and 292 nm for EDDP and
methadone.

The chromatographic conditions used to separate the studied drugs were selected
following testing of various types of columns, mobile phases and gradients. Application of the
above-described extraction procedure to drug-free urine samples revealed the absence of
interference in the chromatographic regions where the analytes appear.

Based on the graphs provided by the design (Figures 1 and 2), the final conditions for
the simultaneous extraction of the studied drugs were found to be chloroform as the solvent,
pH 9 for the urine samples and 10 min as the extraction time. For all the analytes, no
interactions between factors were found, as shown in Figure 1 (parallel lines representing no
first order interaction) for morphine. Figure 2 is a delta weight plot which allowed the relative
effects of a level change in a variable on the response to be compared; the effects are shown
as bars, the length of which are proportional to the relative magnitude of the effect, being
negative for bars going leftwards and positive for those going rightwards. The dotted lines
represent the statistical significance levels as determined using the method of Lenth; when the
effect bars surpass the line, the effect of the factor level concerned on the response is
statistically significant. Figure 2 shows for cocaine the statistical significance on the response

(Lewis et al., 1999) when the factor B (pH) changes its level.
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Time
B 5 min
Morphine - 10 min
Al 20 min
=
5.5 9 pH

Figure 1. pH time interaction plot (morphine).
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Figure 2. Delta weights plot (cocaine).
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The calibration curves for the analytes were linear over the concentration range 0.1

4.0 pg/mL in urine, and their correlation coefficients were greater than 0.997 in all cases. A

linear regression analysis based on the equation y = ax + b provided additional parameters

such as the slope and intercept (Table 3). By way of example, Figure 3 shows the

chromatogram at 233 nm for a urine sample containing a 4 ng/mL analytes concentration.

Table 3. Linearity data for the standard curves of each analyte (n=5).

Slope Intercept -
Compound Linearity standard standard Coeff|C|er_1t of
correlation
error error
Morphine y =4977x - 2682 75 701 0.9975
Codeine y = 2800x - 767 35 303 0.9984
6AM y =4870x - 718 44 287 0.9992
BEG y =21773x - 1412 79 643 0.9999
Cocaine y = 48364x + 2362 182 1015 0.9999
Cocaethylene y =38228x - 12850 488 4586 0.9982
EDDP y =106x + 18 1 7 0.9993
Methadone y = 1091x - 392 13 126 0.9983
0.1 3 COC
e A =233nm
6AM
l
005 3 l
CET
EDDP
i wmre cob MTD
AN
i~ it~ - i =

Figure 3. Chromatogram at 233 nm for a urine sample (concentration 4 pg/mL).
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The analytical validation was performed according to the recommendations of Shah et
al. (2000) and Peters and Maurer (2002). The within-day and between-day precision and
accuracy were calculated by subjecting five samples containing the eight studied drugs at two
different concentration levels (0.4 and 2.0 ug/mL) to the above-described extraction
procedure. The results thus obtained were acceptable (Bresolle et al., 1996); in fact, the
relative standard deviations were less than 8% and the relative errors were less than 6.5%
(Table 4).

Table 4. Within-day and between-day precision and accuracy and recoveries.

Precision Accuracy Precision Accuracy
Compound Concen. RSD (%) Rel._Er_ror (%) RSD (%) Rel. Error (%) Recovery
(ug/mL)  within-day within-day between-day  between-day (%)
(n=5) (n=5) (n=5) (n=5)

i 0.4 2.14 1.52 5.87 2.30 93.98
Morphine 1.41 0.46 2.16 1.34 73.37
. 0.4 1.88 1.23 6.15 3.20 82.58
Codeine 2.0 2.45 1.14 2.16 3.20 88.41
6AM 0.4 2.10 0.81 4.05 1.70 109.00
2.0 2.61 0.46 2.41 3.50 88.31
BEG 0.4 2.24 1.43 4.43 1.70 61.01
2.0 3.22 1.99 2.84 3.04 62.57
Cocaine 0.4 2.85 1.79 5.88 3.80 82.64
2.0 1.90 6.09 3.10 2.32 88.20
CET 0.4 2.28 2.29 7.62 1.70 69.91
2.0 191 0.67 1.23 1.48 87.65
EDDP 0.4 1.93 0.71 6.55 1.80 74.68
2.0 3.13 4.18 2.15 1.80 67.07
0.4 1.63 1.22 4.30 3.60 66.63

MTD
2.0 2.26 0.63 2.07 2.26 66.59

The quantitation limit for the method was taken to be the lowest concentration in the
calibration curve (namely 0.1 pg/mL). On the other hand, the limit of detection was taken to
be the lowest concentration giving a signal three times as high as the signal-to-noise ratio and
was 20 ng/mL for cocaine, 40 ng/mL for BEG, 50 ng/mL for 6AM, 60 ng/mL for morphine,
70 ng/mL for codeine, cocaethylene and methadone and 80 ng/mL for EDDP; these values are
similar to those previously reported by Brunetto et al. (2005).
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Analyte recoveries were determined at two concentration levels (namely 0.4 and 2.0
ug/mL) by comparing the peak areas obtained in five replicate analyses of urine samples
extracted as described above with those obtained in five replicate samples containing the same

analyte concentrations in mobile phase. The equation used was:
Recovery (%) = (area yrine/area mopile phase) * (10/8) x 100

and included the correction factor 10/8 in order to consider the volume of chloroform used (10
mL) and that recovered (8 mL).

The average recoveries ranged from 61% for BEG to 109% for 6AM (Table 4). These
values are similar to those previously obtained by other authors using solid phase extraction
(Dams et al., 2002). Based on the favorable recoveries provided by microwave assisted
extraction, and its expeditiousness, cleanliness and reproducibility, the proposed method is an

effective choice for the separation of analytes in biological matrices.

Once validated, the method was applied to 21 urine samples from drug addicts on a
methadone detoxification program (Table 5) and 17 others from fatally poisoned individuals
(Table 6). All samples were previously analysed by enzyme immunoassay (EMIT), which

affords no quantitation or discrimination between different compounds and their metabolites.

The results testify to the usefulness of the simultaneous determination of these drugs.
In fact, eight individuals shown in Table 5 were found to consume heroin, cocaine and
methadone; six consumed heroin and methadone; three consumed cocaine and methadone;
and another three heroin and cocaine. Only in four cases was cocaethylene detected,
suggesting the combined use of cocaine and alcohol. The average concentration of each drug
in the urine samples that tested positive for them was as follows: 1.94 ug/mL for morphine,
1.48 pg/mL for codeine, 0.54 pg/mL for 6AM, 3.34 pg/mL for BEG, 1.62 ng/mL for cocaine,
0.72 pg/mL for cocaethylene, 2.81 pug/mL for EDDP and 2.80 pg/mL for methadone. As can
be seen, the morphine levels exceeded the 6AM levels; because morphine is a metabolite of
6AM, this result suggests that the time elapsed between consumption of the heroin and
analysis of the urine was quite long. The results for BEG and cocaine confirm that the latter is

rapidly metabolized to the former.
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Table 5. Drug concentrations found in urine from drug addicts.

Case Morphine Codeine 6AM BEG Cocaine Cocaethylene EDDP Methadone

1 1.84 4.10 032 411 0.42 0.28 4.12 1.93
2 1.08 - 034 3588 0.75 - 3.99 1.80
3 3.09 - - 3.49 0.53 - - 2.69
4 0.57 - - - - - 0.69 0.23
5 3.70 - - - 2.96 - 0.54 -

6 - - 1.84 3.62 0.85 0.12 3.47 3.49
7 0.41 - 057 044 - - 4.03 3.95
8 - - - 3.24 - - - 2.16
9 0.14 0.11 - - - - 3.06 -

10 - - 0.37 - - - 4.04 4.15
11 3.73 - - - 0.74 - - 3.84
12 3.05 - 0.52 - y 0.33 3.43 2.91
13 - - - - 4.15 - - 3.30
14 1.45 - - b - - 4.37 3.55
15 4.22 - 0.15 ; - - 2.09 3.60
16 1.02 - ) 4.14 - - y 2.79
17 1.33 - - 4.22 - - - -

18 0.46 - 021 433 - - - -

19 3.41 0.93 - - 4 2.16 - -

20 1.60 0.80 - - - - 0.31 1.53
21 - - - 1.92 - - 2.44 3.06

The average concentrations of the drugs in the positive samples from fatally poisoned
individuals were 2.16 pg/mL for morphine, 1.13 pg/mL for codeine, 2.44 pg/mL for 6AM,
3.66 pg/mL for BEG, 3.71 pg/mL for cocaine, 1.09 ng/mL for cocaethylene, 1.73 pg/mL for
EDDP and 2.93 pg/mL for methadone. Four such individuals (Table 6) were found to use the

three drugs (heroin, cocaine and methadone), eleven used two drugs, and two used only one.
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Table 6. Drug concentrations found in urine from fatally poisoned individuals.

Case Morphine Codeine 6AM BEG Cocaine Cocaethylene EDDP Methadone

1 - - - 5.39 - - 1.59 0.63
2 - 1.37 - - - - - 6.27
3 1.50 - - - 3.27 - 4.35 -
4 - - - 3.60 - - 0.36 5.79
5 0.24 - - 3.03 8.13 - - -
6 0.18 - 568 4.78 - 2.17 - -
7 - - - 5.81 1.62 0.96 0.12 0.16
8 1.10 - - - - - - -
9 - - - 1.68 - - - 0.94
10 0.76 - 2.63 3.40 0.33 - 2.71 9.16
11 - - - 0.21 - 0.15 0.95 1.81
12 - 0.27 - - 4.61 - - -
13 4.63 - - - 4.92 - - 1.03
14 - 2.06 - 5.07 - - 3.27 0.32
15 5.24 - 0.31 - - - - -
16 - 0.84 1.15 - 3.12 - - -
17 3.47 - - - - - 0.49 3.17
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111.1.3. Comparaciéon de dos procedimientos de extraccion (LLE y MAE) para la
determinacion de drogas de abuso en saliva usando cromatografia liquida de alta

resolucién

El objetivo de este trabajo ha sido la optimizacion de dos procedimientos de
extraccion (LLE y MAE) para la separacion de varias drogas de abuso y sus metabolitos méas
importantes (morfina, 6-acetilmorfina, cocaina, benzoilecgonina, cocaetileno, metadona y 2-
etiliden-1,5-dimetil-3,3-difenilpirrolidina (EDDP), a partir de saliva humana. La
determinacion posterior de estas drogas se llevd a cabo usando la cromatografia liquida de
alta resolucion acoplada a un detector de red de diodos (HPLC-DAD). La saliva presenta
ventajas con respecto a otras muestras bioldgicas, pues su recogida es muy facil, no invade la
intimidad del sujeto y contiene altas concentraciones de las drogas originales frente a sus
metabolitos, lo que favorece la identificacion de las sustancias consumidas. Las drogas llegan
desde la sangre a la saliva por transporte activo, filtracion y/o difusién pasiva a favor de un
gradiente de concentracion, segln el tamafio molecular de las sustancias y su liposolubilidad.
Cuando se alcanza el equilibrio entre ambos fluidos, la concentracion de las drogas en saliva
solo va a depender de la relacion existente entre el pH de la sangre y el de la saliva. Si se
favorece el flujo de la saliva, por estimulacion mecéanica o tomando alguna sustancia acida, el
pH de la saliva puede aumentar, modificandose asi la concentracion de las drogas en esta
matriz. Puesto que la ventana de deteccion en saliva es corta y las concentraciones de drogas
en saliva son bajas, se requiere una metodologia analitica con una adecuada sensibilidad, tal

como la cromatografia liquida de alta resolucion.

La recogida de las muestras en este estudio ha sido realizada con un dispositivo
comercial conocido como Salivette®, que estimula la produccion de saliva. Para la extraccion
liquido-liquido (LLE) se usaron Toxitubos A, que contenian una disolucién tampén a pH 9y
una mezcla de disolventes organicos. Se afiadid 1 mL de saliva, se agité durante 10 min y se
centrifugo a 4000 rpm durante 15 min; se separé la fase organica, se evaporo a sequedad, el
residuo seco se reconstituyé en 100 pL de fase maovil, y una alicuota de 20 pL se inyecto en el

cromatografo de liquidos para su analisis.

Para optimizar la extraccion asistida por microondas (MAE), se probaron distintos
disolventes organicos (cloroformo, diclorometano, hexano), distintas temperaturas (80, 90 y
100°C) y distintos tiempos (5, 10 y 15 min). Los mejores resultados fueron obtenidos cuando
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se mezclaron 1 mL de saliva con 10 mL de cloroformo en un vaso del microondas y se
mantuvo a 100°C durante 10 min. El contenido del vaso se centrifug6 a 4000 rpm durante 15
min, se separo la fase organica, se evaporo a sequedad, el extracto seco se reconstituyd en 100
pL de fase movil, y una alicuota de 20 uL se inyecto en el cromatdgrafo de liquidos para su
andlisis. La aplicacion de los dos procedimientos de extraccion previamente descritos a
muestras de saliva libres de drogas confirma la ausencia de compuestos enddgenos, que

podrian interferir en el analisis cromatografico de opiaceos, cocaina y sus metabolitos.

Paralelamente, se ha validado un método de cromatografia liquida de alta resolucion
con detector de red de diodos para determinar las drogas de abuso en saliva. Se usé una
columna XTerra® RP8 y se optimiz6 el flujo y la composicién de la fase mévil para obtener
una buena separacién cromatografica de todas las drogas en estudio. A continuacion, se
estudiaron los siguientes parametros: la linealidad, que se cumple en el rango 0.05-2 pg/mL;
los limites de deteccidn, que oscilaron entre 10 y 35 ng/mL para los dos procedimientos de
extraccion; la precision, que tomé unos valores menores que 4.6% para LLE y MAE; y por
ultimo, la recuperacién, que se situaba en los rangos de 53-95% para LLE y 83-100% para
MAE. Como se pone de manifiesto, la extraccién asistida por microondas es la que permite

obtener mejores recuperaciones, si se compara con la extraccion liquido-liquido.

Finalmente, los métodos propuestos (LLE/HPLC-DAD y MAE/HPLC-DAD) fueron
aplicados a 24 muestras de saliva procedentes de usuarios cronicos de opiaceos y/o cocaina,
obteniéndose resultados positivos para cocaina y/o sus metabolitos (benzoilecgonina vy
cocaetileno) en 22 casos, para metadona y/o EDDP en 12 casos y para metabolitos de la
heroina (morfina y 6-acetilmorfina) en 8 casos. Tal y como habian publicado otros autores, las
concentraciones de las drogas originales resultaron ser mayores que las de sus metabolitos,
aunque se observaron diferencias interindividuales, atribuibles a la dosis, pH de la saliva y la
forma de recogida de la muestra. Debido a las diferentes recuperaciones obtenidas, segun el
método de extraccion aplicado, la morfina, EDDP y metadona fueron detectadas en menos
sujetos cuando la saliva fue procesada usando Toxitubos A. Estos resultados confirman la
conveniencia del uso de la extraccion asistida por microondas frente a la extraccion liquido-

liquido.
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ABSTRACT

High performance liquid chromatography in combination with diode array detection
(HPLC-DAD) was used to determine morphine, 6-acetylmorphine, cocaine, benzoylecgonine,
cocaethylene, methadone and 2-ethylene-1,5-dimethyl-3,3,-diphenylpyrrolidine in human
saliva. For comparison, samples were prepared by either liquid—liquid extraction in Toxitubes
A® or microwave-assisted extraction (MAE), by mixing 1 mL of saliva with 10 mL of
chloroform and operating at 100°C for 10 min. Acetonitrile and 0.02M phosphate buffer at pH
6.5 were used as mobile phase in HPLC in gradient mode. The detector response was linear
over the drug concentration range of 0.05-2.0 pg/mL in human saliva. The analytical method
was validated by determining its precision and accuracy (n = 5), which were lower than 5% as
relative standard deviation and 6% as relative error. Limits of detection ranged from 10 to 35
ng/mL; mean recoveries of drugs were from 53 to 95% with Toxitubes A and from 83 to
100% with MAE at two different concentrations (0.1 and 1.0 pg/mL). The proposed method

was applied to 24 saliva samples from individuals poisoned with opiates and/or cocaine.

Keywords: HPLC-DAD; opiates; cocaine; Toxitubes; MAE; human saliva

INTRODUCTION

Most psychotropic drugs have traditionally been determined in blood and urine by
virtue of these compounds and their metabolites being easily detected in these biological
matrices. Over the past two decades, however, saliva has been increasingly employed to
monitor drug use in the workplace and schools and for criminal justice purposes (Kadehjian,

2005). Saliva has a number of advantages over blood and urine, including ease of collection,
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and it contains the parent drugs in high proportions relative to their metabolites. However,
saliva has some disadvantages, such as a relatively low concentration range, variable pH and
the risk of contamination from drug residues present in the nasal cavity (Aps and Martens,
2005).

The increasing simultaneous use of several drugs of abuse has required the
development of convenient, expeditious methods for their detection in small amounts of
sample. Properly preparing samples, which includes clean-up and pre-concentration of the
target analytes, is a crucial step in the analysis of biological fluids for illicit drugs. The
extraction techniques typically used for this purpose provide acceptable results, but are
labour-intensive. These shortcomings have been circumvented by using alternative procedures
such as those based on microwave-assisted extraction (MAE), which have enabled the
successful extraction of various types of compounds from matrices including sediments, soil,
plants and water (Ganzler et al., 1990; Paré and Belanger, 1994; Lopez-Avila et al., 1995;
Eskilsson et al., 1999; Carro et al., 2000; Christen and Veuthey, 2001; Barriada-Pereira et al.,
2004).

Opiates and cocaine in saliva have so far been determined using a variety of extraction
procedures and analytical techniques (Speckl et al., 1999; Niedbala et al., 2001; Cone et al.,
2002; Mortier et al., 2002; De Jager and Andrews, 2002; Jones et al., 2002; Fucci et al., 2003;
Clauwaert et al., 2004; Drummer, 2005; Jufer et al., 2006; Cognard et al., 2006) but none to

date has used microwave-assisted extraction (MAE).

In this work, we have developed a method for the simultaneous determination of
opiates, cocaine and their metabolites in saliva using Toxitubes® and MAE to prepare the
samples, and liquid chromatography with diode array detection (HPLC-DAD) for their

subsequent analysis.

EXPERIMENTAL

Material

Standards of the studied drugs [morphine, 6-acetylmorphine (6AM), cocaine,
cocaethylene, benzoylecgonine (BEG), methadone and 2-ethylene-1,5-dimethyl-3,3,-
diphenylpyrrolidine (EDDP)] were supplied by Cerilliant (Round Rock, TX, USA). Gradient-
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grade acetonitrile, methanol and chloroform were purchased from Merck (Darmstadt,
Germany). Purified water was obtained in the laboratory using a Milli-Q water system from
Millipore (Le Mont-sur-Lausanne, Switzerland). Toxitubes A® were obtained from Dipesa
(Madrid, Spain) and the Salivettes®, used to collect the test samples, from Sarstedt

(Numbrecht, Germany).

Preparation of Calibration Solutions

Standard solutions containing a 1 mg/mL concentration of each drug in methanol
(morphine, BEG, methadone and EDDP) or acetonitrile (6AM, cocaine and cocaethylene)
were used for calibration. Working-strength solutions containing all drugs were prepared by
appropriate dilution of the previous standards to obtain concentrations of 0.5, 1, 2, 5, 10 and
20 pg/mL in mobile phase (10:90 v/v acetonitrile—phosphate buffer, pH 6.5), or 0.05, 0.1, 0.2,
0.5, 1.0 and 2.0 ug/mL in saliva.

Instrumentation

Analyses were performed on a model 2695 chromatograph from Waters® (Milford,
MA) connected to a model 996 photodiode array detector, also from Waters®. Data were
processed with Millennium 32® v.3.05.01 for Windows 98 software. Samples were injected
onto an XTerra® RP8 (250 x 4.6 mm i.d., 5 um particle size) stainless steel column also
supplied by Waters®. In order to ensure optimum peak resolution in the chromatograms, and
hence efficient separation of the analytes within a reasonably short time (22 min), elution was
carried out in gradient mode, using a mobile phase consisting of a mixture of acetonitrile and
potassium dihydrogen phosphate (pH 6.5; 0.02M) at a variable flow rate (Table 1). The diode
array detector allowed the wavelength range 200-400 nm to be scanned in order to obtain
three-dimensional (wavelength/absorbance/time) chromatograms. The sensitivity was
optimized using the wavelengths where the chromatographic responses of the analytes were
maximal, namely: 233 nm for cocaine, BEG and cocaethylene; 285 nm for morphine and
6AM; and 292 nm for methadone and EDDP.

The microwave extraction system was an Ethos Plus MPR 300/12S oven, from
Milestone® (Agrigento, Italy), equipped with a solvent detector. This system allows up to 12
samples to be simultaneously extracted in PTFE-lined extraction closed vessels under

identical conditions of pressure and temperature, with simultaneous magnetic stirring of the
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sample and solvent inside. An in-board pressure control system was used to monitor and
control pressure and other conditions inside the vessels. The oven provides a maximum power

of 1000 W which can be changed in order to reach and maintain the desired temperature.

Table 1. Eluent gradient used.

Time Flow rate  Acetonitrile Phosphate buffer
(min) (ml/min) (%) pH 6.5 (%)

0 0.7 10 90

5 0.7 15 85

7 0.8 20 80

10 0.8 35 65

15 0.8 50 50

20 0.8 50 50

22 0.7 10 90

Saliva Samples

Drug-free saliva samples were obtained from our laboratory coworkers, and test
samples from opiate and/or cocaine users in a detoxification programme of the Drug Addict
Health Care Unit of Galicia (NW Spain). All samples were stored refrigerated at 4°C unless
their analysis was delayed, in which case they were frozen at -18°C. Saliva samples were
collected with the commercial device Salivette®; this consists of a cotton swab that is inserted
into the mouth and allowed to soak for 2-3 min, after which it is placed in a collecting tube
and centrifuged to release the collected saliva for subsequent extraction and chromatographic
analysis. All tests were conducted in accordance with the World Medical Association’s

Principles for Medical Research Involving Human Subjects and the Spanish National Law.
Sample Preparation

Toxitubes A

These tubes contain a buffer solution at pH 9 and a mixture of organic solvents
(dichloromethane, 1,2-dichloroethane, heptane and isopropanol) to extract organic bases and
some neutral drugs from the biological matrix. A volume of 1 mL of saliva was poured into

each Toxitube, and the tube was shaken for 10 min and centrifuged at 4000 rpm for 15 min.
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Then, the organic phase was evaporated to dryness under a nitrogen stream in a thermostated
bath at 40°C, and the residue reconstituted in 100 puL of mobile phase of which a 20 pL

aliquot was injected into the chromatograph for analysis.
Microwave-assisted extraction

After testing different solvents (chloroform, dichloromethane, hexane), temperatures
(80, 90 and 100°C) and times (5, 10 and 15 min), the best results were obtained with the
following conditions: a volume of 1 mL of saliva was mixed with 10 mL of chloroform and
placed in the oven vessel for extraction at 100°C for 10 min. Then, the vessel content was
centrifuged at 4000 rpm for 15 min and the organic layer was removed by evaporation to
dryness under a nitrogen stream in a thermostated bath at 40°C. Finally, the dry extract was
reconstituted in 100 uL of mobile phase and a 20 uL aliquot injected into the chromatograph

for analysis.

The previous two extraction methods were applied in parallel to two series of solutions
containing the seven target drugs at concentrations of 0.05, 0.1, 0.2, 0.5, 1.0 and 2.0 pg/mL in
saliva. The extracts were analyzed under the above-described chromatographic conditions and
the results used to construct a calibration curve for each analyte by plotting chromatographic
areas against the respective post-extraction concentrations. Such concentrations were 10 times
higher than the initial ones because the final volume was 10 times lower than the starting

volume.

RESULTS AND DISCUSSION

Firstly, the target drugs were identified from their retention times and UV spectra,
checking the purity of each peak and achieving satisfactory specificity and a good peak
resolution in an overall analysis time of 22 min. The retention times were found to be 7.02
min for morphine, 12.48 min for BEG, 13.35 min for 6AM, 15.35 min for cocaine, 16.36 min
for cocaethylene, 17.73 min for EDDP and 18.71 min for methadone. Figure 1 shows the
chromatogram for a saliva sample, prepared by MAE, and containing a 0.1 ug/mL

concentration of each analyte.
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Figure 1. Chromatogram for a saliva sample containing 0.1 pg/mL concentration of each
analyte as monitored at 233 nm (MRP, morphine; BEG, benzoylecgonine; 6AM, 6-
acetylmorphine; COC, cocaine; CET, cocaethylene; EDDP, 2-ethylene-1,5-dimethyl-3,3-
diphenylpyrrolidine; MTD, methadone).

Application of the two above-described extraction procedures to drug-free saliva
samples confirmed the absence of any endogenous compounds potentially interfering with the

chromatographic analysis of the target drugs.

Calibration standards containing drug concentrations over the range 0.05-2.0 pg/mL
saliva were extracted in Toxitubes or by MAE and analyzed on five different days.
Calibration curves were constructed by plotting the area under the chromatographic peak of
each drug against concentration (Table 2). Each point in these curves was obtained in
triplicate, and the correlation coefficients were similar using both extraction procedures. On
the basis of the slopes corresponding to all compounds except cocaethylene, the MAE method

provided to have a higher sensitivity.

The between-day precision and accuracy of the method were estimated by analysis of
five saliva samples containing the drugs at two different concentrations (0.1 and 1.0 pg/mL).
The precision was calculated as the relative standard deviation (RSD) and the accuracy was
expressed as a percentage of the difference between the measured concentration and the true
value for the same concentration. As can be seen from Table 3, the results were similar with
both extraction procedures, with RSD less than 5% and relative error less than 6% in all cases.

These values are similar to or even lower than those obtained by other authors (Foulon et al.,
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1999; Fucci et al., 2003; Campora et al., 2003, 2006; Cognard et al., 2006), using different
extraction procedures and analytical techniques.

Table 2. Calibration curves.

Equations
Toxitubes A MAE
. y=2934.1x _451.8 y=4109.2x_ 1972.3
Morphine R? = 0.999 R? = 0.997
6AM y =2791.4x—-952.8 y =4339.9 x — 392.5
R%=0.995 R%=0.999
y=34939 x +305.1  y=239755 x + 10276
BEG R? = 0.999 R? = 0.999
Cocaine y=40195x + 278.7  y=47397 x — 14084
R%=0.999 R%=0.999
y=40045x + 1895  y = 36493 x _ 3836.6
Cocaethylene R? = 0.999 R? = 0.998
y =388.4 X — 26.7 y =606.9 X — 60.5
EDDP R? = 0.999 R? = 0.997
y=14803x - 290.4  y=1598.1x 40,5
Methadone R? = 0.998 R? = 0.999
Table 3. Mean precision, accuracy and recoveries.
RSD (%) Relat. error (%)
Siéngration between-day between-day Reg((;v)ery
prep (n=5) (n=5) g
Morohine MAE 3.22 3.63 83
P Toxitubes A 291 2.70 67
MAE 3.23 1.50 90
6AM Toxitubes A 2.79 1.18 53
MAE 1.89 3.13 89
BEG Toxitubes A 4.55 2.55 69
Cocaine MAE 451 3.23 94
Toxitubes A 3.20 5.05 86
Cocasthviene MAE 2.23 2.73 100
y Toxitubes A 3.64 5.80 95
MAE 2.29 5.70 94
EDDP Toxitubes A 4.19 3.05 72
MAE 2.53 2.40 96
Methadone 1 i bes A 4.24 1.93 77

The limit of quantitation of the proposed method was taken to be the lowest

concentration in the calibration curve (0.05 pg/mL). On the other hand, the limit of detection
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was taken to be the lowest concentration causing a signal rise three times as high as the
signal-to-noise ratio at the wavelength selected for each compound; they were found to be 10
ng/mL for cocaine, cocaethylene and BEG; 25 ng/mL for 6AM and methadone; and 35 ng/mL
for morphine and EDDP in saliva with the two extraction procedures. These drugs have
previously been determined in saliva using other techniques; GC-MS allowed opiates to be
determined at lower concentrations (Jones et al., 2002; Campora et al., 2006) and cocaine at
higher (Fucci et al., 2003) or similar levels (Jenkins et al., 1995; Moolchan et al., 2000). On
the other hand, LC-MS/MS allowed cocaine and its metabolites to be determined with LODs
of ca 0.22 ng/mL (Mortier et al., 2002) or 1 ng/mL (Clauwaert et al., 2004).

Drug recoveries were calculated by comparing the area under the peak for each drug
as obtained from five saliva samples at two concentrations (0.1 and 1.0 pg/mL) with that
obtained by direct injection of a mobile phase containing identical analyte concentrations.
They were found to range from 53 to 95% with Toxitubes and from 83 to 100% with MAE
(Table 3). So microwave-assisted extraction provides recoveries higher than those obtained
for opiates (Mortier et al., 2002) and for cocaine (Clauwaert et al., 2004) with solid-phase

extraction.

Finally, the two extraction procedures were used to analyze 24 samples of saliva from
opiate and/or cocaine users who were under a detoxification programme (Table 4). A total of
22 samples tested positive for cocaine or its metabolites, 12 for methadone or EDDP and eight
for heroin metabolites. These results only allow one to confirm the absence of recent
consumption, at the time samples were collected, in two cases for cocaine, 12 cases for
methadone and 16 cases for heroin. Owing to the different sensitivities and drug recovery
according to the applied extraction procedure, morphine, EDDP and methadone were detected
in fewer cases when the saliva was processed using Toxitubes. The concentrations were lower
than the average value for each drug in more than half of the cases (55-83%). Based on the
average concentrations obtained, the parent drug predominated over its metabolites, consistent
with the results of other authors (Clauwaert et al., 2004; Moffat et al., 2004). The levels for
cocaine and its metabolites found in this work are similar to those reported by Cognard et al.
(2006) and Foulon et al. (1999), but higher than those obtained by Moolchan et al. (2000).
These differences can be ascribed to various factors including dose, saliva pH and the way

samples were collected - which in our case involved using a commercially available device
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(Salivette®). Kato et al. (1993) found oral fluid obtained without stimulation to contain

substantially higher drug levels than in samples collected upon stimulation with citric acid.

Table 4. Drug concentrations found in 24 real samples of saliva.

Sample Positive ~ MeanzSD Maximum Minimum
preparation cases (ug/mL) (ug/mL) (ug/mL)
Morphine MAE 8 1.79+1.15 3.49 0.39
Toxitubes A 7 1.65+0.81 3.04 0.52
6AM MAE 3 0.50+0.59 1.18 0.11
Toxitubes A 3 0.46x0.67 1.07 0.12
BEG MAE 20 0.75+0.55 1.59 0.05
Toxitubes A 20 0.58+0.35 1.57 0.05
Cocaine MAE 19 0.85+0.45 4.43 0.05
Toxitubes A 19 0.69+0.42 2.99 0.05
Cocaethylene MAE 6 0.057+0.014 0.07 0.05
Toxitubes A 6 0.052+0.007 0.06 0.05
EDDP MAE 8 0.97+0.80 2.10 0.20
Toxitubes A 7 0.86+0.65 1.82 0.21
Methadone MAE 12 1.62+0.042 5.87 0.10
Toxitubes A 11 1.68+0.60 5.80 0.13

A comparison of the concentrations for the drugs in the positive samples revealed that
the values obtained with microwave-assisted extraction were slightly higher than those
obtained with Toxitubes but they were positively correlated, except for cocaethylene (Table
5). The microwave extraction system allows up to 12 samples to be simultaneously extracted,
providing an increased analyte recovery within a shorter time than extraction with Toxitubes.

Table 5. Correlation between drug concentrations obtained with MAE and Toxitubes A.

Equation (y = ax + b)® R?
Morphine (n=7) y =1.168x + 0.061 0.982
6AM (n= 3) y =1.115x - 0.013 0.999
BEG (n= 20) y =1.083x + 0.120 0.820
Cocaine (n=19) y =1.321x - 0.053 0.957
Cocaethylene (n=6) y = 1.600x - 0.026 0.640
EDDP (n=7) y = 1.159x + 0.042 0.933
Methadone (n= 11) y =1.001x + 0.193 0.986

%, concentrations with Toxitubes A; y, concentrations with MAE
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CONCLUSION

The HPLC-DAD technique and microwave-assisted extraction to prepare the saliva
samples provide good sensitivity and specificity for the determination of drugs of abuse in
saliva, a biological matrix which has proved to be effective and useful in diagnosing

overdose.
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111.1.4. Optimizacion de un método rapido de extraccion asistida por microondas para

la determinacion cromatogréafica de drogas ilegales en pelo

El objetivo de este trabajo ha sido la puesta a punto de un metodo analitico para la
determinacion simultanea de morfina, 6-acetilmorfina, codeina, cocaina, benzoilecgonina y
cocaetileno en muestras de pelo humano, utilizando un nuevo procedimiento de extraccion
asistida por microondas y cromatografia liquida de alta resolucion con detector de red de
diodos. Existe un doble motivo que nos ha llevado al abordaje de este trabajo: por una parte,
el elevado consumo de estas drogas en nuestro pais, y por otra parte la extraordinaria utilidad
que posee el pelo como herramienta para conocer el historial de drogadiccion de los

individuos, cuyas muestras se analizan de forma rutinaria en nuestro laboratorio:

a) Muertos por sospecha de sobredosis en Galicia, siendo este indicador de mortalidad muy
importante para valorar las consecuencias del consumo de drogas a nivel autonémico,

b) consumidores de drogas, puestos a disposicion judicial, que recibiran un tratamiento penal
atenuado si se demuestra su condicion de drogodependientes y

c) drogadictos sometidos a curas de deshabituacion en Centros de Drogodependencias de

Galicia, que seran expulsados de estos programas si no cumplen la abstinencia a las drogas.

Esta ha sido la primera vez que se utilizd, y con buenos resultados, la extraccion
asistida por microondas para aislar drogas de abuso a partir de muestras de pelo, previamente
lavadas, secadas y cortadas en fragmentos de milimetros. Después de realizar unos ensayos
preliminares para seleccionar el disolvente de extraccion (diclorometano) y establecer la
necesidad de un modificador (metanol), se procedio a la optimizacion de la MAE, realizando
un disefio hibrido de dominio esférico. Se realizaron 17 experiencias, estudiando tres factores
con cinco niveles y un factor con cuatro niveles: temperatura (40, 53, 80, 107 y 120°C),
tiempo (4, 5, 7, 9 y 10 minutos), volumen de diclorometano (5, 6, 8, 10 y 11 mL) y volumen
de metanol (0.2, 0.5, 0.7 y 1 mL), y se construyeron las superficies de respuesta, a partir de las
areas de los picos cromatograficos correspondientes a las drogas. Como estos graficos no
proporcionan unas conclusiones definitivas, se hace necesario el uso de funciones de
deseabilidad para cada respuesta individual, que si muestran las condiciones éptimas para la
extraccion simultanea de las seis drogas en estudio: 60°C, 9 min, 11 mL de diclorometano y

0.5 mL de metanol. Los resultados obtenidos en este trabajo son mejores que los publicados
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después de usar digestion enzimatica (Lopez y col, 2006) o digestion acida del pelo (Girod y

Staub, 2000).

Paralelamente, se ha validado un método de cromatografia liquida de alta resolucion
con detector de red de diodos para determinar las drogas de abuso en pelo. En primer lugar, se
optimizo la separacion cromatografica de los analitos, en base a la composicion y flujo de la
fase movil, y el tipo de columna usada. La linealidad se cumple en el rango de
concentraciones 0.5-40 ng/mg en pelo. El limite de cuantificacion es 0.2 ng/mg para todas las
drogas estudiadas, los coeficientes de variacidon siempre son menores de 4%, y las

recuperaciones medias estan incluidas en el intervalo de 99-101%.

Finalmente, se verifico la aplicabilidad del método propuesto (MAE/HPLC-DAD),
analizando 46 muestras de pelo procedentes de sujetos consumidores de heroina, cocaina y/o
metadona, todas ellas recibidas en nuestro laboratorio para su analisis y posterior diagnostico
de una intoxicacién mas o menos antigua en el tiempo. La cocaina fue la droga detectada en
un mayor nimero de casos, poniéndose de manifiesto su elevado consumo frente a la heroina
y la metadona. La presencia de su metabolito benzoilecgonina en 44 casos puede ser atribuida
a la rapida biotransformacion de la droga original, y demuestra que este metabolito es un buen
marcador del consumo de cocaina. Por otra parte, la presencia de su metabolito cocaetileno en

cinco casos sugiere un uso combinado de cocaina y alcohol.
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ABSTRACT

A rapid and cleanup-free microwave-assisted extraction (MAE) method is proposed
for the simultaneous extraction of six illegal drugs of abuse: cocaine, benzoylecgonine (BZE),
cocaethlylene (CCE), morphine, 6-monoacetylmorphine (6AM) and codeine, from human
hair samples. The analytes were determined using high performance liquid chromatography
(HPLC) with photodiode array UV detection. The influence of several variables on the
efficiency of the MAE procedure was investigated in detail by a multi-objective optimization
approach based on a hybrid experimental design (17 experiments) and desirability functions.
Six drugs were successfully extracted from human hair with recoveries close to 100% and
good reproducibility (<3.6% RSD) under the optimal MAE conditions: 11 mL
dichloromethane (DCM) extraction solvent, 60°C extraction temperature, 9 min extraction
time and 0.5 mL of methanol (MeOH) added to 50 mg of the hair sample in the extraction
vessels. Limits of quantification of 0.2 ng/mg were found for the studied compounds. A
comparison of sample preparation procedures, including MAE, enzymatic digestion and
digestion by aqueous acids, was also conducted. The results indicated that the global
behaviour of sample procedures provided similar satisfactory recoveries ranging from 86 to
100%. Indeed, the MAE procedure resulted in a reduction of extraction time higher than 100-
fold and the elimination of cleanup steps. Slightly higher recoveries of morphine, 6AM, BZE
and CCE, at 1 ng/mg concentration level and cocaine at 40 ng/mg concentration level, were
achieved using MAE. Lastly, the proposed MAE method was applied to several human hair

samples from multidrug abusers.
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1. INTRODUCTION

Hair analysis for drugs of abuse is routinely used in many countries in forensic and
clinical fields [1]. Hair is an advantageous sample because of its substantially longer detection
window (months to years) enabling retrospective investigation of chronic and past
consumption. In addition, the collection, storage and transport of hair samples are easier and
less invasive than the collection of blood or urine samples [2-4]. Moreover, hair samples may
be useful even in post-mortem cases where other bodily fluids are unavailable. The drugs
have been selected according to their high consumption, found in our country in recent years.
Sample preparation for the extraction of illicit drugs from hair typically involves extraction
with any amount of organic solvents such as methanol [3, 5-12], acid [1, 4, 10, 13-18] or basic
[7,9, 10, 19] digestion, or enzymatic digestion [7, 9, 10, 20-23]. The major drawback of these
methods is the length of time needed to achieve efficient recoveries. Extended methanol
extraction (3-18 h) with ultrasonic bath can provide lower drug recoveries as compared to
other procedures [5-8]. Digestion with sodium hydroxide, which completely dissolves the hair
matrix, allows the solubilisation of all drugs. Unfortunately, under these conditions, 6AM, a
unique proof of heroin abuse, is hydrolysed to morphine. Therefore, the alkaline procedure
cannot be recommended for drugs that are not stable under these conditions [7, 24]. The use
of enzymes for hair analysis targets the destruction of the hair structure, thus promoting the
release of the incorporated drugs to the digestion buffer. The hair is dissolved by incubating
the sample with an enzyme at 40-60°C temperature for 6-24 h. For this purpose several
enzymes, including proteinase K and pronase E, have been used [7, 9, 22]. The disadvantages
of the enzymatic digestion of hair have been considered given the fact that the resulting digest
could, under certain conditions, denature the antibodies used for the preliminary detection of
drugs by immunoassays [10]. Overnight digestion in an aqueous solution of 0.01 to 0.5M HCI
at 40-60°C temperature or phosphate buffer, followed by post-cleanup using solid-phase
extraction columns is usually the extraction method of choice [4, 7, 24-27]. Thus, according
to results from the third proficiency test organized by the Society of Hair Testing (SoHT),
acid hydrolysis can offer higher yields for cocaine, opiates, and their metabolites than those

obtained using enzymatic hydrolysis or methanol extraction [9].

More efficient environmentally friendly techniques for the rapid analytical extraction
from solid matrices are supercritical fluids (SFE) [2, 7, 25, 28] and microwave-assisted

extraction (MAE). Compared with other traditional extraction techniques, MAE presents
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advantages such as the reduction of extraction time and solvent volume employed. It enables
partial or total automation of the analytical process, decreases analyte loss and increases
personal safety [29-31]. Commercial microwave equipment with security systems and closed
vessels have made MAE an analytical technique of interest and potential since these
instruments enable the simultaneous extractions of drugs of abuse at a high pressure and
temperature, facilitating rapid and selective analyte desorption from complex matrices such as
human plasma and urine. Moreover, the extraction yields of the analytes are equivalent to

those obtained with conventional methods [32, 33].

Sensitive analytical technology for targeted assay is necessary. One of the most widely
used, gas chromatography-mass spectrometry, requires prior derivatization of the non-volatile
analytes [1, 3, 9, 22, 27, 34, 35]. Liquid chromatography [6-8, 12-14, 20] and capillary
electrophoresis [36] combined with mass spectrometry have emerged as effective and useful
approaches in this context, since they allow a large number of analytes to be separated with no
derivatization requirements. Despite its advantages, LC-MS/MS remains limited to a small
number of forensic toxicological laboratories because of its high cost [7]. The obtained results
of drug analysis by HPLC with photodiode array UV detection [33, 37] were comparable to
those provided by MS-based methods [38, 39].

To the best of the authors’ knowledge - at the time of preparation of this paper - no
previously published peer review literature detailing the application of MAE for drugs
determination in hair matrices was available. In this paper, a new method for extracting
cocaine, CCE, BZE, 6AM, morphine and codeine from hair using microwave energy was
developed. An experimental design with variations in time, volume of dichloromethane
(DCM) extraction solvent, volume of methanol (MeOH) solvent modifier and temperature
was employed to optimize the MAE conditions with minimal experimental effort [40-42]. The
method presented here is advantageous in terms of total extraction time and handling steps,
without the need of any supplemental cleanup. The optimal MAE process was compared with
other conventional procedures and then the proposed method for determination of opiates,
cocaine and metabolites in hair samples spiked with drugs was used in the validation process.
Moreover, the method was applied for the determination of drugs in real-life hair samples
from forensic cases involving several drug of abuse and its robustness was evaluated in terms

of recovery.
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2. EXPERIMENTAL

2.1. Reagents

Standards of morphine, 6AM, cocaine, CCE and BZE were supplied by Cerilliant
(Round Rock, TX, U.S.). Pronase E, dithiotreitol (DTT), sodium hydroxide, ammonium
hydroxide (25%), hydrochloric acid (37%), potassium hydroxide, sodium hydrogen
phosphate, potassium dihydrogen phosphate, boric acid, acetic acid, gradient-grade
acetonitrile, methanol, chloroform, isopropanol and dichloromethane were purchased from
Merck (Darmstadt, Germany). Tris(hydroxymethyl) aminomethane clorhydrate (Tris-HCI
buffer) was from Scharlau (Barcelona, Spain). Purified water was obtained from a Milli-Q
water system from Millipore (Le Mont-sur-Lausanne, Switzerland). Oasis HLB and MCX
cartridges were from Waters® (Milford, MA)

2.2. Instruments and apparatus

Microwave-assisted extraction was performed with an ETHOS PLUS MPR300/12S
from Milestone® (Agrigento, ltaly) equipped with a solvent detector. The pressurized
microwave oven was able to extract 12 samples simultaneously in PTFE-lined closed vessels
under the same conditions (temperature and pressure), with simultaneous magnetic stirring of

the sample and solvent inside.

The analyses of the extracts were performed on a Model 2695 liquid chromatograph
from Waters® connected to a Model 996 diode array UV-vis detector (DAD). Data were
processed with Millennium software 32® v. 3.05.01 for Windows 98. Samples were injected
onto an XTerra® RP8 column (250 mm x 4.6 mm id., 5 um particle size) supplied by
Waters®. In order to optimize peak resolution in the chromatograms and achieve efficient
separation of the analytes in a reasonably short time (20 min), elution was performed in the
gradient mode, using a flow rate 0.8 mL/min and a mobile phase consisting of a mixture of
acetonitrile (A) and 20mM phosphate buffer (pH 6.5) (B) set at a variable gradient program:
0-5 min, 10% A and 90% B; 5-7 min, 15% A and 85% B; 7-10 min, 20% A and 80% B; 10-
15 min, 35% A and 65% B; 15-22 min, 50% A and 50% B; 22-25 min, 10% A and 90% B.
Sensitivity was optimized by using the wavelengths of maximal chromatographic response for
the analytes (viz. 233 nm for cocaine, BZE and CCE; 285 nm for morphine, codeine and
6AM) [33].
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2.3. Hair sample preparation

Real hair samples were collected from 46 people ranging in age from 17 to 63 years
(23 men and 23 women). All of the subjects were screened positive for drug abuse. Drug-free
control hair was taken from 10 volunteers who had never used drugs and spiked with a
standard solution containing all the drugs before extraction. The hairs were collected from the
vertex posterior area as close as possible to the scalp and submitted to an initial procedure of
decontamination by washing three times in 5 mL of a 0.1% solution of neutral soap (Tween
80), for 10 min each wash, rinsing three times with 5mL of distilled water to eliminate any
external contamination. The last wash cycle was analyzed to exclude external contamination.
After drying at 40°C, the hair was cut into 1-mm segments. Then, 50 mg were weighted into a

PTFE-lined extraction vessel.

2.4. Microwave extraction procedure

The nature of solvent (DCM) and the effect of the presence of a polar modifier like
MeOH were fixed according to preliminary experiments and the results of a previous study on
the determination of six drugs of abuse from plasma samples [32]. The other experimental
conditions were established on the basis of the results of the optimization studies. In the
optimized method, 0.5 mL of MeOH was added to 50 mg of hair sample in the extraction
vessels, being in equilibrium with the matrix before the addition of 11 mL of DCM.
Extraction was carried out in 9 min at 60°C. Following extraction, the vessel contents were
filtered and the organic solvent was removed for evaporation to dryness under a N, stream at
40°C. Finally, the dry extract was reconstituted in 100 uL of mobile phase and a 20 pL aliquot

was injected into the chromatographic system for analysis.

3. RESULTS AND DISCUSSION

3.1. Preliminary experiments

Preliminary studies were carried out in order to decide on the extraction solvent to be
used, the type of modifier to be added to the sample before extraction, as well as to examine
the effect of HCI on the MAE yields.
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Three organic solvents were studied to select the ones that would be most suitable in
this case. Chloroform, MeOH and DCM were tested, using MAE general conditions of 80°C
and 6 min. Owing to their electric characteristics, it was expected that the larger the dielectric
constant and the dipole moment of the solvent, the more optimal the thermal energy would be
[29]. However, the extracting selectivity and the ability of the medium to interact with
microwaves can be modulated by the interactions of the matrix itself with microwaves. In this
case, maximum efficiency was observed when DCM (dielectric constant, 8.9, and dipole
moment, 1.16 Debye) was used as solvent since all the drugs were quantitatively extracted. In
contrast, they could not be extracted using MeOH (dielectric constant, 32.6, and dipole
moment, 2.87 Debye) or chloroform (dielectric constant, 5.5, and dipole moment, 1.1 Debye).

The use of microwave energy for accelerating the acid hydrolysis of human hair for
extracting illicit drugs was tested, using MAE general conditions (80°C, 6 min and 10 mL
DCM) by adding different volumes and concentrations of HCI in extraction vessels and
evaluating the effect on MAE yields. The results (n=2) were compared with those obtained by
MAE without HCI (Figure 1) and it was observed that several drugs were not extracted when
acid hydrolysis was used simultaneously with MAE. In the case of MAE without HCI,
microwave heating was sufficient for the disruption of weak hydrogen bounds promoted by
the dipole rotation of the molecules [29], providing the best extraction responses.

The suitability of MAE (at general conditions of 80°C, 6 min and 10 mL DCM) with
and without an added polar modifier prior to extraction of the studied drugs from human hair
was assessed. We tested both water and MeOH as modifiers for MAE, and the results were
compared to those reported for the extraction of hair with MAE in the absence of a polar
modifier (Figure 2). When MeOH was added to hair samples in the vessel before extraction,
the presence of the modifier helped remove drugs from hair more easily than with unmodified

MAE. Due to the responses obtained, further research work has focused on the use of MeOH.
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Figure 1. Influence of hydrochloric acid presence on responses obtained for each drug.
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Figure 2. Effect of polar modifier utilization on the extraction efficiency of MAE.

3.2. Optimization of MAE procedure

We used a hybrid design of a spherical domain to optimize the responses (analyte peak
area) directly related to MAE. The design consisted of three factors with five levels and one
factor with four levels: extraction temperature (40, 53, 80, 107 and 120°C), extraction time (4,
5, 7, 9 and 10 min), DCM solvent volume (5, 6, 8, 10 and 11 mL) and MeOH volume added
to the sample as modifier (0.2, 0.5, 0.7 and 1 mL). The proposed experimental design (15
experiments + 2 central points) is shown in Table 1.
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Table 1. Experimental plan for hybrid design and responses obtained (areas) in each
experiment for drugs.

o T T oo T S

mL)  (mL) MRP COD 6AM BZE COC CCE
1 80 7 8 1.0 31,025 18,398 20,417 431,505 119,838 212,019
2 53 5 6 0.7 36,736 23,171 23,794 513110 150,488 287,900
3 53 5 10 0.7 42,214 25839 27,849 541,685 161,006 349,425
4 107 5 6 0.7 45650 25126 29,076 546,336 175910 350,473
5 107 5 10 0.7 46,098 24,775 29,273 593,236 188204 322,328
6 53 9 6 0.7 37,869 22,119 24,898 512,465 143,715 311,048
7 53 9 10 0.7 51,732 34,266 39,387 614,132 250,627 504,727
8 107 9 6 0.7 42,061 23,174 28,089 557,541 171,569 360,001
9 107 9 10 0.7 43,693 25075 27,184 590,478 177,153 293,746
10 80 7 5 0.2 46,201 27,820 29595 577,865 186,336 350,563
11 80 7 11 0.2 46,057 29,517 35399 573,307 223,788 431,355
12 40 7 8 0.2 48,928 28581 32,968 622,096 190,822 368,085
13 120 7 8 0.2 43,123 27,534 29,748 573,436 193,059 386,466
14 80 4 8 0.2 46,262 27,996 30,958 586,399 192,853 361,745
15 80 10 8 0.2 46,104 27,971 28970 563,587 198,055 394,929
16 80 7 8 0.5 45137 26,374 28,416 557,318 173,603 365,812
17 80 7 8 0.5 46,231 25643 27,745 602,048 155735 294,046

NEMROD®W software was used for the generation and evaluation of the
experimental design [43]. The three-dimensional response surface shows the effect of two
independent variables on a given response, at a constant value (central value) of the other two
independent variables. Thus, for cocaine (Figure 3A), morphine and CCE, higher responses
were obtained when temperature and DCM volume were at their opposite levels, whereas for
codeine, 6AM and BZE (Figure 3B) extraction efficiency was favoured by high DCM volume
and low temperature values. Similar opposite behaviours were observed when temperature
and time factors were considered for morphine, BZE, cocaine and CCE. Also, better
responses were obtained when time and MeOH volume were at their lowest level for 6AM
and cocaine (Figure 3C). However, middle values of MeOH volume without significant time
effect, for morphine, codeine, BZE (Figure 3D) and CCE produced higher results. The
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response contour plots serve as a preliminary graphical approach to optimization, but the use
of multicriteria optimization based on the construction of a desirability function for each
individual response provided the identification of the best-compromise conditions for the
simultaneous extraction of drugs using MAE [44]. Each individual desirability function was
chosen from a family of linear or exponential continuous functions, and ranged from zero
(undesirable response) to one (optimal response). The overall desirability function (D) was
estimated as the geometric average of the individual desirability functions (d;) using
NEMROD®W without additional experiments. In this case, MAE efficiency was maximised
(di = 1 for the highest areas) and the D function acquires its maximum value of 1 (Figure 4)
under the following optimal conditions: 60°C, 9 min, 11 mL of DCM and 0.5 mL of MeOH.
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Figure 3. Response surfaces of extraction efficiency (peak area) as function of temperature
and DCM solvent volume for cocaine (A) and BZE (B) and as function of MeOH modifier

volume and time for cocaine (C) and BZE (D).
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Figure 4. Global desirability contour plots obtained in the optimization of MAE using a
hybrid design.

3.3. MAE-HPLC/DAD method validation

The analytes were identified from their retention times (viz. 6.35 min for morphine,
9.22 min for codeine, 10.53 min for BZE, 11.89 min for 6AM, 14.78 min for cocaine, 15.83
min for CCE) and absorption spectra. This gives the method a high specificity as it provides

information about the purity of the corresponding peaks.

Linearity was assessed by injecting each sample five times over a concentration range
of 0.5 to 40 ng/mg. Results obtained for the correlation coefficients (R?) varied between
0.9992 and 0.9999. Quantification was based on the standard addition method using hair
samples spiked with a multistandard mixture of a known concentration, in order to avoid
matrix effects. Precision was investigated studying intra-day repeatability and inter-day
reproducibility. Relative standard deviations (RSD), and accuracy (relative error), were
evaluated at three concentration levels (1, 10 and 40 ng/mg) to the MAE procedure described
above. The results showed low RSD, from 0.98 to 6.3% (n=5) for intra-day precision and
from 0.43 to 3.6% (n=>5) for inter-day precision. Intra-day relative errors were less than 7% in
all cases while inter-day relative errors were less than 4%. Quantification limits (LOQ) were
calculated for a S/N ratio of 10 [45]. The LOQs achieved were 0.2 ng/mg for all the drugs.
These limits are in the range of ng/mg, suggested for these drugs on the recommendations for

hair testing in forensic cases by the Society of Hair Testing [46].
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3.4. Comparison between MAE and two different digestion procedures

Acid and enzymatic preparations always show higher drug recoveries compared with
methanol and ultrasonic extraction. Moreover, it is not possible to differentiate between the
medical intake of codeine or morphine from heroin abuse by means of alkaline digestion.
Therefore, the analytical precision and recovery of the MAE technique were studied in
quintuplicate and compared with enzymatic digestion and acid digestion. The results were
analysed by HPLC-DAD after subjecting 50 mg of drug-free hair samples spiked at two
concentration levels for each drug to the three procedures described in Table 2. Data in Table
3 show the relative effectiveness of the three extraction procedures applied. As shown, all the
tested extraction procedures gave good analytical results, with recoveries ranging from 86 to
102%. The statistical comparison between the different extraction procedures exhibited a
significant effect (95% confidence level) between-methods variance (ANOVA test, using
Statgraphics Plus version 5.1 for windows (Manugistics, Inc., Rockville, MD, USA)).
Enzymatic and acid digestion presented similar recoveries (within 86-102% range) and RSD
(within 1.1-9% range) values, while MAE recoveries were more efficient (ranging between 99
and 101%) and precision values (ranging between 0.4 and 3.6%) were lower than
conventional methods. According to the ANOVA, no significant effects were found in
between-drugs variance (p=0.45) or between-concentration level (p=0.22).

Also, a multifactor analysis of variance (ANOVA) was performed to compare the
results obtained with enzymatic digestion, acid digestion and MAE from real hair sample of
six forensic cases. Positive results were obtained only for the two most commonly found
drugs or metabolites (BZE and cocaine) (Table 4). The absence of statistical significance
(95% confidence level) for the factor extraction method was demonstrated. However, the
results obtained for the analysed samples were statistically different (p < 0.05) depending on
the origin of the forensic case. Thus, there were two homogeneous sample groups formed for
the following samples: 1, 2, 3, 4 and 6; and sample 5 constituted a separate single group. On
the other hand, the results obtained for the analysed drugs were also statistically different
(p<0.05) because the concentrations range (1.67-34.63 ng/mg) for cocaine, as expected, was
higher than the range obtained for BZE (0.40-2.21 ng/mg).
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Table 2. Comparison of the proposed method with conventional procedures: working
conditions.

Microwave-assisted

Enzymatic digestion (Ref [23])  Acid digestion (Ref [18]) extraction (this paper)

Temperature: 37°C Temperature: 60°C Temperature: 60°C

Time: 2 h + overnight Time: 12 h Time: 9 min

Reagents: 500 pL of 12 mg/mL  Reagents: 1 mL HCI 0.01M, ImL  Reagents: 0.5mL MeOH as
DTT and 500 pL of 2 mg/mL NaOH 0.01M, 1 mL phosphate modifier and 11mL DCM as

pronase E in Tris-HCI buffer buffer, pH 7 extraction solvent
0.1M,pH 7.2

Ultracentrifugation: 5 min Ultracentrifugation: 5 min Ultracentrifugation: No
Cleanup: SPE (Oasis HLB) with  Cleanup: SPE (Oasis MCX) Cleanup: No

1mL borax buffer, pH 9.2 Rinsed with 2 mL water, 1 mL

Rinsed with 2 mL MeOH: water  acetate buffer, pH 4 and 2 mL

(5:95) and 2 mL NH4OH: MeOH

MeOH: water (20:2:78) Vacuum-dried for 20 min.

Vacuum-dried for 20 min Elution: 2 mL methylene

Elution: 2 mL 2% acetic acid in  chloride: isopropanol: ammonium

MeOH hydroxide (80:18:2)

Extract: Evaporated under a Extract: Evaporated under a Extract: Evaporated under a

stream of N, at 40°C to dryness  stream of N, at 40°C to dryness stream of N, at 40°C to dryness

Table 3. Precision and accuracy for analysis of drugs in fortified hair. Comparison of sample
preparation procedures.

. Enzymatic Acid digestion _
Drug Target concentration digestion (n=5) (n=5) MAE (n=5)
(ng/mg) 10 400 10 400 10 400
Mean concent. (ng/mg) 0.86 37.9 0.88 38.3 1.00 40.0
Morphine %Recovery 86 95 88 96 100 100
%RSD 6.6 4.3 18 5.2 1.8 0.8
Mean concent. (ng/mg) 0.89 39.0 0.91 36.1 1.01 39.98
Codeine %Recovery 89 98 91 90 101 100
%RSD 8.1 5.7 51 3.0 3.6 0.4
Mean concent. (ng/mg) 0.87 40.3 0.92 37.6 0.99 40.0
6AM %Recovery 87 101 92 94 99 100
%RSD 6.6 6.9 6.0 7.0 2.1 0.7
Mean concent. (ng/mg) 0.89 36.3 0.97 39.6 0.99 40.0
BZE %Recovery 89 91 97 99 99 100
%RSD 34 34 9.0 1.1 3.1 0.6
Mean concent. (ng/mg) 0.96 36.0 1.02 35.3 1.00 40.0
Cocaine %Recovery 96 90 102 88 100 100
%RSD 6.5 4.0 6.7 4.2 2.7 0.6
Mean concent. (ng/mg) 0.87 35.8 0.86 35.2 1.00 40.0
Cocaethylene  %Recovery 87 89 86 88 100 100
%RSD 6.8 6.0 1.1 2.8 2.2 0.8
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Table 4. Concentration range of drugs in human hair samples (n=6) from forensic cases
obtained by different extraction methods. ANOVA analysis demonstrating the absence of
statistical significance (95% confidence level) for the factor extraction method.

Concentration range (ng/mg)

Procedure -
BZE Cocaine
Acid digestion 0.40-1.92 1.67-28.29
Enzymatic digestion 0.57-2.21 2.12-33.86
Microwave-assisted extraction 0.42-2.03 1.76-34.63
ANOVA
Factor -
F-ratio p-Value
Extraction procedure 0.11 0.90
Drug 11.74 0.00
Sample 5.72 0.00

3.5. Application of the method to hair samples from multidrug abusers

The applicability of the MAE-HPLC/DAD proposed method was checked by
analysing in duplicate N= 46 real hair samples from drug abusers who consumed different
types of drugs under study (Table 5). The only drug detected in 35 samples was cocaine;
heroin was found in only 2 cases, and the 2 drugs combined in 9 cases. In most of the hair
samples positive for opiates, the concentration of 6AM was higher (8 cases) than that of its
metabolite morphine (6 cases). Cocaine also tended to be found in higher concentrations than
its two metabolites, BZE and CCE. The overwhelming presence of BZE, in 44 cases, may be
attributed to the rapid biotransformation of cocaine, while the presence of CCE in 5 cases
would suggest the combined use of cocaine and ethyl alcohol. These findings demonstrate
that 6AM and BZE are good markers of the consumption of heroin and cocaine, respectively.
Figure 5 shows the two chromatograms obtained after the optimization of the MAE process
for a hair sample from a drug user, determining cocaine (27.3 ng/mg), BZE (3.6 ng/mg) at A =
233 nm, and 6AM (7.4 ng/mg) and morphine (4.8 ng/mg) at A = 285 nm.
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Table 5. Analytical results from N=46 real hair samples from multidrug abusers using the
proposed MAE-HPLC-DAD method.

Case sample Concentration values (ng/mg)

number Morphine Codeine 6AM BZE Cocaine Cocaethylene
1 - 2.57 9.85 - - -

2 - - - 1.85 11.52 -

3 - - - 0.45 3.23 -

4 - - - 0.422 1.76 -

5 - - - 7.95 34.63 -

6 - - - 0.57 2.97 -

7 - - - 2.03 6.43 -

8 - - - 6.44 29.32 -

9 - - - 17.29 56.25° -

10 - - - 3.65 23.90 -

11 - - - 0.76 4.54 -

12 7.42 - 4.80 36.11 171.09° -

13 - - 3 151 7.41 -

14 - - - 13.18 157.94° -

15 - - - 3.67 25.60 -

16 - - - 4.29 52.99° -

17 - . - 4.03 48.71° -

18 - - - 31.38 141.33° -

19 - - - 1.93 4.79 -

20 - - - 16.07 64.49° -

21 3.61 1.34 ¢ s - -

22 - - : 7.32 29.97 -

23 - - g 3.63 27.30 -

24 - - 4 0.78 - -

25 - - . 2.80 5.23 .

26 - - / 2.93 . -

27 - 0.31 0.94 5.22 3.16 -

28 0.62 - . 16.35 10.68 -

29 0.71 - . 29.11 17.43 -

30 0.85 - 2.74 4.99 3.39 -

31 - - 3.97 0.69 2.32 0.66
32 - - - 0.392 - 0.41
33 - - - 0.36% - 4.32
34 3.41 8.91 12.93 414 5.90 2.87
35 - - - 15.20 7.96 -

36 - - - 0.342 - -

37 - - - 0.57 - -

38 - - - 0.51 - -

39 - - 1.58 7.10 8.89 -

40 - - - 4.59 5.04 -

41 - - - 17.48 8.30 -

42 - - - 0.77 2.92 <LOQ
43 - - - 1.15 - <LOQ
44 - - - 0.392 - 1.14
45 - - - 0.392 1.27 -

46 - - 7.50 45.83° 25.05 -
-: Not detected.

2 Results obtained by MAE using 100 mg of hair sample. ° Results obtained by MAE using a dilution step.
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Figure 5. Chromatograms for drug separation after MAE-HPLC/DAD method corresponding
to a hair sample from consumer, monitoring at A=233 nm (A) and at A=285 nm (B). MAE
optimal conditions: 60°C, 9 min, 11 mL DCM, 0.5 mL methanol.

4. CONCLUSIONS

This paper describes a simple and fast sample preparation method based on a
microwave-assisted extraction with HPLC/DAD determination and has proved that it is an
efficient and quantitative procedure for the simultaneous detection and analysis of six drugs of

abuse in the hair of heroin and/or cocaine users.
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Application of a hybrid design and desirability functions allowed the optimization of
MAE parameters. The variables investigated were extraction temperature, extraction time,
solvent volume and MeOH, as modifier, volume. The total time of analysis, which is now
becoming one of the most important factors, was significantly decreased when microwave
energy was applied. MAE is faster (9 min) than the conventional digestion procedures and
besides, simultaneous extractions can be performed in a microwave oven while only
sequential extractions can be conducted with conventional hydrolysis. With regard to the
straightforward methodology used, the MAE technique is clearly better than traditional

procedures since MAE does not require additional cleanup steps.

The use of DAD does not require previous derivatization and improves the method’s
selectivity by facilitating the selection of the optimal wavelength for the maximal

chromatographic response of the analytes.

Although methods such LC-MS/MS do provide high selectivity and sensitivity, not all
laboratories have access to these instruments. For this reason and on the basis of the levels
usually found in real samples, the method proposed here is a good analytical tool that will be
useful in determining the previous history of drug abuse and it meets all the necessary

requisites to be implemented in a clinical and/or forensic Toxicology Laboratory.
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111.2.1.Determinacion cromatografica de benzodiacepinas en humor vitreo después de

optimizar su extraccion asistida por microondas usando disefio experimental

El objetivo de este trabajo ha sido el desarrollo de un nuevo método de determinacion
simultanea de bromacepam, alprazolam, loracepam, lormetacepam, diacepam y tetracepam en
muestras de humor vitreo humano, utilizando un procedimiento de extraccion asistida por
microondas y un método de cromatografia liquida de alta resolucion con detector de red de
diodos (MAE/HPLC-DAD), que no requiere ningun pretratamiento quimico de los analitos en
estudio. En los ultimos afos, las intoxicaciones por benzodiacepinas van en aumento debido a
su bajo coste y su seguridad (las dosis toxicas son mucho méas altas que las dosis
terapéuticas), pero al no hacer un correcto seguimiento de su prescripcion se estan
convirtiendo en drogas de abuso. EI humor vitreo es una matriz muy usada en la actualidad,
cuando no se dispone de orina y/o sangre, sobre todo en casos de quemados o de cadaveres en
descomposicion; se trata de una muestra limpia, de facil acceso, poco contaminada y de
irrigacion escasa que le defiende de infecciones por via hemética. Estas caracteristicas de las
benzodiacepinas y de la muestra a estudiar justifican el abordaje de esta investigacion,
novedosa por ser la primera vez que se aplica la MAE para el aislamiento de estos farmacos a

partir de esta muestra forense tan importante para el esclarecimiento de muertes sospechosas.

En los primeros experimentos realizados se han evaluado diferentes disolventes para
probar su capacidad de extraccion de las drogas en estudio, mostrando los mejores resultados
para todas las benzodiacepinas cuando se usa el acetato de etilo. También se realizaron
extracciones utilizando diferentes temperaturas, tiempos y volumenes de disolvente, llegando
a la conclusion de que el dominio experimental a estudiar se encuentra entre 60 y 120°C para
la temperatura de extraccion, entre 5 y 15 minutos para el tiempo de extraccién, y entre 5y 15
mL del disolvente previamente seleccionado (acetato de etilo). Para estudiar la influencia de
los factores sobre el proceso de extraccidn se realiza un disefio de superficie de respuesta
central compuesto, que estudia 5 niveles de cada uno de ellos e implica 16 experimentos. A la
vista de los gréaficos de superficie de respuesta, no es posible obtener las condiciones dptimas
para todos los analitos estudiados; por ello se hace uso del algoritmo basado en funciones de
deseabilidad (no lineales y de tipo unilateral izquierdo), observando los mejores resultados
cuando se realiza la extraccion con 10 mL de acetato de etilo, 98°C de temperatura y 10
minutos de tiempo de extraccion (para una deseabilidad del 100%).
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Paralelamente, se procedio a la validacion del método cromatografico para determinar
las benzodiacepinas en humor vitreo humano, después de optimizar la separacion de los
analitos en base a la composicion y flujo de la fase movil, y al tipo de columna usada. Los
resultados obtenidos son adecuados considerando los objetivos propuestos. La linealidad se
cumple en el rango de concentraciones 0.05-5 pg/mL en humor vitreo, los limites de
deteccion oscilaron entre 10 y 13 ng/mL, los coeficientes de variacion siempre fueron
menores de 8%, y las recuperaciones medias estaban incluidas en el intervalo comprendido
entre 88 y 101%.

Finalmente, se demostr6 la utilidad del método propuesto (MAE/HPLC-DAD) sobre
16 muestras de humor vitreo recibidas en el laboratorio de Toxicologia Forense de la USC
para su analisis e interpretacion toxicologica. En primer lugar, se realiz6 un screening de las
orinas procedentes de los mismos individuos, utilizando sucesivamente un inmunoensayo y
una cromatografia de gases-espectrometria de masas, para confirmar la presencia de
benzodiacepinas. A continuacion, se procedié a la aplicacion de nuestro método, obteniendo
unos resultados que indican un mayor numero de consumidores de alprazolam (nivel medio
0.44 pg/mL), lormetacepam (nivel medio 1.04 pg/mL) y diacepam (nivel medio 0.21 pg/mL),
cada uno de ellos presente en cinco de los 16 casos estudiados.
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CHROMATOGRAPHIC DETERMINATION OF BENZODIAZEPINES IN
VITREOUS HUMOR AFTER MICROWAVE-ASSISTED EXTRACTION

Purificacion Fernandez®, Marta Lago®?, Ivan Alvarez®, Antonia M. Carro®, Rosa A. Lorenzo*”

% Institute of Forensic Sciences, Forensic Toxicology Service, Faculty of Medicine, C/ San

Francisco s/n, 15782 Santiago de Compostela, Spain

® Department of Analytical Chemistry, Faculty of Chemistry, Avda. de las Ciencias s/n,

15782 Santiago de Compostela, Spain. Email: rosaantonia.lorenzo@usc.es

ABSTRACT

An analytical method was developed for the simultaneous determination of
bromazepam, alprazolam, lorazepam, lormetazepam, diazepam and tetrazepam in vitreous
humor, using microwave-assisted extraction (MAE) optimized by a central composite design
followed by desirability functions, and high performance liquid chromatography coupled to a
photodiode array detector (HPLC-PDA). The optimal conditions were 98°C for extraction
temperature, 10 min for extraction time, and ethyl acetate (10 mL) as solvent. The extract was
evaporated to dryness, redissolved in 100 pL of mobile phase, and injected (30 pL) into a
XBridge™ Shield RP18 column (250 x 4.6 mm id, 5 pm particle size). The mobile phase,
composed of acetonitrile and 0.02M phosphate buffer pH 6, was eluted at a flow rate of 0.8
mL/min in gradient mode. The response of the detector was linear in the range of 0.05 to 5
pg/mL vitreous humor, the limits of detection ranged between 10 and 13 ng/mL, and the
coefficients of variation were always lower than 10%. The mean recoveries oscillated
between 87.6% for diazepam and 101.2% for lormetazepam. Finally, the MAE/HPLC-PDA
method was successfully applied to 16 vitreous humor samples from individuals intoxicated
with benzodiazepines, being alprazolam, lormetazepam and diazepam the most frequently

found of these substances.

Keywords: Benzodiazepines, Vitreous humor, MAE, HPLC-PDA
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INTRODUCTION

Poisoning by benzodiazepines (BZDs) is a health hazard because of their addictive
nature, discovered in 1961. Over the years, the consumption of benzodiazepines spread
among the drug dependent population and became noticeable in drug facilitated assault cases
and road accidents. Improvement of the analytical methodology required for detecting the
presence of these drugs in biological samples is of great importance for forensic toxicology, in

order to correctly diagnose an exposure or a poisoning.

Microwave-assisted extraction (MAE) is simple, rapid and selective, with better or
similar recoveries than those obtained in conventional extraction processes. It requires less
energy and lower solvents volumes and generates less waste, being considered as a clean
technique.? The effect of microwave energy depends strongly on the nature of the solvent and
the matrix. The solvent chosen must have a high dielectric constant in order to absorb large
quantities of microwave energy, to heat and to improve the effectiveness of extraction.
However, in some cases it is convenient to heat only the biological matrix, maintaining the
drugs in a cold solvent to prevent degradation of thermolabile compounds.® The suitability of
MAE has been demonstrated for the analysis of drugs of abuse in urine,* hair,> plasma® and
vitreous humor;’ analgesic and anti-inflammatory drugs in plasma and urine® and

benzodiazepines in plasma.’

Toxicological studies are usually affected by a wide range of variables and involve a
large number of experiments to optimize the analytical methodology, but this problem can be
overcome using experimental designs that apply a mathematical model to define a cause-
effect relationship between factors affecting the system and the responses obtained.'® When it
is not possible to have a mass spectrometry detector, high performance liquid chromatography
with photodiode array detector (HPLC-PDA) is one of the techniques most employed because
it is relatively inexpensive, and has suitable chemical selectivity associated to absorption
spectra.** HPLC with PDA or other detectors has been previously used for the determination

of benzodiazepines in different biological matrices such as blood, serum or plasma,***®

uring!®%

and hair.?>%* However, vitreous humor is a less studied postmortem material,
although it is very useful, particularly when there is no blood and/or urine (burned or
decomposing corpses), because it has a low protein content, is very stable, accessible and

unpolluted.?®?” A HPLC-PDA method (30 min of analysis time) to determine
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benzodiazepines in vitreous humor using a solid-phase extraction (SPE) procedure (2 h) was
previously published by our group.?® To improve these conditions, alternative methods can be
developed. This paper presents, for the first time, a MAE procedure, optimized using an
experimental design, to extract six benzodiazepines (bromazepam, alprazolam, lorazepam,
lormetazepam, diazepam and tetrazepam) from vitreous humor. MAE involves fewer stages
and less sample handling and time consumption (10 min) than the conventional SPE
procedures. MAE is a good alternative approach since no cleanup step is required and among
its advantages is a high extraction rate, automation feasibility, and simultaneous processing of
different samples can be performed. A method of HPLC-PDA was developed to determine the
analytes in a shorter analysis time of 20 min. The optimized methodology was applied to
several vitreous humor samples obtained from benzodiazepine consumers which had been

received in our laboratory for toxicological interpretation.

EXPERIMENTAL

Chemicals

Standards of benzodiazepines were from Cerilliant (Round Rock, TX). Gradient-grade
acetonitrile, ethyl acetate and methanol were from Merck (Darmstadt, Germany). Purified
water was obtained from a Milli-Q water system (Millipore, Le Mont-sur-Lausane,
Switzerland). A phosphate buffer 0.02M was prepared dissolving 2.72 g of potassium
dihydrogen phosphate in one litre of Milli-Q water and adjusting pH to 6.0 with potassium
hydroxide. Individual stock solutions containing 1 mg/mL of each drug were prepared in
methanol. Working-strength solutions containing the six benzodiazepines were made by
successive dilutions of the stock solutions to obtain final concentrations of 0.05, 0.1, 0.3, 0.5,

1.0, 3.0 and 5.0 pg/mL in vitreous humor. All solutions were stored frozen.

Instrumentation

The microwave extractor system equipped with a solvent detector was an ETHOS
PLUS MPR300/12S from Milestone® (Agrigento, Italy). The system was able to extract 12
samples simultaneously in PTFE-lined extraction closed vessels under the same conditions
(temperature and pressure), with simultaneous magnetic stirring of the sample and solvent

inside. An inboard pressure control system was installed for monitoring and controlling
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pressure and conditions inside the extraction vessels. This oven allowed a maximum of 1000
W, and the power adjusted automatically to reach and maintain the temperature selected. In
this study a power of 1000 W was selected. The temperature and power conditions provided a

pressure of 35 bar in the system.

Analyses were carried out with a Waters® 2695 chromatograph (Milford, MA)
connected to a Model 996 photodiode array detector, also from Waters. Data were processed
with the software Empower Pro®. Samples were injected onto an XBridge ™ Shield RP18
(250 x 46 mm id, 5 pum particle size) stainless steel column from Waters. The
chromatographic separation of the benzodiazepines was optimized studying different
gradients (variation of the percentages of acetonitrile and phosphate buffer throughout the
time of analysis). The best peak resolution in the chromatograms was obtained when the
elution was done with a mobile phase consisting of a mixture of acetonitrile (A) and 0.02M
phosphate buffer pH 6 (B), at a flow of 0.8 mL/min, in gradient mode: 0-1 min, 34% A and
66% B; 10 min, 46% A and 54% B; 15 min, 60% A and 40% B, and 20 min, 34% A and 66%
B.

Vitreous humor samples

Drug-free vitreous humor was used for the preparation of calibration standards.
Vitreous humor samples were obtained from individuals whose death was associated with
benzodiazepines and heroin or benzodiazepines and cocaine. The samples were stored at 4°C,
unless the analysis was delayed, in which case the samples were frozen. All studies were
conducted in accordance with the World Medical Association’s “Ethical Principles for

Medical Research Involving Human Subjects”.?

Microwave-assisted extraction

After mixing 0.5 mL of vitreous humor with 1 mL of acetonitrile and centrifuging for
10 min at 14000 rpm to eliminate proteins, the supernatant was separated, and 2 mL of borate
buffer (pH 9) were added to ensure that the benzodiazepines were in their non-ionized forms
and could easily transfer to the organic phase. The extraction was done by stirring at 98°C for
10 min and using 10 mL of ethyl acetate. After cooling, the extraction vessels were opened
and the extracts were centrifuged for 10 min at 4000 rpm to separate the organic phase from

the aqueous one. The former was dried under a nitrogen stream at 40°C and the dry extract
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was redissolved in 100 pL of mobile phase, consisting of 34% acetonitrile and 66% phosphate
buffer (pH 6), and 30 pL were injected into the chromatograph.

Experimental design

Experimental design is applied to determine, in an efficient and informative way, the
set of conditions that are required to obtain a product or process with desirable, often optimal,
characteristics. Response surface methodology was selected to maximize MAE efficiency.*%!
Central composite design (CCD) provides a great deal of information on experiment variable
effects and overall experimental error in a minimum number of required runs.**** A CCD
with two central points was chosen to investigate the influence of solvent volume, extraction
time and extraction temperature on the responses (peak area of each benzodiazepine) directly
related to MAE. Each factor was tested at five levels: 5, 7, 10, 13 and 15 mL of solvent; 5, 7,
10, 13, and 15 min; and 60, 72, 90, 108 and 120°C. The design consisted of eight points of the
full factorial design, six axial points at a distance 0=1.682, and a centred point tested two
times. The experiments were randomly conducted to provide protection against the effects of
lurking variables. A second-order polynomial model was fitted for each benzodiazepine
response, giving an equation in the following form:

n n n

Yy =bo+ 2 bi Xi + X 2bjj Xi X

i1 i=1j=1
where X; is the coded value of the factors studied (extraction temperature, time, and solvent
volume) and y is the response function (peak area) obtained for each benzodiazepine. The b
values are the estimated polynomial coefficients: by is the intercept term, the b; coefficients
represent the main effect for each variable, the bj coefficients in the quadratic terms are
responsible for the curvature effects, and bj; (i) coefficients describe the interaction effects.
The response values obtained were used to estimate the model coefficients b; through
multilinear regression by the least-squares method. The validation of the model was
performed through analysis of variance (ANOVA). To establish practical compromise settings
for the simultaneous compound extraction conditions, a multicriteria decision was applied,
conducting the procedure using desirability functions based on partial Derringer functions.'*?
Each analyte response was transformed using a dimensionless partial desirability (d;) scale,
which ranged between d=0 for a completely undesirable response and d=1 for a fully desired

response, without additional experiments. Non-linear left unilateral desirability functions were
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required to maximize each response efficiency. A global desirability function (D), which
represents the global quality of the common optimum, was calculated by combining single

desirability functions, usually as the geometric mean.

RESULTS AND DISCUSSION

Optimization of MAE

Before applying the experimental design, five different extraction solvents were
evaluated under intermediate conditions: 89°C, 12 min and 8 mL of solvent. It was
demonstrated that dichloromethane, methanol and hexane only extract low quantities of
lorazepam, lormetazepam, alprazolam, bromazepam and/or diazepam, while the recovery of
tetrazepam is low when the mixture chloroform-isopropanol (4:1, v/v) is used. Maximum
efficiency was observed using ethyl acetate that enabled quantitative extraction of all

benzodiazepines studied (provided in electronic supplementary information, figure S1).

2500000
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1500000 HALP
B LOR
1000000 ¥ LORM
m DzZP
500000 B TETRA
0
dichlor ethyl acet methanol chlor-isopr hexane

Figure S1. Influence of extraction solvent: dichloromethane, ethyl acetate, methanol,
chloroform-isopropanol (4:1, v/v) and hexane.

The responses obtained from the design experiments were analyzed with the

NemrodW program.*> ANOVA showed no statistical significance of the effects associated

with factors and interactions. The extraction efficiency is good for the analytes, except for
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tetrazepam and lorazepam, which presented a different behaviour for the volume of solvent.
Figure 1 shows the three-dimensional response surfaces for values of desirability from 0.0 to
1.0. The optimum conditions of MAE for all benzodiazepines in vitreous humor correspond to
the medium-high values of the three factors: a temperature of 98°C, 10 min of extraction time

and 10 mL of solvent (ethyl acetate).

Desirabili Desirability
% a Desirability b u c
1.00

|
e 'wu

Io¥
|T|me(m1n}
0.00

Solvent volume (mL)

Sohent volume (mL)

Temperaturs (°C)

Temperature (°C) Time (min}

Figure 1. Response surfaces of global desirability obtained using a central composite design
for the target benzodiazepines (BZDs) versus time and temperature (a), solvent volume and
temperature (b) and solvent volume and time (c).

Validation of method

To verify the validity of the analytical methods developed and check whether they are
appropriate for solving analytical problems, it is necessary to demonstrate compliance to a
number of quality parameters. The criteria used in this paper are those recommended by

33,34 35,36

several organizations and other published works, which study linearity, limits of

detection and quantification, selectivity, precision, and accuracy (in terms of recovery).

The working wavelength was set at 230 nm, and the retention times were 8.05 min for
bromazepam, 10.66 min for alprazolam, 11.99 min for lorazepam, 14.84 min for
lormetazepam, 16.80 min for diazepam, and 19.41 min for tetrazepam (Figure 2a). The final
analysis time was 20 min, less than the 30 min obtained by Cabarcos et al.?® The calibration
curves were established with vitreous humor samples spiked at seven concentration levels
with five replicates for each level, in the range 0.05-5 pg/mL. Linearity was satisfactory for

all compounds, with regression coefficients higher than 0.99 (Table 1). The limits of detection
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(LOD) and quantitation (LOQ) were determined from the lowest concentrations with a signal
to noise ratios of at least 3 and 10, respectively. LOD values ranged from 10 to 13 ng/mL.
Table 1 shows the LOQ values. Cabarcos et al.?® found similar LOQs for several
benzodiazepines in vitreous humor, using HPLC-PDA. The selectivity is the ability of an
analytical method to distinguish and quantify the analyte in the presence of endogenous
components of the sample. Analyses of five drug-free vitreous humor samples showed that
there are no interferences because of the lack of response at the retention times of the
compounds studied (lower chromatogram in Figure 2a), proving that this method is

sufficiently selective for the determination of benzodiazepines in vitreous humor.

DZP
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TETRA
0.10
LOR LORM
0.05
2 000 e cm e M et em—ae
0.08 — LORM
(b)
0.06 —
0.04
0.02
0.00 - J
[ [ | [ | I [
8 10 12 14 16 18 20

Time (minutes)

Figure 2. Chromatograms of: (a) vitreous humor containing 3 pg/mL of all BZDs and a blank
sample (---); and (b) a real vitreous humor sample containing 3.45 pg/mL of lormetazepam.
BRO: bromazepam; ALP: alprazolam; LOR: lorazepam; LORM: lormetazepam; DZP:
diazepam; TETRA: tetrazepam.
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The precision and accuracy (in terms of recovery) for the six benzodiazepines studied
were calculated from five replicate analyses in blank vitreous humor samples spiked at three
concentrations, 0.1, 1.0 and 5.0 pg/mL. The intraday precision ranged from 1.1 to 6.2% and
the interday precision ranged from 3.6 to 7.9%, both expressed as relative standard deviations.
The mean recoveries oscillated between 87.6 + 7.1% for diazepam and 101.2 + 4.9% for
lormetazepam (Table 1). In view of the results, it can be stated that this is a precise and
accurate method, since the relative standard deviations were below 10% and the recoveries

were satisfactory with values always higher than 87%. Cabarcos et al.?®

reported higher
coefficients of variation (1.6-16.8%) and lower yields (68-97%) for the same benzodiazepines

in vitreous humor using SPE, a procedure more tedious than the proposed in this paper.
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Analyses of real cases

The optimized methodology was applied to 16 vitreous humor samples, obtained from
benzodiazepine users, and the results (Table 2) indicate that the most consumed
benzodiazepines were alprazolam (mean 0.44 pg/mL), lormetazepam (mean 1.04 pg/mL) and
diazepam (mean 0.21 pg/mL). A chromatogram corresponding to a real case of lormetazepam
poisoning is shown in Figure 2b. Screening analysis from urine of the same individuals was
also carried out by immunoassay methods and GC-MS and the presence of these drugs was

confirmed.*’

Table 2. Concentration of BZDs in 16 real vitreous humor samples.

Concentration range

BZD Frequency (ug/mL)
Bromazepam 1/16 0.50
Alprazolam 5/16 0.08-1.17
Lorazepam 1/16 0.14
Lormetazepam  5/16 0.11-3.45
Diazepam 5/16 0.06-0.41
Tetrazepam 2/16 0.10-0.19

Teixeira et al.”® reported a pharmacokinetic study of diazepam in rabbits, obtaining
mean levels (n=4) from 0.024 to 0.014 pg/mL at 0.5 and 6 h post-administration, respectively.
Scott and Oliver® applied supercritical fluid extraction and HPLC-UV to analyze 12 human
vitreous humor samples, showing diazepam concentrations between 0.01 and 2.48 pg/mL.
Cabarcos et al.”® analyzed 50 vitreous humor samples from deaths related to benzodiazepines,
heroin and/or cocaine, and found concentrations ranging from 0.03 pug/mL for bromazepam to
1.08 pg/mL for tetrazepam. Jenkins et al.*®® published a SPE/HPLC-UV method to study a
fatality due to alprazolam intoxication, with levels of 0.58 pg/mL in vitreous humor and 2.1
ng/mL in blood. Pelander et al.*® applied SPE and Liquid Chromatography-Time-of-Flight
Mass Spectrometry (LC-TOFMS) to 50 vitreous humor samples from individuals whose
deaths could be attributed to drugs, and detected three benzodiazepines and two metabolites in
16 cases (32%).
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The dose administered and the time elapsed from ingestion to death and from death to
sample collection is frequently unknown, complicating the interpretation of the results.
Furthermore, there are few published reports in which concentrations of these substances in
vitreous humor were determined. So far it is only possible to correlate the presence of
benzodiazepines in vitreous humor with a consumption of these drugs, but this information

could be important for the investigation of the death.

CONCLUSION

This work describes for the first time how MAE-HPLC/PDA can be used to extract
and determine benzodiazepines in vitreous humor, a biological material of easy access that is
not frequently contaminated, thus being very useful when blood is unavailable. The technique
is rapid since twelve extractions can be made simultaneously and it does not require a clean-
up step after MAE. Analysis of vitreous humor samples confirms the suitability of MAE-
HPLC/PDA for routine determination of benzodiazepines in postmortem toxicological

analyses, due to its adequate selectivity and sensitivity.
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IV.CONCLUSIONES

Drogas de abuso en plasma

1. Se ha puesto a punto un método de cromatografia liquida de alta resolucion con detector de
red de diodos (HPLC-DAD) para la identificacion y determinacién simultdneas de morfina,
codeina, 6-acetilmorfina, benzoilecgonina, cocaina, cocaetileno, metadona y EDDP en
plasma. La validacion del método cromatografico arrojé unos resultados satisfactorios para la
linealidad en el rango 0.05-2 pug/mL, los limites de deteccion estaban comprendidos entre 10 y
40 ng/mL, los coeficientes de variacion fueron inferiores al 7.5%, y los errores relativos se

encontraban en el rango 0.1-6.9%.

2. Se optimiz6 un procedimiento de preparacion de la muestra basado en la energia de
microondas, una técnica sencilla, rapida y muy novedosa en su aplicaciobn a muestras
bioldgicas. Se aplicé un disefio factorial parcial (2-.3% // 9), concluyendo que las condiciones
mas favorables para la extraccion son: 1 mL de plasma, 10 mL de cloroformo, 10 minutos y

75°C. Se obtuvieron unas recuperaciones comprendidas entre 68 y 83%.

3. El método analitico propuesto (MAE/HPLC-DAD) ha sido aplicado con éxito a muestras
de plasma, procedentes de 20 sujetos intoxicados vivos y 18 muertos, tras el consumo de
drogas de abuso. Del total de los individuos estudiados, 7 consumieron las tres drogas
(heroina, cocaina y metadona), 26 tomaron dos drogas y 5 estuvieron expuestos a una sola

droga.

Drogas de abuso en orina

4. Se ha desarrollado un método de cromatografia liquida de alta resolucién acoplada a un
detector de red de diodos (HPLC-DAD) para la separacion de morfina, codeina, 6-
acetilmorfina, benzoilecgonina, cocaina, cocaetileno, metadona y EDDP en orina. Los
pardmetros de validacion obtenidos fueron aceptables en el rango 0.1-4 pg/mL, como reflejan
los coeficientes de correlacion superiores a 0.997, los coeficientes de variacion inferiores al

8%, los errores relativos en el rango + 6.1%, y los limites de deteccion entre 20 y 80 ng/mL.
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5. La extraccion asistida por microondas presentd numerosas ventajas en la separacion de las
drogas de abuso a partir de la orina: buenas recuperaciones y escasa manipulacion de la
muestra que no necesita tratamientos previos. La utilizacion de un disefio factorial completo
(2%.3// 12) permiti6 obtener las condiciones més favorables: 1 mL de orina, pH 9, 100°C, 10

minutos y 10 mL de cloroformo. Las recuperaciones obtenidas estaban en el rango 61-109%.

6. La utilidad del método desarrollado (MAE/HPLC-DAD) fue demostrada después de su
aplicacion a 38 muestras de orina procedentes de 21 intoxicados vivos y 17 muertos, tras el
consumo de drogas de abuso. Se detectaron las tres drogas y/o sus metabolitos en 12 sujetos
(8 vivos y 4 muertos), dos drogas en 23 sujetos (12 vivos y 11 muertos) y una droga en 3

sujetos (1 vivo y 2 muertos).

Drogas de abuso en saliva

7. En primer lugar, se ha validado un método de cromatografia liquida de alta resolucion con
detector de red de diodos para la determinacion simultanea de morfina, 6-acetilmorfina,
cocaina, benzoilecgonina, cocaetileno, metadona y EDDP en saliva. Se obtuvo una buena
linealidad en el rango 0.05-2 pg/mL, unos limites de deteccion entre 10 y 35 ng/mL, y unos

coeficientes de variacion siempre inferiores al 4.6%.

8. Paralelamente se optimizaron dos procedimientos de extraccion y se compararon los
resultados obtenidos. La extraccion liquido-liquido se realiz6 en Toxitubos A, usando 1 mL
de saliva a pH 9. Para la extraccion asistida por microondas (MAE), se mezcl6 1 mL de saliva
con 10 mL de cloroformo y se mantuvo a 100°C durante 10 minutos. Se demostré una buena
selectividad en ambos procesos, y las recuperaciones se situaron en los rangos 53-95% para
LLE y 83-100% para MAE, lo que demuestra la mayor eficacia de la extraccion asistida por

microondas frente a la extraccién liquido-liquido.

9. Los dos métodos propuestos (LLE/HPLC-DAD y MAE/HPLC-DAD) fueron aplicados a
24 muestras de saliva procedentes de usuarios crénicos de opiaceos y/o cocaina, detectandose
consumo de cocaina en 22 casos, de metadona en 12 casos y de heroina en 8 casos. Los
niveles de las drogas originales resultaron ser mayores que los de sus metabolitos, aunque se
observaron diferencias interindividuales, atribuibles a la dosis, pH de la saliva y la forma de

recogida de la muestra.
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Drogas de abuso en pelo

10. Se ha optimizado un método de cromatografia liquida de alta resolucion acoplada a un
detector de red de diodos (HPLC-DAD) para la determinacion de morfina, codeina, 6-
acetilmorfina, benzoilecgonina, cocaina y cocaetileno en pelo. La linealidad se cumple en el
rango de 0.5-40 ng/mg, con coeficientes de correlacion superiores a 0.999, el limite de
cuantificacion es 0.2 ng/mg para todas las drogas estudiadas, los coeficientes de variacion
siempre son menores del 4%, y las recuperaciones medias estan incluidas en el intervalo 99-
101%.

11. Después de seleccionar el diclorometano como disolvente de extraccion, se optimizd un
proceso de extraccion asistida por microondas, realizando un disefio hibrido de dominio
esférico. Las mejores respuestas fueron obtenidas mezclando 50 mg de pelo, 0.5 mL de
metanol y 11 mL de diclorometano, y calentando a 60°C, durante 9 minutos. Por tanto,
requiere menos tiempo y menos coste que las extracciones convencionales usadas para esta

matriz.

12. Se verificé la aplicabilidad del método (MAE/HPLC-DAD), analizando 46 muestras de
pelo procedentes de sujetos consumidores de heroina, cocaina y/o metadona. Se puso de
manifiesto un consumo predominante de cocaina frente a las otras drogas, gracias a la
deteccion de benzoilecgonina en 44 casos, lo que confirma su utilidad como marcador del

consumo de cocaina.

Benzodiacepinas en humor vitreo

13. En primer lugar, se realiz6 la validacion de un método de cromatografia liquida con
detector de red de diodos (HPLC-DAD) para la identificacion y determinacion de
bromacepam, alprazolam, loracepam, lormetacepam, diacepam y tetracepam en humor vitreo
humano. La linealidad se cumple en el rango de concentraciones 0.05-5 pg/mL, los limites de
deteccidn oscilaron entre 10 y 13 ng/mL, y los coeficientes de variacion siempre fueron

menores del 8%.

215



Capitulo IV. Conclusiones

14. Despues de seleccionar el acetato de etilo como disolvente, se ha optimizado un
procedimiento de extraccion asistida por microondas para la extraccion simultanea de las seis
benzodiacepinas a partir de humor vitreo mediante un disefio de superficie de respuesta
central compuesto. Los parametros que consiguen las mejores respuestas para todos los
analitos en estudio son: 0.5 mL de humor vitreo, 10 mL de acetato de etilo, 98°C y 10

minutos. Las recuperaciones medias variaron entre 88 y 101%.

15. Finalmente, se aplicé con éxito el método propuesto (MAE/HPLC-DAD) a 16 muestras
de humor vitreo procedentes de sujetos muertos por una sobredosis de drogas de abuso y/o
benzodiacepinas. Las benzodiacepinas mas consumidas resultaron ser: alprazolam,

lormetacepam y diacepam, cada una de ellas detectada en 5 de los 16 casos estudiados.
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Microwave-Assisted Extraction and HPLC-DAD
Determination of Drugs of Abuse in Human Plasma
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A sample preparation procedure using microwave energy is
proposed for the determination of morphine, 6-acetylmorphine,
codeine, cocaine, cocaethylene, benzoylecgonine, methadone, and
2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine in human plasma.
A screening asymmetrical factorial design was used to identify the
most suitable extraction conditions as regards solvent,
temperature, and extraction time. The target drugs were quantified
by high-performance liquid chromatography with diode-array
detection. The use of microwave energy was found to reduce
solvent consumption and extraction time compared with solid-
phase extraction. The detector response was linear over the drug
concentration range of 0.05-2.0 pg/mL in human plasma. The
precision and accuracy were good, with values less than 8% and
7%, respectively. Drug recoveries from spiked samples ranged
from 69 to 81%. The proposed method was successfully applied to
a number of forensic cases.

Introduction

Sample preparation is possibly the most important step of
the analytical process inasmuch as it has a direct influence on
accuracy, representativeness and precision, and hence a direct
impact on the quality of the results. Microwave-assisted ex-
traction (MAE) is especially useful with a view to reducing sol-
vent consumption and the preparation time for complex clin-
ical and environmental samples.

The reliability of forensic toxicological analyses depends
heavily on appropriate preparation of the samples. There have
been major recent developments in extraction methodology in-
cluding improved solid-phase extraction (SPE) methods (1-3),
and new solid-phase microextraction (SPME) (4-6) and
microwave-based methods (7-12). Microwaves constitute a
non-ionizing type of radiation spanning the frequency region
between radio frequencies and the infrared spectrum. Cur-
rently commercially available microwave equipment allows

* Author to whom correspondence should be addressed. E-mail: imlpuri@usc.es.

the safe, rapid, selective separation of analytes from complex
matrices (e.g., the extraction of drugs of abuse from human
fluids) at high pressures and temperatures.

This paper reports a new method to prepare human plasma
for the determination of morphine, 6-acetylmorphine (6AM),
codeine, methadone and its metabolite 2-ethylene-1,5-
dimethyl-3,3-diphenylpyrrolidine (EDDP), and cocaine and its
metabolites benzoylecgonine (BEG) and cocaethylene by the
use of microwave energy. The operating conditions were se-
lected as regards solvent, temperature, and extraction time by
using a factorial experimental design.

Experimental

Reagents

Standards of morphine, 6AM, cocaine, cocaethylene, BEG,
methadone, and EDDP were supplied by Cerilliant (Round
Rock, TX). Gradient-grade acetonitrile, methanol, chloroform,
and dichloromethane were purchased from Merck (Darm-
stadt, Germany). Purified water was obtained from a Milli-Q
water system from Millipore (Le Mont-sur-Lausanne, Switzer-
land).

Plasma samples

Drug-free plasma from Transfusion Galician Centre was used
for preparation of calibration standards. Plasma samples were
obtained from patients on a methadone-maintenance program
(MMP), patients in legal custody, patients in Galician Hospitals,
and others from fatally poisoned individuals. They were stored
refrigerated at 4°C, unless the analysis was delayed, in which
case the samples were frozen at —18°C. All studies were con-
ducted in accordance with the World Medical Association’s
“Ethical Principles for Medical Research Involving Human
Subjects” and the Spanish National Law.

Preparation of calibration standards
Standards containing a 1 mg/mL concentration of each drug
in methanol (morphine, codeine, BEG, methadone, and EDDP)
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or acetonitrile (6AM, cocaine and cocaethylene) were used to
prepare working-strength solutions containing a 0.5, 1, 2, 5, 10,
or 20 pg/mL concentration of each drug in mobile phase
(10:90, v/v, acetonitrile/phosphate buffer, pH 6.5) by appro-
priate dilution.

Apparatus

The microwave extractor system was an ETHOS PLUS
MPR300/12S from Milestone® (Agrigento, Italy) equipped with
a solvent detector. The microwave was able to extract 12 sam-
ples simultaneously in PTFE-lined extraction closed vessels
under the same conditions (temperature and pressure), with si-
multaneous magnetic stirring of the sample and solvent inside.
An in board pressure control system was installed for moni-
toring and controlling pressure and conditions inside the ex-
traction vessels. This oven allows a maximum of 1000 W and
the power changes in order to reach and maintain the tem-
perature selected.

The analyses of the extracts were performed on a model
2695 chromatograph from Waters® (Milford, MA) connected to
a model 996 photodiode array detector, also from Waters. Data
were processed by using the software Millennium 329 v,
3.05.01 for Windows 98. Samples were injected onto an
XTerra® RP8 stainless steel column (250 mm x 4.6-mm i.d., 5-
pum particle size) supplied by Waters.

In order to optimize peak resolution in the chromatograms
and efficient separation of the analytes in a reasonably short
time (22 min), elution was done in the gradient mode, using a
mobile phase consisting of a mixture of acetonitrile and 20mM
phosphate buffer (pH 6.5) at a variable flow rate (Table I).

The diode-array detector allowed the wavelength range 200
400 nm to be scanned in order to obtain three-dimensional
(wavelength x absorbance x time) chromatograms. The sensi-
tivity was optimized by using the wavelengths of maximal
chromatographic response for the analytes (specifically, 233
nm for cocaine, BEG, and cocaethylene; 285 nm for morphine,
codeine, and 6AM; and 292 nm for methadone and EDDP).

Experimental design

The extraction conditions were selected in an experimental
design constructed with the aid of the software Nemrod W.
2000, LPRAI (University of Aix-Marseille III, Marseille, France).
Because of the large number of variables potentially affecting

the efficiency of microwave assisted extraction, only a few were
examined, all others being set at the optimum values found in
earlier tests. A screening asymmetrical factorial design of the
2132//9 type was used for this purpose (Table II). The proposed
model is not predictive; rather, it measures response changes
at each factor level and then determines interactions. This
type of design discards non-significant factors, which reduces
the number of tests needed and saves time and expenses as a re-
sult (13). We studied three factors at variable numbers of levels,
namely a qualitative factor (solvent) at two levels and two
quantitative factors (extraction temperature and time) at three
levels each. Variables and levels were selected from a test series
conducted prior to constructing the design. In these tests, we
tried organic solvents with high affinity with the analytes,
such as chloroform, dichloromethane, hexane, toluene, and
ethyl acetate. The best results were obtained with chloroform
and dichloromethane; therefore, they were included in the de-
sign. After analyzing the effect of temperature and time on
the process we found that the stability of the studied drugs is
no affected in the ranges studied in the design. The experi-
mental domain comprised the following specific variables and
levels: solvent (chloroform or dichloromethane), temperature
(50, 75, or 100°C), and extraction time (1, 5, or 10 min).

Extraction procedure

A 1-mL sample was mixed with 10 mL of solvent and placed
in the vessel of the microwave oven for extraction under the
conditions of the particular test as dictated by the experimental

Table 1I. Design Matrix (2.32)

No. Temperature Time
Exp. Solvent (°C) (min)
1 Chloroform 50 1
2 Chloroform 75 5
3 Chloroform 100 10
4 Dichloromethane 50 5
5 Dichloromethane 75 10
6 Dichloromethane 100 1
7 Chloroform 50 10
8 Chloroform 75 1
9 Chloroform 100 5

Table I11. Linearity Data for the Standard Curves of
Each Analyte (n = 5)

Table I. Eluent Gradient
Time Flow A* B
(min) (mL/min) (%) (%)
0 0.7 10 90
5 0.7 2 98
7 0.8 20 80
10 0.8 35 65
15 0.8 50 50
20 0.8 50 50
22 0.7 10 90
* A = acetonitrile and B = 20mM phosphate buffer (pH 6.5).

Coefficient of
Compound Linearity Correlation
Morphine y=1737x-934 0.9997
Codeine y=1800x + 679 0.9983
6AM y=2974x + 843 0.9995
BEG y=22320x + 2204 0.9989
Cocaine y=29470x - 5852 0.9969
Cocaethylene y=7765x + 4672 0.9998
EDDP y=285x+77 0.9986
Methadone y=339x+57 0.9996
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design. Following extraction, the vessel
contents were centrifuged at 4000 rpm
for 20 min and the organic layer was re-
moved for evaporation to dryness under a
nitrogen stream in a thermostated bath at
40°C. Finally, the dry extract was recon-
stituted in 100 pL of mobile phase, and a
20-pL aliquot was injected into the chro-
matograph for analysis.

Results and Discussion

Once the extraction conditions were se-
lected, plasma solutions containing the
eight drugs at concentrations of 0.05, 0.1,
0.2, 0.5, 1.0, and 2.0 pg/mL were prepared
and extracted in accordance with the de-
scribed procedure for analysis by HPLC—
DAD and construction of calibration
curves.

The analytes were identified from their
retention times (approximately 6.6. min
for morphine, 11.4 min for codeine, 12.5
min for BEG, 13.0 min for 6AM, 15.0 min
for cocaine, 16.0 min for cocaethylene,
17.6 min for EDDP, and 18.6 min for
methadone) and absorption spectra. The
HPLC-DAD technique exhibited a high
specificity by virtue of its allowing the an-
alytes to be discriminated from other sub-
stances with identical retention times po-
tentially present in plasma. Also, it
provided a high sensitivity as a result of it
allowing the maximum absorption wave-
length for each analyte (specifically 233
nm for BEG, cocaine, and cocaethylene;
285 nm for morphine, codeine, and 6AM;
and 292 nm for EDDP and methadone) to
be monitored.

The calibration curves for the analytes
were linear over the concentration range
0.05-2.0 pg/mL in plasma, and their cor-
relation coefficients were all greater than
0.997. A linear regression analysis of the
type y = ax + b provided additional useful
parameters such as the slope and inter-
cept (Table III). By way of example, Figure
1 shows the chromatogram for a plasma
sample containing a 0.05 pg/mL concen-
tration of each analyte as monitored at
233 nm.

The chromatographic conditions used
to separate the studied drugs were
selected from a series of tests involving
various types of columns, mobile phases
and gradients.
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Figure 1. Chromatogram at 233 nm for a plasma sample (concentration 0.05 pg/mL).
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Figure 2. Total effect graphics for 6AM (A), BEG (B), cocaethylene (C), cocaine (D), codeine (E), EDDP
(F), methadone (G), and morphine (H). The bar units are chromatographic peak area.
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Application of the described extraction procedure to drug-
free plasma samples revealed the absence of interferences in
the chromatographic regions of interest for the analytes.

The results obtained in this work were examined with the aid
of graphic tools supplied by the software used (Nemrod) in-
cluding the total effects graph, the bars in which are propor-

tional in length to the effect of each factor level on the analyt-
ical response.

As can be seen in Figure 2, chloroform provides better re-
sponses for 6AM (A), BEG (B), codeine (E), and morphine (H);
it appeared as statistically significant effect for these drugs. This
solvent practically provides the same effect as dichloromethane

Table IV. Within-Day and Between-Day Precision and Accuracy and Recoveries
Precision RSD (%) Accuracy Precision RSD (%) Accuracy
Concentration Within-Day Rel. Error (%) Between-Day Rel. Error (%) Recovery
Compound (pg/mL) (n=5) Within-Day (n = 5) (n=5) Between-Day (n = 5) (%)
Morphine 0.05 2.09 0.62 7.22 5.12 80.60
0.5 6.94 2.25 3.97 3.44
2.0 3.91 3.37 1.55 1.88 82.96
Codeine 0.05 0.77 2.80 2.18 4.20 76.58
0.5 6.01 3.65 430 2.80
2.0 2.85 1.26 0.88 1.84 77.94
6AM 0.05 2.08 0.37 7.14 5.52 70.10
0.5 5.49 3.20 4.95 1.24
2.0 238 3.81 1.23 1.63 68.42
BEG 0.05 0.96 1.89 2.81 4.64 75.69
0.5 6.25 3.05 3.16 6.89
2.0 1.94 2.88 0.85 0.93 78.35
Cocaine 0.05 1.38 0.52 3.04 3.92 71.01
0.5 2.26 3.15 4.79 4.36
2.0 1.82 0.62 1.56 0.65 69.73
Cocaethylene 0.05 3.25 0.88 443 5.72 78.10
0.5 4.90 3.20 1.91 0.64
2.0 1.96 217 1.29 0.73 82.02
EDDP 0.05 0.97 0.12 6.08 3.72 72.18
0.5 4.56 1.75 2.1 2.80
2.0 2.43 0.20 1.54 0.13 77.50
Methadone 0.05 1.53 0.39 3.29 2.00 77.83
0.5 2.09 0.62 1.56 1.99
2.0 6.94 2.25 1.36 0.15 71.33
Table V. Drug Concentrations (pg/mL) Found in Human Plasma from Drug Addicts
Morphine Codeine 6AM BEG Cocaine Cocaethylene EDDP Methadone
Positive cases 12 5 7 14 8 9 8 10
Maximum level 1.60 1.26 0.96 1.76 1.96 1.16 1.09 1.53
Minimum level 0.05 0.06 0.05 0.05 0.08 0.08 0.32 0.07
Mean 0.71 0.80 0.38 0.77 0.84 0.42 0.66 0.63
Standard deviation 0.57 0.45 0.31 0.53 0.60 0.40 0.27 0.48
Table VI. Drug Concentrations (pg/mL) Found in Human Plasma from Fatally Poisoned Individuals
Morphine Codeine 6AM BEG Cocaine Cocaethylene EDDP Methadone
Positive cases 10 3 9 15 11 7 6 8
Maximum level 1.59 1.52 1.41 2.08 1.92 2.08 1.50 1.65
Minimum level 0.09 0.1 0.06 0.12 0.15 0.25 0.13 0.16
Mean 0.75 0.99 0.72 1.21 1.03 1.06 0.73 0.91
Standard deviation 0.50 0.77 0.54 0.77 0.61 0.65 0.55 0.57
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for cocaethylene (C), cocaine (D), and methadone (G). Only
EDDP (F) presented better responses when dichloromethane
was used in MAE.

Medium level of temperature (75°C) supplied the best re-
sponses for four of the drugs: EEDP, BEG, morphine, and
codeine. The methadone has shown a better response with
100°C, but very short response with 50°C. Cocaine and co-
caethylene have presented better responses for low value (50°C)
than medium level (75°C), but good responses were also
achieved at 75°C; both of values were statistically significant for
these drugs, but also 75°C has shown statistical signification for
morphine and 6AM and almost statistical signification for BEG.

All of the considered drugs show the best responses when
high level of time (10 min) was used in MAE. This level of
time was also statistically significant for cocaine, cocaethy-
lene and 6AM. So the most suitable conditions for extracting
the eight drugs were as follows: chloroform as solvent, a tem-
perature of 75°C and a time of 10 min.

Under these conditions, the proposed method was validated
in accordance with the recommendations of Shah et al. (14)
and Peters and Maurer (15). The within-day and between-day
precision (RSD), and accuracy (relative error), were estimated
by subjecting five samples containing the eight drugs at dif-
ferent concentration levels (0.05, 0.5, and 2 g/mL) to the de-
scribed extraction procedure. The results thus obtained were
acceptable; the RSDs were less than 8% and relative errors
less than 7% in all cases (Table IV). These values are similar to
those previously obtained by Caufield and Stewart (2) and
Foulon et al. (16).

The limit of quantitation (LOQ) of the method was taken to
be the lowest concentration in the calibration curve (0.05
pg/mkL). The limit of detection (LOD), which was taken to be
the lowest concentration giving a signal three times as high as
the signal-to-noise ratio, was 0.01 pg/mL for cocaine, co-
caethylene and BEG; 0.03 ug/mL for morphine, 6AM and
methadone; and 0.04 pg/mL for codeine and EDDP. These LOD
values are similar to those previously reported by Brunetto et
al. (17).

Analyte recoveries were determined at two different con-
centration levels (0.05 and 2.0 pg/mL). To this end, the mean
area under the peak obtained from five replicate analyses of
plasma spiked and extracted as described were compared with
the mean area under the peak obtained from five replicate
samples containing the same analyte concentrations in mobile
phase using the following expression:

Recovery (%) = (mean areayjgm,/mean areapgpije phase) X 100

The recoveries thus calculated ranged from 68% for 6AM to
83% for morphine (Table IV). These values are similar to those
obtained by other authors (18,19) using SPE. The proposed
MAE method is therefore quite robust and can be used for the
determination of opiates and cocaine in human plasma. Mi-
crowave energy expedites extraction of the analytes while main-
taining analyte recovery rates. Because the technique uses
standard laboratory equipment, it can be an effective method
relative to potential alternatives such as liquid-liquid extrac-
tion and SPE; in fact, MAE reduces solvent consumption and
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extraction time, compared with the method published by Fer-
nandez et al. (20).

Once validated, the proposed method was applied to 20
human plasma samples obtained from Galician hospitals and
courts (Table V) and 18 others from fatally poisoned individuals
obtained from the Institute of Legal Medicine of Galicia (Table
VI). The results obtained testify to the usefulness of the si-
multaneous determination of the studied drugs. Thus, three
drug consumers (Table V) were found to be consuming heroin,
cocaine, and methadone; four heroin and methadone; five co-
caine and methadone; and six others heroin and cocaine. Co-
caethylene was detected in seven cases, suggesting the simul-
taneous use of cocaine and alcohol. The average concentrations
of the drugs in the plasma samples that tested positive for
them were as follows: 0.71 pug/mL for morphine, 0.80 pg/mL for
codeine, 0.38 pg/mL for 6AM, 0.76 pg/mL for BEG, 0.84 pg/mL
for cocaine, 0.42 pg/mL for cocaethylene, 0.62 ug/mL for
EDDP, and 0.48 pg/mL for methadone.

The average drug concentrations in the positive samples
from fatally poisoned individuals were 0.89 pg/mL for mor-
phine, 0.99 pg/mL for codeine, 0.69 pg/mL for 6AM, 1.21
pg/mL for BEG, 1.03 pug/mL for cocaine, 1.06 pg/mL for co-
caethylene, 0.73 pg/mL for EDDP, and 0.90 pg/mL for
methadone. Four individuals (Table VI) were found to have
used 3 drugs (heroin, cocaine and methadone), 11 used 2
drugs, and 3 others only 1 drug. The results for cocaine are
within the ranges previously obtained by Kroener et al. (21).

Based on the results, the time elapsed between consumption
of the drugs and collection of the samples was quite long. In
fact, 6AM, which is the main metabolite of heroin, was de-
tected in fewer cases and at lower concentrations than was
morphine (a product of the metabolism of 6AM). The fast me-
tabolization of cocaine resulted in its being detected in fewer
cases than was BEG, its main metabolite.
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ABSTRACT: Microwave assisted extraction (MAE) was used to extract drugs of abuse from urine samples for the
simultaneous determination of morphine, codeine, 6-acetylmorphine (6AM), cocaine, cocaethylene, benzoylecgonine (BEG),
methadone and 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) by high performance liquid chromatography
with diode array detector (HPLC-DAD). The working wavelengths used were 285 nm for morphine, codeine and 6AM;
233 nm for cocaine, cocaethylene and BEG; and 292 nm for methadone and EDDP. The mobile phase was a gradient
of acetonitrile and phosphate buffer at pH 6.5. A full factorial design was used to identify the most suitable extraction
conditions as regards pH, solvent and time of extraction. The optimum conditions thus established provided analyte
recoveries from 61% to 109%. The detector response was linear over the drug concentration range 0.1-4.0 ug ml™ in
urine. The within- and between-day precision and accuracy were less than 8% and 6.5%, respectively. The method was
applied successfully to samples obtained from Galician hospitals and courts. Copyright © 2007 John Wiley & Sons, Ltd.

KEY WORDS: MAE; HPLC-DAD; gradient; urine; drugs of abuse

Introduction

Urine analyses are routinely used to detect the presence
of drugs of abuse and certify their consumption; in fact,
urine is an easily collected biological fluid that can con-
tain many drugs — and, especially, their metabolites —
at higher concentrations than in blood for several days.
Immunological techniques (Cone et al., 1998; Williams
et al., 2000; Schramm et al., 1993) are the most widely
used for detecting drugs in biological fluids by virtue of
their simplicity and expeditiousness; however, they are
poorly sensitive and specific, which has compelled the
development of alternative methods for the efficient
identification and determination of drugs of abuse.
One of the most widely used, gas chromatography-mass
spectrometry (Cone et al., 1994; Cardenas et al., 1996;
McCambly et al., 1997) requires the prior derivatization
of non-volatile analytes. High performance liquid chro-
matography has emerged as an effective alternative in
this context as it allows a large number of analytes to be
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Santiago de Compostela, Spain.
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separated with no chemical pretreatment (Antollini
et al., 2001; Brunetto et al., 2005; Dams et al., 2002;
Foulon et al., 1999; Concheiro et al., 2006).

Drugs of abuse are usually extracted from samples by
using liquid-liquid (Elliot and Hale, 1998) or solid
phase extraction (Schénzle et al., 1999; Maralikova and
Weinmann, 2004). The growing interest in obtaining
increasingly better results in this context has led to the
development of microwave assisted extraction (MAE),
which has been widely used for the extraction of
organic pollutants from sediments, soil, water and other
types of materials (Ganzler et al., 1986; Paré and
Belanger, 1994; Croteau et al., 1994). By contrast, MAE
has scarcely been used to extract drugs of abuse from
different materials such as serum, tablets or coca leaves
(Franke et al., 1996; Eskilsson et al., 1999; Brachet
et al., 2002).

This work developed a new fast method based on
microwave assisted extraction and high performance
liquid chromatography-diode array detection (HPLC-
DAD) for the determination of morphine, codeine,
6-acetylmorphine (6AM), cocaine, benzoylecgonine
(BEG), cocaethylene, methadone and 2-ethylidene-1,5-
dimethyl-3,3-diphenylpyrrolidine (EDDP) in urine. The
MAE procedure was optimized using an experimental
design in order to establish the relative influence of
three considered qualitative and quantitative factors for
the operating conditions (Miller and Miller, 2000).
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Experimental
Chemicals

All tests were conducted with gradient-grade solvents.
The drug standards used (morphine, 6AM, cocaine,
cocaethylene, BEG, methadone and EDDP) were sup-
plied by Cerilliant (Round Rock, TX, USA). Gradient
grade acetonitrile, methanol, chloroform and dichloro-
methane were from Merck (Darmstadt, Germany). Puri-
fied water was obtained in the laboratory using a Milli-Q
water system (Le Mont-sur-Lausanne, Swizerland).

Drug-free urine samples were obtained from non-drug
users, and real samples from opiate and/or cocaine users.
All were stored refrigerated at 4 °C until analysis.

Preparation of Calibration Standard Solutions

Standards containing 1 mg mI™" of each drug in methanol
(morphine, codeine, BEG, methadone and EDDP) or
acetonitrile (6AM, cocaine and cocaethylene) were used.
Working-strength solutions were prepared by appropriate
dilution of the previous standards to obtain 0.5, 1, 2,
5, 10 and 20 ugml™" of each drug in mobile phase
(acetonitrile-phosphate buffer pH 6.5, 10:90, v/v).

Chromatographic Conditions

Analyses were carried out on a Waters® 2695 chromato-
graph (Milford, MA, USA) connected to a Model 996
photodiode array detector, also from Waters® (Milford,
MA, USA). Data were processed with the software
Millennium 32®. 3.05.01 for Windows 98. Samples
were injected onto an XTerra® RP8 (250 mm X 4.6 mm
i.d., 5 um particle size) stainless steel column (Milford,
MA, USA).

In order to ensure optimal peak resolution in the chro-
matograms, and hence efficient separation of the analytes
in a reasonably short time (22 min), elution was done in
the gradient mode, using a mobile phase consisting of
a mixture of acetonitrile and 0.02 M phosphate buffer
(pH 6.5) at a variable flow rate (Table 1).

Table 1. Eluent gradient. Eluent A consisted of
acetonitrile and eluent B of 20mm potassium
phosphate (pH 6.5)

Time (min) Flow (ml min™") A (%) B (%)
0 0.7 10 90
5 0.7 2 98
7 0.8 20 80
10 0.8 35 65
15 0.8 50 50
20 0.8 50 50
22 0.7 10 90

The diode array detector allowed the wavelength range
200-400 nm to be scanned in order to obtain three-
dimensional (wavelength X absorbance X time) chromat-
ograms. The sensitivity was optimized by using the
wavelengths where the chromatographic responses of the
analytes were maximal, namely: 233 nm for cocaine,
BEG and cocaethylene; 285 nm for morphine, codeine
and 6AM; and 292 nm for methadone and EDDP.

Experimental Design

The extraction conditions were evaluated using an experi-
mental design constructed with the software Nemrod W.
Version 2000, LPRAI (University of Aix-Marseille III,
Marseille, France).

The proposed model is not predictive; rather, it meas-
ures response changes at each factor level and determines
interactions — albeit with an aim other than mapping the
response over the domain; this type of design discards
non-significant factors, which reduces the number of
tests to be performed and saves time and expense as a
result. A full factorial matrix was used (Table 2) includ-
ing three factors at a different number of levels that were
chosen from a test series conducted prior to constructing
the design: a qualitative factor (solvent) at two levels, a
quantitative factor (pH) at two levels and another quan-
titative factor (extraction time) at three levels. Therefore,
the matrix will be 223" = 12 (Lewis et al., 1999).

Extraction Procedure

Prior to extraction, the drug-free control sample was
diluted twofold with Milli-Q water in order to minimize
matrix effect, the pH was modified up to 9 and then the
sample was centrifuged at 14 000 rpm for 10 min.
Under these conditions, the sample (1 ml) was mixed
with 10 ml of chloroform and placed in the vessel of an
ETHOS PLUS MPR300/12S microwave oven (Milestone®,
Agrigento, Italy) for extraction at 100 °C for 10 min.
After extraction, the vessel contents were centrifuged at

Table 2. Design matrix (22.3")

Experiment  Solvent (A) pH (B)  Time (min) (C)
1 Chloroform 5.5 5
2 Dichloromethane 55 5
3 Chloroform 9 5
4 Dichloromethane 9 5
5 Chloroform 55 10
6 Dichloromethane 5.5 10
7 Chloroform 9 10
8 Dichloromethane 9 10
9 Chloroform 55 20
10 Dichloromethane 55 20
11 Chloroform 9 20
12 Dichloromethane 9 20

Copyright © 2007 John Wiley & Sons, Ltd.

J. Appl. Toxicol. 2007; 27: 373-379
DOI: 10.1002/jat



4000 rpm for 20 min and the organic layer was removed
for evaporation to dryness under a nitrogen stream in a
thermostatic bath at 40 °C. Finally, the dry extract was
reconstituted in 100 ul of mobile phase and a 20 pl
aliquot was injected into the chromatograph for analysis.

Subsequently, solutions containing the eight drugs at
concentrations of 0.1, 0.2, 0.4, 1.0, 2.0 and 4.0 pug ml™ in
urine were prepared and extracted following the previous
procedure for analysis by HPLC-DAD and construction
of calibration curves.

Results and Discussion

The analytes were identified from their retention times
(namely 6.6 min for morphine, 11.4 min for codeine,
12.5 min for BEG, 13.0 min for 6AM, 15.0 min for
cocaine, 16.0 min for cocaethylene, 17.6 min for EDDP
and 18.6 min for methadone) and absorption spectra.
In this way, the HPLC-DAD is a technique with a high
specificity because it allows the analytes to be discri-
minated from other substances with the same retention
times potentially present in urine. In addition, this
technique provided a high sensitivity as it allowed the
maximum absorption wavelength for each analyte to be
monitored, namely: 233 nm for BEG, cocaine and
cocaethylene; 285 nm for morphine, codeine and 6AM;
and 292 nm for EDDP and methadone.

The chromatographic conditions used to separate the
studied drugs were selected following testing of various
types of columns, mobile phases and gradients.

Application of the above-described extraction proce-
dure to drug-free urine samples revealed the absence of
interference in the chromatographic regions where the
analytes appear.

Based on the graphs provided by the design (Figs 1
and 2), the final conditions for the simultaneous extrac-
tion of the studied drugs were found to be chloroform as
the solvent, pH 9 for the urine samples and 10 min as the
extraction time. For all the analytes, no interactions
between factors were found, as shown in Fig. 1 (parallel
lines representing no first order interaction) for morphine.
Figure 2 is a delta weight plot which allowed the relative
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Time

Il s min
Morphine - 10 min
P 20 min

5.5 9 pH

Figure 1. pH time interaction plot (morphine)

effects of a level change in a variable on the response to
be compared; the effects are shown as bars, the length of
which are proportional to the relative magnitude of the
effect, being negative for bars going leftwards and posi-
tive for those going rightwards. The dotted lines represent
the statistical significance levels as determined using the
method of Lenth; when the effect bars surpass the line,
the effect of the factor level concerned on the response
is statistically significant. Figure 2 shows for cocaine
the statistical significance on the response (Lewis et al.,
1999) when the factor B (pH) changes its level.

The calibration curves for the analytes were linear over
the concentration range 0.1-4.0 ug ml™ in urine, and
their correlation coefficients were greater than 0.997 in all
cases. A linear regression analysis based on the equation
y = ax + b provided additional parameters such as the
slope and intercept (Table 3). By way of example, Fig. 3

Table 3. Linearity data for the standard curves of each analyte (n = 5)
Slope Intercept
standard standard Coefficient of

Compound Linearity error error correlation
Morphine y = 4977x — 2682 75 701 0.9975
Codeine y = 2800x — 767 35 303 0.9984
6AM y = 4870x — 718 44 287 0.9992
BEG y =21773x — 1412 79 643 0.9999
Cocaine y = 48364x + 2362 182 1015 0.9999
Cocaethylene y = 38228x — 12850 488 4586 0.9982
EDDP y = 106x + 18 1 7 0.9993
Methadone y = 1091x — 392 13 126 0.9983

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 2. Delta weights plot (cocaine)

shows the chromatogram at 233 nm for a urine sample
containing a 4 ug ml™" analytes concentration.

The analytical validation was performed according to
the recommendations of Shah et al. (2000) and Peters
and Maurer (2002). The within-day and between-day
precision and accuracy were calculated by subjecting
five samples containing the eight studied drugs at two
different concentration levels (0.4 and 2.0 g ml™) to the
above-described extraction procedure. The results thus
obtained were acceptable (Bresolle er al., 1996); in fact,
the relative standard deviations were less than 8% and the
relative errors were less than 6.5% (Table 4).

The quantitation limit for the method was taken to be
the lowest concentration in the calibration curve (namely
0.1 ug ml™). On the other hand, the limit of detection
was taken to be the lowest concentration giving a signal
three times as high as the signal-to-noise ratio and was
20 ng ml™" for cocaine, 40 ng mlI™' for BEG, 50 ng ml™
for 6AM, 60ngml” for morphine, 70 ng ml™" for
codeine, cocaethylene and methadone and 80 ng ml™
for EDDP; these values are similar to those previously
reported by Brunetto et al. (2005).

Analyte recoveries were determined at two concentra-
tion levels (namely 0.4 and 2.0 ug ml™") by comparing the
peak areas obtained in five replicate analyses of urine
samples extracted as described above with those obtained
in five replicate samples containing the same analyte con-
centrations in mobile phase. The equation used was:

Recovery (%) = (area,;,./area e phase) X (10/8) x 100

and included the correction factor 10/8 in order to con-
sider the volume of chloroform used (10 ml) and that
recovered (8 ml).

The average recoveries ranged from 61% for BEG
to 109% for 6AM (Table 4). These values are similar
to those previously obtained by other authors using
solid phase extraction (Dams et al., 2002). Based on the

0.1 3 COC
] el A =233nm
6AM
0,05 3
CET
1 EDDP
MRP coo MTD
a _/\ JUU L_J
O am C12m Y

Figure 3. Chromatogram at 233 nm for a urine sample (concentration 4 ug ml™)

Copyright © 2007 John Wiley & Sons, Ltd.
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Table 4. Within-day and between-day precision and accuracy and recoveries

Precision Accuracy Precision Accuracy
RSD (%) Rel. error (%) RSD (%) Rel. error (%)
Concentration within-day within-day between-day between-day Recovery

Compound (ug ml™") (n=05) (n=05) (n=05) (n=5) (%)

Morphine 0.4 2.14 1.52 5.87 2.30 93.98
2.0 1.41 0.46 2.16 1.34 73.37

Codeine 0.4 1.88 1.23 6.15 3.20 82.58
2.0 2.45 1.14 2.16 3.20 88.41

6AM 0.4 2.10 0.81 4.05 1.70 109.00
2.0 2.61 0.46 241 3.50 88.31

BEG 0.4 224 1.43 443 1.70 61.01
2.0 3.22 1.99 2.84 3.04 62.57

Cocaine 0.4 2.85 1.79 5.88 3.80 82.64
2.0 1.90 6.09 3.10 232 88.20

Cocaethylene 0.4 2.28 2.29 7.62 1.70 69.91
2.0 1.91 0.67 1.23 1.48 87.65

EDDP 0.4 1.93 0.71 6.55 1.80 74.68
2.0 3.13 4.18 2.15 1.80 67.07

Methadone 0.4 1.63 1.22 4.30 3.60 66.63
2.0 226 0.63 2.07 2.26 66.59

Table 5. Drug concentrations found in urine from drug addicts

Case Morphine Codeine 6AM BEG Cocaine Cocaethylene EDDP Methadone

1 1.84 4.10 0.32 4.11 0.42 0.28 4.12 1.93

2 1.08 - 0.34 3.88 0.75 L 3.99 1.80

3 3.09 - - 3.49 0.53 = - 2.69

4 0.57 - - = - = 0.69 0.23

5 3.70 - - = 2.96 = 0.54 -

6 - - 1.84 3.62 0.85 0.12 347 3.49

7 0.41 - 0.57 0.44 - = 4.03 3.95

8 - - E 3.24 = = - 2.16

9 0.14 0.11 = Es = = 3.06 -

10 - - 0.37 = = = 4.04 4.15

11 3.73 - = > 0.74 = = 3.84

12 3.05 - 0.52 J = 0.33 3.43 291

13 - - L = 4.15 = - 3.30

14 1.45 - - b - - 437 3.55

15 422 - 0.15 “ = = 2.09 3.60

16 1.02 - - 4.14 > = - 2.79

17 1.33 - - 422 - = - -

18 0.46 - 0.21 4.33 = = - -

19 3.41 0.93 - - 2.57 2.16 - -

20 1.60 0.80 - - £ - 0.31 1.53

21 - - - 1.92 = - 2.44 3.06

favorable recoveries provided by microwave assisted
extraction, and its expeditiousness, cleanliness and repro-
ducibility, the proposed method is an effective choice for
the separation of analytes in biological matrices.

Once validated, the method was applied to 21 urine
samples from drug addicts on a methadone detoxification
program (Table 5) and 17 others from fatally poisoned
individuals (Table 6). All samples were previously ana-
lysed by enzyme immunoassay (EMIT), which affords
no quantitation or discrimination between different com-
pounds and their metabolites.

The results testify to the usefulness of the simultane-
ous determination of these drugs. In fact, eight indivi-
duals shown in Table 5 were found to consume heroin,
cocaine and methadone; six consumed heroin and metha-

Copyright © 2007 John Wiley & Sons, Ltd.

done; three consumed cocaine and methadone; and
another three heroin and cocaine. Only in four cases was
cocaethylene detected, suggesting the combined use of
cocaine and alcohol. The average concentration of each
drug in the urine samples that tested positive for them
was as follows: 1.94 g ml™' for morphine, 1.48 pg ml™
for codeine, 0.54 pg mI™ for 6AM, 3.34 pug ml™ for BEG,
1.62 ug ml™! for cocaine, 0.72 pg mI™" for cocaethylene,
2.81 g ml™" for EDDP and 2.80 g ml™" for methadone.
As can be seen, the morphine levels exceeded the 6AM
levels; because morphine is a metabolite of 6AM, this
result suggests that the time elapsed between consump-
tion of the heroin and analysis of the urine was quite
long. The results for BEG and cocaine confirm that the
latter is rapidly metabolized to the former.

J. Appl. Toxicol. 2007; 27: 373-379
DOIL: 10.1002/jat
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Table 6. Drug concentrations found in urine from fatally poisoned individuals
Case Morphine Codeine 6AM BEG Cocaine Cocaethylene EDDP Methadone
1 - - - 5.39 - - 1.59 0.63
2 - 1.37 - - - - - 6.27
3 1.50 - - - 3.27 - 4.35 -
4 - - - 3.60 - - 0.36 5.79
5 0.24 - - 3.03 8.13 - - -
6 0.18 - 5.68 4.78 - 2.17 - -
7 - - - 5.81 1.62 0.96 0.12 0.16
8 1.10 - - - - - - -
9 - - - 1.68 - - - 0.94
10 0.76 - 2.63 3.40 0.33 - 2.71 9.16
11 - - - 0.21 - 0.15 0.95 1.81
12 - 0.27 - - 4.61 - - -
13 4.63 - - - 4.92 - - 1.03
14 - 2.06 - 5.07 - - 3.27 0.32
15 5.4 - 0.31 - - - - -
16 - 0.84 L15 - 3.12 - - -
17 3.47 - - - - - 0.49 3.17

The average concentrations of the drugs in the positive
samples from fatally poisoned individuals were
2.16 ug ml™" for morphine, 1.13 ugml™ for codeine,
2.44 ug mI™" for 6AM, 3.66 g ml™" for BEG, 3.71 ug ml™
for cocaine, 1.09 g ml™ for cocaethylene, 1.73 g ml™
for EDDP and 2.93 ug ml™" for methadone. Four such
individuals (Table 6) were found to use the three drugs
(heroin, cocaine and methadone), eleven used two drugs,
and two used only one.
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ABSTRACT: High performance liquid chromatography in combination with diode array detection (HPLC-DAD) was used
to determine morphine, 6-acetylmorphine, cocaine, benzoylecgonine, cocaethylene, methadone and 2-ethylene-1,5-dimethyl-3,3,-
diphenylpyrrolidine in human saliva. For comparison, samples were prepared by either liquid-liquid extraction in Toxitubes
A® or microwave-assisted extraction (MAE), by mixing 1 ml of saliva with 10 ml of chloroform and operating at 100 °C for 10 min.
Acetonitrile and 0.02 m phosphate buffer at pH 6.5 were used as mobile phase in HPLC in gradient mode. The detector
response was linear over the drug concentration range of 0.05-2.0 ug ml™! in human saliva. The analytical method was validated
by determining its precision and accuracy (n = 5), which were lower than 5% as relative standard deviation and 6% as relative
error. Limits of detection ranged from 10 to 35 ng ml™'; mean recoveries of drugs were from 53 to 95% with Toxitubes A and
from 83 to 100% with MAE at two different concentrations (0.1 and 1.0 ug ml™"). The proposed method was applied to
24 saliva samples from individuals poisoned with opiates and/or cocaine. Copyright © 2008 John Wiley & Sons, Ltd.

KEY WORDS: HPLC-DAD:; opiates; cocaine; Toxitubes; MAE; human saliva

Introduction

Most psychotropic drugs have traditionally been determined
in blood and urine by virtue of these compounds and their
metabolites being easily detected in these biological matri-
ces. Over the past two decades, however, saliva has been
increasingly employed to monitor drug use in the workplace
and schools and for criminal justice purposes (Kadehjian,
2005). Saliva has a number of advantages over blood and
urine, including ease of collection, and it contains the parent
drugs in high proportions relative to their metabolites. How-
ever, saliva has some disadvantages, such as a relatively
low concentration range, variable pH and the risk of con-
tamination from drug residues present in the nasal cavity
(Aps and Martens, 2005).

The increasing simultaneous use of several drugs of abuse
has required the development of convenient, expeditious
methods for their detection in small amounts of sample.
Properly preparing samples, which includes clean-up and
pre-concentration of the target analytes, is a crucial step
in the analysis of biological fluids for illicit drugs. The ex-
traction techniques typically used for this purpose pro-
vide acceptable results, but are labour-intensive. These
shortcomings have been circumvented by using alternative
procedures such as those based on microwave-assisted
extraction (MAE), which have enabled the successful

* Correspondence to: P. Ferndndez, Institute of Legal Medicine, Forensic
Toxicology Service, Faculty of Medicine, Santiago de Compostela, Spain.
E-mail: imlpuri@usc.es

Copyright © 2008 John Wiley & Sons, Ltd.

extraction of various types of compounds from matrices
including sediments, soil, plants and water (Ganzler et al.,
1990; Paré and Belanger, 1994; Lopez-Avila et al., 1995;
Eskilsson et al., 1999; Carro et al., 2000; Christen and
Veuthey, 2001; Barriada-Pereira et al., 2004).

Opiates and cocaine in saliva have so far been determined
using a variety of extraction procedures and analytical
techniques (Speckl et al., 1999; Niedbala et al., 2001;
Cone et al., 2002; Mortier et al., 2002; De Jager and
Andrews, 2002; Jones et al., 2002; Fucci et al., 2003;
Clauwaert et al., 2004; Drummer, 2005; Jufer et al.,
2006; Cognard et al., 2006) but none to date has used
microwave-assisted extraction (MAE).

In this work, we have developed a method for the simul-
taneous determination of opiates, cocaine and their
metabolites in saliva using Toxitubes® and MAE to pre-
pare the samples, and liquid chromatography with diode
array detection (HPLC-DAD) for their subsequent analysis.

Experimental

Material

Standards of the studied drugs [morphine, 6-acetylmorphine
(6AM), cocaine, cocaethylene, benzoylecgonine (BEG),
methadone and 2-ethylene-1,5-dimethyl-3,3,-diphenylpyrro-
lidine (EDDP)] were supplied by Cerilliant (Round Rock,
TX, USA). Gradient-grade acetonitrile, methanol and
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chloroform were purchased from Merck (Darmstadt,
Germany). Purified water was obtained in the laboratory
using a Milli-Q water system from Millipore (Le Mont-
sur-Lausanne, Switzerland). Toxitubes A® were obtained
from Dipesa (Madrid, Spain) and the Salivettes®, used
to collect the test samples, from Sarstedt (Numbrecht,
Germany).

Preparation of Calibration Solutions

Standard solutions containing a 1 mg ml™" concentration
of each drug in methanol (morphine, BEG, methadone
and EDDP) or acetonitrile (6AM, cocaine and cocaethyl-
ene) were used for calibration. Working-strength solutions
containing all drugs were prepared by appropriate dilu-
tion of the previous standards to obtain concentrations of
0.5,1,2,5,10 and 20 pg ml™" in mobile phase (10:90 v/v
acetonitrile—phosphate buffer, pH 6.5), or 0.05, 0.1, 0.2,
0.5, 1.0 and 2.0 g mI™" in saliva.

Instrumentation

Analyses were performed on a model 2695 chromato-
graph from Waters® (Milford, MA) connected to a model
996 photodiode array detector, also from Waters®.
Data were processed with Millennium 32® v. 3.05.01 for
Windows 98 software. Samples were injected onto an
XTerra® RP-8 (250 x 4.6 mm i.d., 5 um particle size) stain-
less steel column also supplied by Waters®. In order to
ensure optimum peak resolution in the chromatograms,
and hence efficient separation of the analytes within a
reasonably short time (22 min), elution was carried out
in gradient mode, using a mobile phase consisting of a
mixture of acetonitrile and potassium dihydrogen phos-
phate (pH 6.5; 0.02 m) at a variable flow rate (Table 1).
The diode array detector allowed the wavelength range
200—-400 nm to be scanned in order to obtain three-
dimensional (wavelength/absorbance/time) chromatograms.
The sensitivity was optimized using the wavelengths
where the chromatographic responses of the analytes
were maximal, namely: 233 nm for cocaine, BEG and
cocaethylene; 285 nm for morphine and 6 AM; and 292 nm
for methadone and EDDP.

Table 1. Eluent gradient used
Time Flow rate  Acetonitrile  Phosphate buffer
(min)  (ml min™) (%) pH 6.5 (%)

0 0.7 10 90

5 0.7 15 85

7 0.8 20 80

10 0.8 35 65

15 0.8 50 50

20 0.8 50 50

22 0.7 10 90

Copyright © 2008 John Wiley & Sons, Ltd.

The microwave extraction system was an Ethos Plus
MPR300/12S oven, from Milestone® (Agrigento, Italy),
equipped with a solvent detector. This system allows up
to 12 samples to be simultaneously extracted in PTFE-
lined extraction closed vessels under identical conditions
of pressure and temperature, with simultaneous magnetic
stirring of the sample and solvent inside. An in-board
pressure control system was used to monitor and control
pressure and other conditions inside the vessels. The oven
provides a maximum power of 1000 W which can be
changed in order to reach and maintain the desired
temperature.

Saliva Samples

Drug-free saliva samples were obtained from our labora-
tory coworkers, and test samples from opiate and/or cocaine
users in a detoxification programme of the Drug Addict
Health Care Unit of Galicia (NW Spain). All samples
were stored refrigerated at 4 °C unless their analysis was
delayed, in which case they were frozen at —18 °C. Saliva
samples were collected with the commercial device
Salivette®; this consists of a cotton swab that is inserted
into the mouth and allowed to soak for 2—3 min, after
which it is placed in a collecting tube and centrifuged to
release the collected saliva for subsequent extraction and
chromatographic analysis. All tests were conducted in
accordance with the World Medical Association’s Prin-
ciples for Medical Research Involving Human Subjects
and the Spanish National Law.

Sample Preparation
Toxitubes A

These tubes contain a buffer solution at pH 9 and a mixture
of organic solvents (dichloromethane, 1,2-dichloroethane,
heptane and isopropanol) to extract organic bases and
some neutral drugs from the biological matrix. A volume
of 1 ml of saliva was poured into each Toxitube, and the
tube was shaken for 10 min and centrifuged at 4000 rpm
for 15 min. Then, the organic phase was evaporated to
dryness under a nitrogen stream in a thermostated bath at
40 °C, and the residue reconstituted in 100 1l of mobile
phase of which a 20 pl aliquot was injected into the chro-
matograph for analysis.

Microwave-assisted extraction

After testing different solvents (chloroform, dichloromethane,
hexane), temperatures (80, 90 and 100 °C) and times (5,
10 and 15 min), the best results were obtained with the
following conditions: a volume of 1 ml of saliva was
mixed with 10 ml of chloroform and placed in the oven

J. Appl. Toxicol. 2008; 28: 998—1003
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vessel for extraction at 100 °C for 10 min. Then, the vessel
content was centrifuged at 4000 rpm for 15 min and the
organic layer was removed by evaporation to dryness
under a nitrogen stream in a thermostated bath at 40 °C.
Finally, the dry extract was reconstituted in 100 ul of
mobile phase and a 20 ul aliquot injected into the chro-
matograph for analysis.

The previous two extraction methods were applied in
parallel to two series of solutions containing the seven
target drugs at concentrations of 0.05, 0.1, 0.2, 0.5, 1.0
and 2.0 ug ml™" in saliva. The extracts were analyzed
under the above-described chromatographic conditions
and the results used to construct a calibration curve for
each analyte by plotting chromatographic areas against
the respective post-extraction concentrations. Such concen-
trations were 10 times higher than the initial ones because
the final volume was 10 times lower than the starting volume.

Results and Discussion

Firstly, the target drugs were identified from their reten-
tion times and UV spectra, checking the purity of each
peak and achieving satisfactory specificity and a good

Calibration standards containing drug concentrations
over the range 0.05-2.0 ug ml™" saliva were extracted in
Toxitubes or by MAE and analyzed on five different
days. Calibration curves were constructed by plotting the
area under the chromatographic peak of each drug against
concentration (Table 2). Each point in these curves was
obtained in triplicate, and the correlation coefficients were
similar using both extraction procedures. On the basis
of the slopes corresponding to all compounds except
cocaethylene, the MAE method provided to have a
higher sensitivity.

The between-day precision and accuracy of the method
were estimated by analysis of five saliva samples con-
taining the drugs at two different concentrations (0.1 and
1.0 ug ml™"). The precision was calculated as the relative
standard deviation (RSD) and the accuracy was expressed

Table 2. Calibration curves

Equations

Toxitubes A MAE

peak resolution in an overall analysis time of 22 min. The ~ Morphine y=2924.1x 4518 y=4109.2x - 1972.3
. . . R*=0.999 R*=0.997
retention times were found to be 7.02 min for morphine, ¢y y=2791.4x—952.8 = 4339.9¢— 302.5
12.48 min for BEG, 13.35 min for 6AM, 15.35 min for R*=0.995 R*=0.999
cocaine, 16.36 min for cocaethylene, 17.73 min for EDDP BEG y= 342939"' +305.1 y=39755x + 10276
. : R*=0.999 R*=0.999
and 18.71 min for methadone. Figure 1 shows the chrorpa.to- Cocaine 3= 40195x + 278.7 = 47397x — 14084
gram for a saliva sample, prepared by MAE, and containing R*=0.999 R*=0.999
a0.1 ug ml™' concentration of each analyte. Cocaethylene y=40045x + 189.5 y =36493x + 3836.6
- . ! R*=0.999 R*=0.998
Application of the two above-described extraction pro- EDDP = 388.4x— 26.7 = 606.9x - 60.5
cedures to drug-free saliva samples confirmed the absence R*=10.999 R*=0.997
of any endogenous compounds potentially interfering with Nildiigilons Y= 1;?2%‘9‘98290'4 y= };9_8'01-‘9'9‘940'5
the chromatographic analysis of the target drugs. _d _
1 CcoC
0.050
BEG
0.040 CET
0.030 ]
Et) 1 6AM
0.020 ]
] MTD
] EDDP
0.010 MRP
0.000 Jrmr e T T e
6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00
Minutes
Figure 1. Chromatogram for a saliva sample containing a 0.1 ug ml™' concentration of each analyte as monitored

at 233 nm. (MRP, morphine; BEG, benzoylecgonine; 6AM, 6-acetylmorphine; COC, cocaine; CET, cocaethylene;
EDDP, 2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine; MTD, methadone)

Copyright © 2008 John Wiley & Sons, Ltd.
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as a percentage of the difference between the measured
concentration and the true value for the same concentra-
tion. As can be seen from Table 3, the results were simi-
lar with both extraction procedures, with RSD less than
5% and relative error less than 6% in all cases. These values
are similar to or even lower than those obtained by other
authors (Foulon et al., 1999; Fucci et al., 2003; Campora
et al., 2003, 2006; Cognard et al., 2006), using different
extraction procedures and analytical techniques.

The limit of quantitation of the proposed method was
taken to be the lowest concentration in the calibration
curve (0.05ugml™). On the other hand, the limit of
detection was taken to be the lowest concentration caus-
ing a signal rise three times as high as the signal-to-noise
ratio at the wavelength selected for each compound; they
were found to be 10 ng ml™ for cocaine, cocaethylene
and BEG; 25ng ml”! for 6AM and methadone; and
35 ng ml™* for morphine and EDDP in saliva with the two
extraction procedures. These drugs have previously been
determined in saliva using other techniques; GC-MS
allowed opiates to be determined at lower concentrations
(Jones et al., 2002; Campora et al., 2006) and cocaine
at higher (Fucci et al., 2003) or similar levels (Jenkins
et al., 1995; Moolchan et al., 2000). On the other hand,
LC-MS/MS allowed cocaine and its metabolites to be
determined with LODs of ca 0.22 ng ml™' (Mortier et al.,
2002) or 1 ng ml™" (Clauwaert et al., 2004).

Drug recoveries were calculated by comparing the area
under the peak for each drug as obtained from five saliva
samples at two concentrations (0.1 and 1.0 ug ml™") with
that obtained by direct injection of a mobile phase con-
taining identical analyte concentrations. They were found
to range from 53 to 95% with Toxitubes and from 83 to
100% with MAE (Table 3). So microwave-assisted extrac-
tion provides recoveries higher than those obtained for
opiates (Mortier et al., 2002) and for cocaine (Clauwaert
et al., 2004) with solid-phase extraction.

Finally, the two extraction procedures were used to analyze
24 samples of saliva from opiate and/or cocaine users who
were under a detoxification programme (Table 4). A total
of 22 samples tested positive for cocaine or its metabo-
lites, 12 for methadone or EDDP and eight for heroin
metabolites. These results only allow one to confirm the
absence of recent consumption, at the time samples were
collected, in two cases for cocaine, 12 cases for metha-
done and 16 cases for heroin. Owing to the different
sensitivities and drug recovery according to the applied
extraction procedure, morphine, EDDP and methadone
were detected in fewer cases when the saliva was pro-
cessed using Toxitubes. The concentrations were lower
than the average value for each drug in more than half of
the cases (55-83%). Based on the average concentrations
obtained, the parent drug predominated over its metabolites,
consistent with the results of other authors (Clauwaert
et al., 2004; Moffat et al., 2004). The levels for cocaine
and its metabolites found in this work are similar to those
reported by Cognard er al. (2006) and Foulon et al.
(1999), but higher than those obtained by Moolchan et al.
(2000). These differences can be ascribed to various factors
including dose, saliva pH and the way samples were col-
lected — which in our case involved using a commer-
cially available device (Salivette®). Kato et al. (1993)
found oral fluid obtained without stimulation to contain
substantially higher drug levels than in samples collected
upon stimulation with citric acid.

A comparison of the concentrations for the drugs in the
positive samples revealed that the values obtained with
microwave-assisted extraction were slightly higher than
those obtained with Toxitubes but they were positively
correlated, except for cocaethylene (Table 5). The micro-
wave extraction system allows up to 12 samples to be
simultaneously extracted, providing an increased ana-
lyte recovery within a shorter time than extraction with
Toxitubes.

Table 3. Mean precision, accuracy and recoveries
RSD (%) Relative error (%),
Sample between-day between-day Recovery
preparation (n=5) (n=5) (%)
Morphine MAE 322 3.63 83
Toxitubes A 291 2.70 67
6AM MAE 3.23 1.50 90
Toxitubes A 2.79 1.18 53
BEG MAE 1.89 3.13 89
Toxitubes A 4.55 2.55 69
Cocaine MAE 4.51 3.23 94
Toxitubes A 3.20 5.05 86
Cocaethylene MAE 2.23 2.73 100
Toxitubes A 3.64 5.80 95
EDDP MAE 2.29 5.70 94
Toxitubes A 4.19 3.05 72
Methadone MAE 2.53 2.40 96
Toxitubes A 424 1.93 77

RSD, relative standard deviation.

Copyright © 2008 John Wiley & Sons, Ltd.

J. Appl. Toxicol. 2008; 28: 998—1003
DOI: 10.1002/jat



1002 P. FERNANDEZ ET AL.

Table 4. Drug concentrations found in 24 real samples of saliva

Sample Cases Mean + SD Maximum Minimum
preparation positives (ug ml™) (ug ml™) (ug ml™)
Morphine MAE 8 1.79+1.15 3.49 0.39
Toxitubes A 7 1.65 +0.81 3.04 0.52
6AM MAE 3 0.50 £0.59 1.18 0.11
Toxitubes A 3 0.46 £ 0.67 1.07 0.12
BEG MAE 20 0.75+0.55 1.59 0.05
Toxitubes A 20 0.58 +0.35 1.57 0.05
Cocaine MAE 19 0.85 +0.45 4.43 0.05
Toxitubes A 19 0.69 +0.42 2.99 0.05
Cocaethylene MAE 6 0.057 +0.014 0.07 0.05
Toxitubes A 6 0.052 + 0.007 0.06 0.05
EDDP MAE 8 0.97 +0.80 2.10 0.20
Toxitubes A 7 0.86+0.65 1.82 0.21
Methadone MAE 12 1.68 +0.042 5.87 0.10
Toxitubes A 11 1.68 +0.60 5.80 0.13

Table 5. Correlation between drug concentrations
obtained with MAE and Toxitubes A

Equation (y = ax + b)® R?
Morphine (n=7) y=1.168x +0.061 0.982
6AM (n=3) y=1.115x-0.013 0.999
BEG (n=20) y=1.083x +0.120 0.820
Cocaine (n=19) y=1.321x-0.053 0.957
Cocaethylene (n = 6) y=1.600x - 0.026 0.640
EDDP (n=17) y=1.159x + 0.042 0.933
Methadone (n =11) y=1.001x+0.193 0.986

“ x, concentrations with Toxitubes A; y, concentrations with MAE.

Conclusion

The HPLC-DAD technique and microwave-assisted extrac-
tion to prepare the saliva samples provide good sensitivity
and specificity for the determination of drugs of abuse in
saliva, a biological matrix which has proved to be effective
and useful in diagnosing overdose.
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A rapid and cleanup-free microwave-assisted extraction (MAE) method is proposed for the simultaneous
extraction of six illegal drugs of abuse - cocaine, benzoylecgonine (BZE), cocaethylene (CCE), morphine,
6-monoacethylmorphine (6AM) and codeine - from human hair samples. The analytes were determined
using high performance liquid chromatography (HPLC) with photodiode array UV detection. The influence
of several variables on the efficiency of the MAE procedure was investigated in detail by a multi-objective
optimization approach based on a hybrid experimental design (17 experiments) and desirability func-
tions. Six drugs were successfully extracted from human hair with recoveries close to 100% and good
reproducibility (<3.6% RSD) under the optimal MAE conditions: 11 mL dichloromethane (DCM) extrac-
tion solvent, 60 °C extraction temperature, 9 min extraction time and 0.5 mL of methanol (MeOH) added
to 50 mg of the hair sample in the extraction vessels. Limits of quantification of 0.2 ngmg~! were found
for the studied compounds. A comparison of sample preparation procedures, including MAE, enzymatic
digestion and digestion by aqueous acids, was also conducted. The results indicated that the global
behaviour of sample procedures provided similar satisfactory recoveries ranging from 86 to 100%. Indeed,
the MAE procedure resulted in a reduction of extraction time by 100-fold and the elimination of cleanup
steps. Slightly higher recoveries of morphine, 6AM, BZE and CCE, at 1 ngmg-! concentration level and
cocaine at 40ng mg' concentration level, were achieved using MAE. Lastly, the proposed MAE method
was applied to several human hair samples from multidrug abusers.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction efficient recoveries. Extended methanol extraction (3-18 h) with

ultrasonic bath can provide lower drug recoveries as compared to

Hair analysis for drugs of abuse is routinely used in many
countries in forensic and clinical fields [1]. Hair is an advanta-
geous sample because of its substantially longer detection window
(months to years) enabling retrospective investigation of chronic
and past consumption. In addition, the collection, storage and
transport of hair samples are easier and less invasive than the
collection of blood or urine samples [2-4]. Moreover, hair sam-
ples may be useful even in post-mortem cases where other bodily
fluids are unavailable. The drugs have been selected according
to their high consumption, found in our country in recent years.
Sample preparation for the extraction of illicit drugs from hair
typically involves extraction with any amount of organic solvents
such as methanol [3,5-12], acid [1,4,10,13-18] or basic [7,9,10,19]
digestion, or enzymatic digestion [7,9,10,20-23]. The major draw-
back of these methods is the length of time needed to achieve

* Corresponding author. Tel.: +34 981 563100; fax: +34 981 547141.
E-mail address: tuchi.carro@usc.es (A.M. Carro).

1570-0232/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2009.04.035

other procedures [5-8]. Digestion with sodium hydroxide, which
completely dissolves the hair matrix, allows the solubilisation of
all drugs. Unfortunately, under these conditions, 6AM, a unique
proof of heroin abuse, is hydrolysed to morphine. Therefore, the
alkaline procedure cannot be recommended for drugs that are not
stable under these conditions [7,24]. The use of enzymes for hair
analysis targets the destruction of the hair structure, thus promot-
ing the release of the incorporated drugs to the digestion buffer.
The hair is dissolved by incubating the sample with an enzyme at
40-60 °C temperature for 6-24 h. For this purpose several enzymes,
including proteinase K and pronase E, have been used [7,9,22].
The disadvantages of the enzymatic digestion of hair have been
considered given the fact that the resulting digest could, under
certain conditions, denature the antibodies used for the prelimi-
nary detection of drugs by immunoassays [10]. Overnight digestion
in an aqueous solution of 0.01-0.5M HCI at 40-60°C tempera-
ture or phosphate buffer, followed by post-cleanup using solid
phase extraction columns is usually the extraction method of choice
[4,7,24-27]. Thus, according to results from the third proficiency
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test organized by the Society of Hair Testing (SoHT), acid hydrolysis
can offer higher yields for cocaine, opiates, and their metabo-
lites than those obtained using enzymatic hydrolysis or methanol
extraction [9].

More efficient environmentally friendly techniques for the rapid
analytical extraction from solid matrices are supercritical fluids
(SFE) [2,7,25,28] and microwave-assisted extraction (MAE). Com-
pared with other traditional extraction techniques, MAE presents
advantages such as the reduction of extraction time and solvent
volume employed. It enables partial or total automation of the ana-
lytical process, decreases analyte loss, and increases personal safety
[29-31]. Commercial microwave equipment with security systems
and closed vessels have made MAE an analytical technique of inter-
est and potential since these instruments enable the simultaneous
extraction of drugs of abuse at a high pressure and temperature,
facilitating rapid and selective analyte desorption from complex
matrices such as human plasma and urine. Moreover, the extrac-
tion yields of the analytes are equivalent to those obtained with
conventional methods [32,33].

Sensitive analytical technology for the targeted assay is
necessary. One of the most widely used procedures - gas
chromatography-mass spectrometry - requires prior derivati-
zation of the non-volatile analytes [1,3,9,22,27,34,35]. Liquid
chromatography [6-8,12-14,20] and capillary electrophoresis [36]
combined with mass spectrometry have emerged as effective and
useful approaches in this context, since they allow a large number
of analytes to be separated with no derivatization requirements.
Despite its advantages, LC-MS/MS remains limited to a small num-
ber of forensic toxicological laboratories because of its high cost
[7]. The obtained results of drugs analysis by HPLC with photodi-
ode array UV detection [33,37] were comparable to those provided
by MS-based methods [38,39].

To the best of the authors’ knowledge - at the time of prepara-
tion of this paper - no previously published peer review literature
detailing the application of MAE for drugs determination in hair
matrices was available. In this paper, a new method for extract-
ing cocaine, CCE, BZE, 6AM, morphine and codeine from hair
using microwave energy was developed. An experimental design
with variations in time, volume of dichloromethane (DCM) extrac-
tion solvent, volume of methanol (MeOH) solvent modifier and
temperature was employed to optimize the MAE conditions with
minimal experimental effort [40-42]. The method presented here is
advantageous in terms of total extraction time and handling steps,
without the need of any supplemental cleanup. The optimal MAE
process was compared with other conventional procedures and
then the proposed method for determination of opiates, cocaine
and metabolites in hair samples spiked with drugs was used in
the validation process. Moreover, the method was applied for the
determination of drugs in real-life hair samples from forensic cases
involving several drugs of abuse and its robustness was evaluated
in terms of recovery.

2. Experimental

2.1. Reagents

Standards of morphine, 6AM, cocaine, CCE and BZE were sup-
plied by Cerilliant (Round Rock, TX, U.S.). Pronase E, dithiotreitol
(DTT), sodium hydroxide, ammonium hydroxide (25%), hydrochlo-
ric acid (37%), potassium hydroxide, sodium hydrogen phos-
phate, potassium dihydrogen phosphate, boric acid, acetic acid,
gradient-grade acetonitrile, methanol, chloroform, isopropanol and
dichloromethane were purchased from Merck (Darmstadt, Ger-
many). Tris(hydroxymethyl) aminomethane clorhydrate (Tris—-HCI
buffer) was from Scharlau (Barcelona, Spain). Purified water was
obtained from a Milli-Q water system from Millipore (Le Mont-sur-

Lausanne, Switzerland). Oasis HLB and MCX cartridges were from
Waters® (Milford, MA).

2.2. Instruments and apparatus

Microwave-assisted extraction was performed with an ETHOS
PLUS MPR300/12S from Milestone® (Agrigento, Italy) equipped
with a solvent detector. The pressurized microwave oven was
able to extract 12 samples simultaneously in PTFE-lined closed
vessels under the same conditions (temperature and pressure),
with simultaneous magnetic stirring of the sample and solvent
inside.

The analyses of the extracts were performed on a Model 2695
liquid chromatograph from Waters® connected to a Model 996
diode array UV-vis detector (DAD). Data were processed with
Millennium software 32® v. 3.05.01 for Windows 98. Samples
were injected onto an XTerra® RP8 column (250 mm x 4.6 mm
i.d., 5um particle size) supplied by Waters®. In order to opti-
mize peak resolution in the chromatograms and achieve efficient
separation of the analytes in a reasonably short time (20 min),
elution was performed in the gradient mode, using a flow rate
0.8 mLmin~! and a mobile phase consisting of a mixture of ace-
tonitrile (A) and 20 mM phosphate buffer (pH 6.5) (B) set at a
variable gradient program: 0-5min, 10% A and 90% B; 5-7 min,
15% A and 85% B; 7-10min, 20% A and 80% B; 10-15min, 35% A
and 65% B; 15-22 min, 50% A and 50% B; 22-25min, 10% A and
90% B. Sensitivity was optimized by using the wavelengths of max-
imal chromatographic response for the analytes (viz. 233 nm for
cocaine, BZE and CCE; 285 nm for morphine, codeine and 6AM)
[33].

2.3. Hair sample preparation

Real hair samples were collected from 46 people ranging in age
from 17 to 63 years (23 men and 23 women). All of the subjects
were screened positive for drug abuse. Drug-free control hair was
taken from 10 volunteers who had never used drugs and spiked
with a standard solution containing all the drugs before extraction.
The hairs were collected from the vertex posterior area as close
as possible to the scalp and submitted to an initial procedure of
decontamination by washing three times in 5mL of a 0.1% solu-
tion of neutral soap (Tween 80), for 10 min each wash, rinsing three
times with 5 mL of distilled water to eliminate any external con-
tamination. The last wash cycle was analysed to exclude external
contamination. After drying at 40°C, the hair was cut into 1-mm
segments. Then, 50 mg were weighted into a PTFE-lined extraction
vessel.

2.4. Microwave extraction procedure

The nature of solvent (DCM) and the effect of the presence of
a polar modifier like MeOH were fixed according to preliminary
experiments and the results of a previous study on the determina-
tion of eight drugs of abuse from plasma samples [32]. The other
experimental conditions were established on the basis of the results
from the optimization studies. In the optimized method, 0.5 mL of
MeOH was added to 50 mg of hair sample in the extraction vessels,
being in equilibrium with the matrix before the addition of 11 mL of
DCM. Extraction was carried out in 9 min at 60 °C. Following extrac-
tion, the vessel contents were filtered and the organic solvent was
removed for evaporation to dryness under a N, stream at 40°C.
Finally, the dry extract was reconstituted in 100 L of mobile phase
and a 20 pL aliquot was injected into the chromatographic system
for analysis.
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Fig. 2. Effect of polar modifier utilization on the extraction efficiency of MAE.

3. Results and discussion
3.1. Preliminary experiments

Preliminary studies were carried out in order to decide on the
extraction solvent to be used, the type of modifier to be added to
the sample before extraction, as well as to examine the effect of HCI
on the MAE yields.

Three organic solvents were studied to select the ones that
would be most suitable in this case. Chloroform, MeOH and DCM
were tested, using MAE general conditions of 80°C and 6 min.
Owing to their electric characteristics, it was expected that the
larger the dielectric constant and the dipole moment of the sol-
vent, the more optimal the thermal energy would be [29]. However,
the extracting selectivity and the ability of the medium to inter-
act with microwaves can be modulated by the interactions of
the matrix itself with microwaves. In this case, maximum effi-

Table 1

ciency was observed when DCM (dielectric constant, 8.9, and
dipole moment, 1.16 Debye) was used as a solvent since all the
drugs were quantitatively extracted. In contrast, they could not
be extracted using MeOH (dielectric constant, 32.6, and dipole
moment, 2.87 Debye) or chloroform (electric constant, 5.5, and
dipole moment, 1.1 Debye).

The use of microwave energy for accelerating the acid hydroly-
sis of human hair for extracting illicit drugs was tested, using MAE
general conditions (80°C, 6 min and 10 mL DCM) by adding differ-
ent volumes and concentrations of HCl in extraction vessels and
evaluating the effect on MAE yields. The results (n=2) were com-
pared with those obtained by MAE without HCI (Fig. 1) and it was
observed that several drugs were not extracted when acid hydroly-
sis was used simultaneously with MAE. In the case of MAE without
HCI, microwave heating was sufficient for the disruption of weak
hydrogen bounds promoted by the dipole rotation of the molecules
[29], providing the best extraction responses.

Experimental plan for hybrid design and responses obtained (areas) in each experiment for drugs.

Run  Temperature (°C)  Time (min) DCM volume (mL) MeOH volume (mL) Responses (areas)
Morphine  Codeine 6-MAM BEG Cocaine Cocaethylene
1 80 7 8 1.0 31,025 18,398 20,417 431,505 119,838 212,019
2 53 5 6 0.7 36,736 23171 23,794 513,110 150,488 287,900
3 53 5 10 0.7 42,214 25,839 27,849 541,685 161,006 349,425
4 107 5 6 0.7 45,650 25,126 29,076 546,336 175,910 350,473
5 107 5 10 0.7 46,098 24,775 29,273 593,236 188,204 322,328
6 53 9 6 0.7 37,869 22,119 24,898 512,465 143,715 311,048
7 53 9 10 0.7 51,732 34,266 39,387 614,132 250,627 504,727
8 107 9 6 0.7 42,061 23,174 28,089 557,541 171,569 360,001
9 107 9 10 0.7 43,693 25,075 27,184 590,478 177,153 293,746
10 80 7 5 0.2 46,201 27,820 P91 05) 577,865 186,336 350,563
1 80 7 11 0.2 46,057 29,517 35,399 573,307 223,788 431,355
12 40 7 8 0.2 48,928 28,581 32,968 622,096 190,822 368,085
13 120 7 8 0.2 43,123 27,534 29,748 573,436 193,059 386,466
14 80 4 8 0.2 46,262 27,996 30,958 586,399 192,853 361,745
115 80 10 8 0.2 46,104 27,971 28,970 563,587 198,055 394,929
16 80 7 8 0.5 45,137 26,374 28,416 557,318 173,603 365,812
17 80 7 8 0.5 46,231 25,643 27,745 602,048 153,735 294,046
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Enzymatic digestion (Ref. [18])

Acid digestion (Ref. [23])

Microwave-assisted extraction (this paper)

Temperature: 37 °C
Time: 2 h +overnight

Reagents: 500 wL of 12mgmL-! DTT and 500 p.L of
2.0mgmL-! pronase E in Tris—-HCI buffer 0.1 M, pH: 7.2

Ultracentrifugation: 5 min

Cleanup: SPE (Oasis HLB) with 1 mL borax buffer, pH: 9.2
Rinsed with 2 mL MeOH:water (5:95) and 2 mL
NH4OH:MeOH:water (20:2:78)

Vacuum-dried for 20 min

Elution: 2 mL 2% acetic acid in MeOH

Temperature: 60°C

Time: 12h

Reagents: 1mL HC1 0.01 M, 1 mL NaOH 0.01 M, 1 mL
phosphate buffer, pH: 7.0

Ultracentrifugation: 5 min

Cleanup: SPE (Oasis MCX)

Rinsed with 2 mL water, 1 mL acetate buffer, pH: 4
and 2 mL MeOH

Vacuum-dried for 20 min

Elution: 2 mL methylene
chloride:isopropanol:ammonium hydroxide

Temperature: 60°C

Time: 9 min

Reagents: 0.5 mL MeOH as modifier and 11 mL DCM
as extraction solvent

Ultracentrifugation: No

Cleanup: No

(80:18:2)
Extract: Evaporated under a stream of N, at 40 °C to dryness
dryness

Extract: Evaporated under a stream of N, at 40°C to

Extract: Evaporated under a stream of N, at 40°C to
dryness

The suitability of MAE (at general conditions of 80 °C, 6 min and
10mL DCM) with and without an added polar modifier prior to
extraction of the studied drugs from human hair was assessed. We
tested both water and MeOH as modifiers for MAE, and the results
were compared to those reported for the extraction of hair with
MAE in the absence of a polar modifier (Fig. 2). When MeOH was
added to hair samples in the vessel before extraction, the pres-
ence of the modifier helped remove drugs from hair more easily
than with unmodified MAE. Due to the responses obtained, further
research work has focused on the use of MeOH.

3.2. Optimization of the MAE procedure

We used a hybrid design of a spherical domain to optimize the
responses (analyte peak area) directly related to MAE. The design
consisted of three factors with five levels and one factor with four
levels: extraction temperature (40, 53, 80, 107 and 120 °C), extrac-
tion time (4, 5, 7,9 and 10 min), DCM solvent volume (5, 6, 8, 10, and
11 mL) and MeOH volume added to the sample as a modifier (0.2,
0.5, 0.7 and 1 mL). The proposed experimental design (15 experi-
ments + 2 central points) is shown in Table 1. NEMROD®W software
was used for the generation and evaluation of the experimental
design [43]. The three-dimensional response surface shows the
effect of two independent variables on a given response, at a con-
stant value (central value) of the other two independent variables.

Thus, for cocaine (Fig. 3A), morphine and CCE, higher responses
were obtained when temperature and DCM volume were at oppo-
site levels, whereas for codeine, 6AM and BZE (Fig. 3B) extraction
efficiency was favoured by high DCM volume and low temper-
ature values. Similar opposing behaviours were observed when
temperature and time factors were considered for morphine, BZE,
cocaine and CCE. Also, better responses were obtained when time
and MeOH volume were at their lowest levels for 6AM and cocaine
(Fig. 3C). However, middle values of MeOH volume without a sig-
nificant time effect, for morphine, codeine, BZE (Fig. 3D) and CCE
produced higher results. The response contour plots serve as a
preliminary graphical approach to optimization, but the use of mul-
ticriteria optimization based on the construction of a desirability
function for each individual response provided the identification
of the best-compromise conditions for the simultaneous extrac-
tion of drugs using MAE [44]. Each individual desirability function
was chosen from a family of linear or exponential continuous func-
tions, and ranged from zero (undesirable response) to one (optimal
response). The overall desirability function (D) was estimated as
the geometric average of the individual desirability functions (d;)
using NEMROD®W without additional experiments. In this case,
MAE efficiency was maximised (d; = 1 for the highest areas) and the
D function acquires its maximum value of 1 (Fig. 4) under the fol-
lowing optimal conditions: 60°C, 9 min, 11 mL of DCM and 0.5 mL
of MeOH.

Table 3
Precision and accuracy for analysis of drugs in fortified hair. Comparison of sample preparation procedures.
Drug Target concentration (ngmg—") Enzymaticdigestion (n=5) Acid digestion (n=5) MAE (n=5)
1.0 40.0 1.0 40.0 1.0 40.0
Morphine Mean concentration (ngmg~") 0.86 37.9 0.88 383 1.00 40.00
% Recovery 86 95 88 96 100 100
% RSD 6.6 43 1.8 52 1.8 0.8
Codeine Mean concentration (ng mg~") 0.89 39.0 0.91 36.1 1.01 39.98
% Recovery 89 98 91 90 101 100
% RSD 8.1 5.7 5.1 3.0 3.6 04
6AM Mean concentration (ngmg~") 0.87 40.3 0.92 37.6 0.99 40.00
% Recovery 87 101 92 94 99 100
% RSD 6.6 6.9 6.0 7.0 2.1 0.7
BZE Mean concentration (ng mg~") 0.89 36.3 0.97 39.6 0.99 40.00
% Recovery 89 91 97 99 99 100
% RSD 34 34 9.0 1.1 3.1 0.6
Cocaine Mean concentration (ngmg~") 0.96 36.0 1.02 353 1.00 40.00
% Recovery 96 90 102 88 100 100
% RSD 6.5 4.0 6.7 4.2 2.7 0.6
Cocaethylene Mean concentration (ng mg~") 0.87 35.8 0.86 35.2 1.00 40.00
% Recovery 87 89 86 88 100 100
% RSD 6.8 6.0 1.1 2.8 22 0.8
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3.3. MAE-HPLC/DAD method validation

The analytes were identified from their retention times (viz.
6.35min for morphine, 9.22 min for codeine, 10.53 min for BZE,
11.89 min for 6AM, 14.78 min for cocaine, 15.83 min for CCE) and
absorption spectra. This gives the method a high specificity as
it provides information about the purity of the corresponding
peaks.

Linearity was assessed by injecting each sample five times
over a concentration range of 0.5-40ngmg~'. Results obtained
for the correlation coefficients (R%) varied between 0.9992 and
0.9999. Quantification was based on the standard addition method
using hair samples spiked with a multistandard mixture of a
known concentration, in order to avoid matrix effects. Precision
was investigated studying intra-day repeatability and inter-day
reproducibility. Relative standard deviations (RSD), and accuracy
(relative error), were evaluated at three concentration levels (1, 10
and 40 ngmg~1) to the MAE procedure described above. The results
showed low RSD, from 0.98 to 6.3% (n=5) for intra-day precision
and from 0.43 to 3.6% (n=5) for inter-day precision. Intra-day rel-
ative errors were less than 7% in all cases while inter-day relative
errors were less than 4%. Quantification limits (LOQs) were calcu-
lated for a S/N ratio of 10 [45]. The LOQs achieved were 0.2 ng mg~!
for all the drugs. These limits are in the range of ngmg~!, suggested
for these drugs in the recommendations for hair testing in forensic
cases by the Society of Hair Testing [46].

3.4. Comparison between MAE and two digestion procedures

Acid and enzymatic preparations always show higher drug
recoveries compared with methanol and ultrasonic extraction.
Moreover, it is not possible to differentiate between the medical
intake of codeine or morphine from heroin abuse by means of alka-
line digestion. Therefore, the analytical precision and recovery of
the MAE technique were studied in quintuplicate and compared
with enzymatic digestion and acid digestion. The results were
analysed by HPLC/DAD after subjecting 50 mg of drug-free hair
samples spiked at two concentration levels for each drug to the
three procedures described in Table 2. Data in Table 3 shows the
relative effectiveness of the three extraction procedures applied.
As shown, all the tested extraction procedures gave good analyti-
cal results, with recoveries ranging from 86 to 102%. The statistical
comparison between the different extraction procedures exhibited
a significant effect (95% confidence level) between-methods vari-
ance (ANOVA test, using Statgraphics Plus version 5.1 for windows
(Manugistics, Inc., Rockville, MD, USA)). Enzymatic and acid diges-
tion presented similar recoveries (within 86-102% range) and RSD
(within 1.1-9% range) values, while MAE recoveries were more effi-
cient (ranging between 99 and 101%) and precision values (ranging
between 0.4 and 3.6%) were lower than conventional methods.
According to the ANOVA, no significant effects were found in
between-drug variance (p=0.45) or between-concentration level
(p=0.22).

Also, a multifactor analysis of variance (ANOVA) was performed
to compare the results obtained with enzymatic digestion, acid
digestion and MAE from real hair samples of six forensic cases. Pos-
itive results were obtained only for the two most commonly found
drugs or metabolites (BZE and cocaine) (Table 4). The absence of sta-
tistical significance (95% confidence level) for the factor extraction
method was demonstrated. However, the results obtained for the
analysed samples were statistically different (p <0.05) depending
on the origin of the forensic case. Thus, there were two homoge-
neous sample groups formed for the following samples: 1, 2, 3, 4
and 6; and sample 5 constituted a separate single group. On the
other hand, the results obtained for the analysed drugs were also
statistically different (p <0.05) because the concentrations range

Table 4
Concentration range of drugs in human hair samples (n=6) from forensic cases
obtained by different extraction methods. ANOVA analysis demonstrating the
absence of statistical significance (95% confidence level) for the factor extraction
method.

Procedure Concentration range (ngmg~")

BZE Cocaine
Acid digestion 0.40-1.92 1.67-28.29
Enzymatic digestion 0.57-2.21 2.12-33.86
Microwave-assisted extraction 0.42-2.03 1.76-34.63
Factor ANOVA

F-Ratio p-Value
Extraction procedure 0.11 0.90
Drug 11.74 0.00
Sample 5.72 0.00

(1.67-34.63 ngmg!) for cocaine, as expected, was higher than the
range obtained for BZE (0.40-2.21ngmg ).

3.5. Application of the method to hair samples from multidrug
abusers

The applicability of the MAE-HPLC/DAD proposed method was
checked by analysing in duplicate N=46 real hair samples from
drug abusers who consumed different types of drugs under study
(Table 5). The only drug detected in 35 samples was cocaine; heroin
was found in only 2 cases and the 2 drugs combined in 9 cases. In
most of the hair samples, positive for opiates the concentration of
6AM was higher (8 cases) than that of its metabolite, morphine
(6 cases). Cocaine also tended to be found in higher concentrations
than its two metabolites, BZE and CCE. The overwhelming presence
of BZE, in 44 cases, may be attributed to the rapid biotransformation
of cocaine, while the presence of CCE in 5 cases would suggest the
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Fig. 5. Chromatograms for drug separation after MAE-HPLC/DAD method corre-
sponding to a hair sample from consumer, monitorizing at A=233nm (A) and at
=285 nm (B). MAE optimal conditions: 60 °C, 9 min, 11 mL DCM, 0.5 mL methanol.
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Table 5

Analytical results from N=46 real hair samples from multidrug abusers using the proposed MAE-HPLC-DAD method.

Case sample number Concentration values (ngmg~')

Morphine Codeine 6AM BZE Cocaine Cocaethylene

1 - 2.57 9.85 = = =

2 - - - 1.85 11.52 -

3 - - - 0.45 3.23 -

4 - - - 0.422 1.76 -

5 - - - 7.95 34.63 -

6 - - - 0.57 2.97 -

7 - - - 2.03 6.43 -

8 - - - 6.44 29.32 -

9 - - - 17.29 56.25° -
10 - - - 3.65 23.90 -
11 - - = 0.76 4.54 =
12 7.42 - 4.80 36.11 171.09° -
13 = = = 1.51 7.41 =
14 - - - 13.18 157.94b -
15 - - - 3.67 25.60 -
16 - - - 429 52.99° -
17 - - - 4.03 48.71° -
18 - - - 31.38 141.33 -
19 - - - 1.93 4.79 -
20 - - - 16.07 64.49b -
21 3.61 134 - - - -
22 - - - 7.32 29.97 -
23 - - - 3.63 27.30 -
24 - - - 0.78 - -
25 - - - 2.80 5.23 -
26 - - - 2.93 - -
27 - 0.31 0.94 5.22 3.16 -
28 0.62 - - 16.35 10.68 -
29 0.71 - - 29.11 17.43 -
30 0.85 - 2.74 4.99 3.39 -
31 - - 3.97 0.69 2.32 0.66
32 - - - 0.39? - 0.41
33 - - - 0.362 - 432
34 341 8.91 12.93 4.14 5.90 2.87
35 - - - 15.20 7.96 -
36 - - - 0.342 - -
37 - - - 0.57 - -
38 - - - 0.51 - -
39 - - 1.58 7.10 8.89 -
40 - - - 4.59 5.04 -
41 - - - 17.48 8.30 -
42 - - - 0.77 2.92 <LOQ
43 - - - 1.15 - <LOQ
44 - - - 0.39? - 114
45 - - - 0.392 1.27 -
46 - - 7.50 45.83P 25.05 -

-: Not detected.
2 Results obtained by MAE using 100 mg of hair sample.
b Results obtained by MAE using a dilution step.

combined use of cocaine and ethyl alcohol. These findings demon-
strate that 6AM and BZE are good markers of the consumption
of heroine and cocaine, respectively. Fig. 5 shows the two chro-
matograms obtained after the optimization of the MAE process for
a hair sample from a drug user, determining cocaine (27.3ngmg™1),
BZE (3.6ngmg~') at A =233 nm, 6AM (7.4ng mg~!) and morphine
(4.8ngmg-1)at A=285nm.

4. Conclusions

This paper describes a simple and fast sample preparation
method based on a microwave-assisted extraction with HPLC/DAD
determination and has proved that it is an efficient and quantitative
procedure for the simultaneous detection and analysis of six drugs
of abuse in the hair of heroin and/or cocaine users.

Application of a hybrid design and desirability functions allowed
the optimization of MAE parameters. The variables investigated
were extraction temperature, extraction time, solvent volume and

MeOH, as modifier, volume. The total time of analysis, which is
now becoming one of the most important factors, was signifi-
cantly decreased when microwave energy was applied. MAE is
faster (9min) than the conventional digestion procedures and
besides, simultaneous extractions can be performed in a microwave
oven while only sequential extractions can be conducted with
conventional hydrolysis. With regard to the straightforward
methodology used, the MAE technique is clearly better than tra-
ditional procedures since MAE does not require additional cleanup
steps.

The use of DAD does not require previous derivatization and
improves the method’s selectivity by facilitating the selection of the
optimal wavelength for the maximal chromatographic response of
the analytes.

Although methods such LC-MS/MS do provide high selectivity
and sensitivity, not all laboratories have access to these instru-
ments. For this reason and on the basis of the levels usually found
in real samples, the method proposed here is a good analytical tool
that will be useful in determining the previous history of drug abuse
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and it meets all the necessary requisites to be implemented in a
clinical and/or forensic Toxicology Laboratory.
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Chromatographic determination of benzodiazepines in
vitreous humor after microwave-assisted extractiony
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An analytical method was developed for the simultaneous determination of bromazepam, alprazolam,
lorazepam, lormetazepam, diazepam and tetrazepam in vitreous humor, using microwave-assisted
extraction (MAE) optimized by a central composite design followed by desirability functions, and high
performance liquid chromatography coupled to a photodiode array detector (HPLC-PDA). The optimal
conditions were 98 °C for the extraction temperature, 10 min for the extraction time, and ethyl acetate
(10 mL) as the solvent. The extract was evaporated to dryness, redissolved in 100 pL of mobile phase,
and injected (30 pL) into a XBridge™ Shield RP18 column (250 x 4.6 mm id, 5 um particle size). The
mobile phase, composed of acetonitrile and 0.02 M phosphate buffer pH 6, was eluted at a flow rate of

0.8 mL min™"

in gradient mode. The response of the detector was linear in the range of 0.05 to 5 pg
mL~" vitreous humor, the limits of detection ranged between 10 and 13 ng mL™", and the coefficients
of variation were always lower than 10%. The mean recoveries oscillated between 87.6% for diazepam

and 101.2% for lormetazepam. Finally, the MAE/HPLC-PDA method was successfully applied to 16
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Introduction

Poisoning by benzodiazepines (BZDs) is a health hazard because
of their addictive nature, discovered in 1961. Over the years, the
consumption of benzodiazepines spread among the drug
dependent population and became noticeable in drug facilitated
assault cases and road accidents. Improvement of the analytical
methodology required for detecting the presence of these drugs
in biological samples is of great importance for forensic toxi-
cology, in order to correctly diagnose an exposure or a poisoning."

Microwave-assisted extraction (MAE) is simple, rapid and
selective, with better or similar recoveries than those obtained
in conventional extraction processes. It requires less energy and
lower solvent volumes and generates less waste, being consid-
ered as a clean technique.” The effect of microwave energy
depends strongly on the nature of the solvent and the matrix.
The solvent chosen must have a high dielectric constant in
order to absorb large quantities of microwave energy, to heat
and to improve the effectiveness of extraction. However, in
some cases it is convenient to heat only the biological matrix,
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humor samples from

individuals intoxicated with benzodiazepines, with alprazolam,
lormetazepam and diazepam being the most frequently found of these substances.

maintaining the drugs in a cold solvent to prevent degradation
of thermolabile compounds.® The suitability of MAE has been
demonstrated for the analysis of drugs of abuse in urine,* hair,’
plasma® and vitreous humor;” analgesic and anti-inflammatory
drugs in plasma and urine® and benzodiazepines in plasma.’
Toxicological studies are usually affected by a wide range of
variables and involve a large number of experiments to optimize
the analytical methodology, but this problem can be overcome
using experimental designs that apply a mathematical model to
define a cause-effect relationship between factors affecting the
system and the responses obtained." When it is not possible to
have a mass spectrometry detector, high performance liquid
chromatography with a photodiode array detector (HPLC-PDA)
is one of the techniques most employed because it is relatively
inexpensive, and has suitable chemical selectivity associated
with the absorption spectra.™ HPLC with PDA or other detectors
has been previously used for the determination of benzodiaze-
pines in different biological matrices such as blood, serum or
plasma,*>*® urine'*** and hair.?**> However, vitreous humor is a
less studied postmortem material, even though it is very useful,
particularly when there is no blood and/or urine (burned or
decomposing corpses), because it has a low protein content,
and is very stable, accessible and unpolluted.***” A HPLC-PDA
method (30 min of analysis time) to determine benzodiazepines
in vitreous humor using a solid-phase extraction (SPE) proce-
dure (2 h) was previously published by our group.?® To improve
these conditions, alternative methods can be developed. This

Anal. Methods, 2013, 5, 4999-5004 | 4999



paper presents, for the first time, a MAE procedure, optimized
using an experimental design, to extract six benzodiazepines
(bromazepam, alprazolam, lorazepam, lormetazepam, diaz-
epam and tetrazepam) from vitreous humor. MAE involves
fewer stages and less sample handling and time consumption
(10 min) than conventional SPE procedures. MAE is a good
alternative approach since no cleanup step is required and
among its advantages is a high extraction rate, automation
feasibility, and that simultaneous processing of different
samples can be performed. A method of HPLC-PDA was devel-
oped to determine the analytes in a shorter analysis time of 20
min. The optimized methodology was applied to several
humor samples obtained from benzodiazepine
consumers which had been received in our laboratory for toxi-
cological interpretation.

vitreous

Experimental
Chemicals

Standards of benzodiazepines were from Cerilliant (Round
Rock, TX). Gradient-grade acetonitrile, ethyl acetate and meth-
anol were from Merck (Darmstadt, Germany). Purified water
was obtained from a Milli-Q water system (Millipore, Le Mont-
sur-Lausane, Switzerland). A 0.02 M phosphate buffer was
prepared by dissolving 2.72 g of potassium dihydrogen phos-
phate in one liter of Milli-Q water and adjusting the pH to 6.0
with potassium hydroxide. Individual stock solutions contain-
ing 1 mg mL™"' of each drug were prepared in methanol.
Working-strength solutions containing the six benzodiazepines
were made by successive dilution of the stock solutions to
obtain final concentrations of 0.05, 0.1, 0.3, 0.5, 1.0, 3.0 and 5.0
pg mL™" in vitreous humor. All solutions were stored frozen.

Instrumentation

The microwave extractor system equipped with a solvent
detector was an ETHOS PLUS MPR300/12S from Milestone®
(Agrigento, Italy). The system was able to extract 12 samples
simultaneously in PTFE-lined extraction closed vessels under
the same conditions (temperature and pressure), with simul-
taneous magnetic stirring of the sample and solvent inside. An
inboard pressure control system was installed for monitoring
and controlling the pressure and conditions inside the extrac-
tion vessels. This oven allowed a maximum of 1000 W, and the
power adjusted automatically to reach and maintain the
temperature selected. In this study a power of 1000 W was
selected. The temperature and power conditions provided a
pressure of 35 bar in the system.

Analyses were carried out with a Waters® 2695 chromato-
graph (Milford, MA) connected to a Model 996 photodiode array
detector, also from Waters. Data were processed with the soft-
ware Empower Pro®. Samples were injected onto an XBridge™
Shield RP18 (250 x 4.6 mm id, 5 pm particle size) stainless steel
column from Waters. The chromatographic separation of the
benzodiazepines was optimized studying different gradients
(variation of the percentages of acetonitrile and phosphate
buffer throughout the time of analysis). The best peak
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resolution in the chromatograms was obtained when the
elution was done with a mobile phase consisting of a mixture of
acetonitrile (A) and 0.02 M phosphate buffer pH 6 (B), at a flow
of 0.8 mL min~", in gradient mode: 0-1 min, 34% A and 66% B;
10 min, 46% A and 54% B; 15 min, 60% A and 40% B, and 20
min, 34% A and 66% B.

Vitreous humor samples

Drug-free vitreous humor was used for the preparation of cali-
bration standards. Vitreous humor samples were obtained from
individuals whose death was associated with benzodiazepines
and heroin or benzodiazepines and cocaine. The samples were
stored at 4 °C, unless the analysis was delayed, in which case the
samples were frozen. All studies were conducted in accordance
with the World Medical Association's “Ethical Principles for
Medical Research Involving Human Subjects”.*

Microwave-assisted extraction

After mixing 0.5 mL of vitreous humor with 1 mL of acetonitrile
and centrifuging for 10 min at 14 000 rpm to eliminate proteins,
the supernatant was separated, and 2 mL of borate buffer (pH 9)
was added to ensure that the benzodiazepines were in their
non-ionized forms and could easily transfer to the organic
phase. The extraction was done by stirring at 98 °C for 10 min
and using 10 mL of ethyl acetate. After cooling, the extraction
vessels were opened and the extracts were centrifuged for 10
min at 4000 rpm to separate the organic phase from the
aqueous one. The former was dried under a nitrogen stream at
40 °C and the dry extract was redissolved in 100 puL of mobile
phase, consisting of 34% acetonitrile and 66% phosphate buffer
(pH 6), and 30 pL was injected into the chromatograph.

Experimental design

Experimental design is applied to determine, in an efficient and
informative way, the set of conditions that are required to
obtain a product or process with desirable, often optimal,
characteristics. Response surface methodology was selected to
maximize MAE efficiency.**** Central composite design (CCD)
provides a great deal of information on experiment variable
effects and overall experimental error in a minimum number of
required runs.'**" A CCD with two central points was chosen to
investigate the influence of solvent volume, extraction time and
extraction temperature on the responses (peak area of each
benzodiazepine) directly related to MAE. Each factor was tested
at five levels: 5, 7, 10, 13 and 15 mL of solvent; 5, 7, 10, 13, and 15
min; and 60, 72, 90, 108 and 120 °C. The design consisted of
eight points of the full factorial design, six axial points at a
distance o = 1.682, and a centered point tested two times. The
experiments were randomly conducted to provide protection
against the effects of lurking variables. A second-order poly-
nomial model was fitted for each benzodiazepine response,
giving an equation in the following form:

y=by+ Zn:b,-x,- z": i:b,»,-x,-x,»
i=1

i=1 j=1

This journal is © The Royal Society of Chemistry 2013



where x; is the coded value of the factors studied (extraction
temperature, time, and solvent volume) and y is the response
function (peak area) obtained for each benzodiazepine. The b
values are the estimated polynomial coefficients: b, is the
intercept term, the b; coefficients represent the main effect for
each variable, the b; coefficients in the quadratic terms are
responsible for the curvature effects, and the by(i # j) coeffi-
cients describe the interaction effects. The response values
obtained were used to estimate the model coefficients b;
through multilinear regression by the least-squares method.
The validation of the model was performed through analysis of
variance (ANOVA). To establish practical compromise settings
for the simultaneous compound extraction conditions, a mul-
ticriteria decision was applied, conducting the procedure using
desirability functions based on partial Derringer functions.'®**
Each analyte response was transformed using a dimensionless
partial desirability (d,) scale, which ranged between d = 0 for a
completely undesirable response and d = 1 for a fully desired
response, without additional experiments. Non-linear left
unilateral desirability functions were required to maximize each
response efficiency. A global desirability function (D), which
represents the global quality of the common optimum, was
calculated by combining single desirability functions, usually as
the geometric mean.

Results and discussion
Optimization of MAE

Before applying the experimental design, five different extrac-
tion solvents were evaluated under intermediate conditions:
89 °C, 12 min and 8 mL of solvent. It was demonstrated that
dichloromethane, methanol and hexane only extract low
quantities of lorazepam, lormetazepam, alprazolam, bromaze-
pam and/or diazepam, while the recovery of tetrazepam is low
when a chloroform-isopropanol mixture (4:1, v/v) is used.
Maximum efficiency was observed using ethyl acetate, which
enabled quantitative extraction of all benzodiazepines studied
(provided in ESI, Fig. S1%).

The responses obtained from the design experiments were
analyzed with the NemrodW program.*> ANOVA showed no
statistical significance of the effects associated with factors and
interactions. The extraction efficiency was good for the analytes,

except for tetrazepam and lorazepam, which presented a
different behavior for the volume of solvent. Fig. 1 shows the
three-dimensional response surfaces for values of desirability
from 0.0 to 1.0. The optimum conditions of MAE for all
benzodiazepines in vitreous humor correspond to the medium-
high values of the three factors: a temperature of 98 °C, 10 min
of extraction time and 10 mL of solvent (ethyl acetate).

Validation of method

To verify the validity of the analytical methods developed and
check whether they are appropriate for solving analytical prob-
lems, it is necessary to demonstrate compliance to a number of
quality parameters. The criteria used in this paper are those
recommended by several organizations**** and other published
works,***® which study linearity, limits of detection and quanti-
fication, selectivity, precision, and accuracy (in terms of recovery).

The working wavelength was set at 230 nm, and the retention
times were 8.05 min for bromazepam, 10.66 min for alprazolam,
11.99 min for lorazepam, 14.84 min for lormetazepam, 16.80 min
for diazepam, and 19.41 min for tetrazepam (Fig. 2a). The final
analysis time was 20 min, which is less than the 30 min analysis
time obtained by Cabarcos et al*® The calibration curves were
established with vitreous humor samples spiked at seven
concentration levels with five replicates for each level, in the
range 0.05-5 pg mL ‘. Linearity was satisfactory for all
compounds, with regression coefficients higher than 0.99
(Table 1). The limits of detection (LOD) and quantitation (LOQ)
were determined from the lowest concentrations with signal to
noise ratios of at least 3 and 10, respectively. LOD values ranged
from 10 to 13 ng mL . Table 1 shows the LOQ values. Cabarcos
et al*® found similar LOQs for several benzodiazepines in
vitreous humor, using HPLC-PDA. The selectivity is the ability of
an analytical method to distinguish and quantify the analyte in
the presence of endogenous components of the sample. Analysis
of five drug-free vitreous humor samples showed that there are
no interferences because of the lack of response at the retention
times of the compounds studied (lower chromatogram in
Fig. 2a), proving that this method is sufficiently selective for the
determination of benzodiazepines in vitreous humor.

The precision and accuracy (in terms of recovery) for the six
benzodiazepines studied were calculated from five replicate

Desirability
Desirability a Desirability b c
B " | BT
" 0s0 050
FHRR -‘.ﬁ\‘\‘l{‘\‘““ ““““‘ Solvent volume (mL)
Time (min) ;"14,'\\‘\\\‘\‘\\“\|\‘ b T
0% 3t 000

Temperature (°C)

Fig. 1
solvent volume and temperature (b) and solvent volume and time (c).

This journal is © The Royal Society of Chemistry 2013

Temperature (°C) Time (min)

Response surfaces of global desirability obtained using a central composite design for the target benzodiazepines (BZDs) versus time and temperature (a),
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Fig.2 Chromatograms of: (a) vitreous humor containing 3 ug mL~" of all BZDs and a blank sample (---); and (b) a real vitreous humor sample containing 3.45 pg mL~"
of lormetazepam. BRO: bromazepam; ALP: alprazolam; LOR: lorazepam: LORM: lormetazepam; DZP: diazepam; TETRA: tetrazepam.

analyses in blank vitreous humor samples spiked at three
concentrations, 0.1, 1.0 and 5.0 ug mL ™', The intraday precision
ranged from 1.1 to 6.2% and the interday precision ranged from
3.6 to 7.9%, both expressed as relative standard deviations. The
mean recoveries oscillated between 87.6 £ 7.1% for diazepam
and 101.2 + 4.9% for lormetazepam (Table 1). In view of the
results, it can be stated that this is a precise and accurate
method, since the relative standard deviations were below 10%
and the recoveries were satisfactory with values always higher
than 87%. Cabarcos et al.*® reported higher coefficients of
variation (1.6-16.8%) and lower yields (68-97%) for the same
benzodiazepines in vitreous humor using SPE, a procedure
more tedious than the one proposed in this paper.

Analyses of real cases

The optimized methodology was applied to 16 vitreous humor
samples, obtained from benzodiazepine users, and the results
(Table 2) indicate that the most consumed benzodiazepines
were alprazolam (mean 0.44 pg mL™ "), lormetazepam (mean
1.04 pg mL~ ') and diazepam (mean 0.21 pg mL'). A chro-
matogram corresponding to a real case of lormetazepam
poisoning is shown in Fig. 2b. Screening analysis from urine of
the same individuals was also carried out by immunoassay
methods and GC-MS and the presence of these drugs was
confirmed.*”

5002 | Anal. Methods, 2013, 5, 4999-5004

Teixeira et al.*® reported a pharmacokinetic study of diaz-
epam in rabbits, obtaining mean levels (n = 4) from 0.024 to
0.014 ug mL~ " at 0.5 and 6 h post-administration, respectively.
Scott and Oliver*® applied supercritical fluid extraction and
HPLC-UV to analyze 12 human vitreous humor samples,
showing diazepam concentrations between 0.01 and 2.48 pg
mL~". Cabarcos et al.>® analyzed 50 vitreous humor samples
from deaths related to benzodiazepines, heroin and/or cocaine,
and found concentrations ranging from 0.03 ug mL ™" for bro-
mazepam to 1.08 pg mL~" for tetrazepam. Jenkins et al.*® pub-
lished a SPE/HPLC-UV method to study a fatality due to
alprazolam intoxication, with levels of 0.58 pg mL ™" in vitreous
humor and 2.1 ug mL™" in blood. Pelander et al.* applied SPE
and Liquid Chromatography-Time-of-Flight Mass Spectrometry
(LC-TOFMS) to 50 vitreous humor samples from individuals
whose deaths could be attributed to drugs, and detected three
benzodiazepines and two metabolites in 16 cases (32%).

The dose administered and the time elapsed from ingestion
to death and from death to sample collection are frequently
unknown, complicating the interpretation of the results.
Furthermore, there are few published reports in which
concentrations of these substances in vitreous humor were
determined. So far it is only possible to correlate the presence of
benzodiazepines in vitreous humor with a consumption of
these drugs, but this information could be important for the
investigation of death.

This journal is © The Royal Society of Chemistry 2013
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El objetivo de esta Tesis Doctoral es el desarrollo y validacion de metodologias
analiticas eficaces, simples y de bajo coste para la determinacion de sustancias
psicoactivas en diferentes muestras bioldgicas utilizadas habitualmente en
laboratorios de analisis toxicolégico. Estas sustancias pertenecen a dos grandes
grupos: drogas de abuso (morfina, 6-acetilmorfina, codeina, cocaina,
benzoilecgonina, cocaetileno, metadona y/o EDDP) vy benzodiacepinas
(alprazolam, bromacepam, loracepam, lormetacepam, diacepam y tetracepam).
La necesidad de disponer de métodos analiticos fiables para el control de estas
drogas ha propiciado la investigacion y puesta a punto de procedimientos de
preparacion de muestra, basados en la extraccidn asistida por microondas
(MAE), y técnicas de determinacion empleando la cromatografia liquida de alta
resolucién con detector de red de diodos (HPLC-PDA). Desde el punto de vista
de la quimica verde, la MAE ofrece ventajas tales como un menor consumo de
disolventes, una breve manipulacion y una reduccion de la cantidad de muestra
y del tiempo de extraccion. La aplicacion de estos métodos se ha realizado con
éxito en numerosos casos de intoxicacion, analizando diversos tipos de muestras
bioldgicas: plasma, orina, pelo, saliva y humor vitreo. Cada una de ellas presenta
sus propias caracteristicas farmacocinéticas y de accesibilidad, aportando
informacion sobre la deteccién y cuantificacion de estas sustancias en los

controles toxicoldgicos clinicos y forenses.
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