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1.1. Dexametasona

1.1. Dexametasona

La dexametasona es un glucocorticoide sintético de elevada potencia antiinfla-
matoria e inmunosupresora y baja actividad mineralocorticoide. Es 25-30 veces mas
potente que la hidrocortisona y 4-5 veces mas potente que la prednisona [1]|. Los
glucocorticoides (GC) causan profundos y variados efectos metabolicos y también
modifican la respuesta inmune a diversos estimulos. Concretamente, la dexameta-
sona inhibe la sintesis de prostaglandinas y leucotrienos, sustancias que median en
los procesos vasculares y celulares de la inflamacion y de la respuesta inmunologica.
Ambas acciones se deben a la inhibicion de la sintesis de fosfolipasa A2, enzima
encargado de liberar los acidos grasos poliinsaturados precursores de las prostaglan-

dinas y leucotrienos.

Los GC son hormonas esteroides que afectan a casi todos los tipos de células, y
sus efectos estan mediados por el receptor de GC (GCR). La dexametasona, como
el resto de GC, se une a los receptores glucocorticoideos citoplasmaéticos, activindo-
los. Como consecuencia se movilizan diferentes endopeptidasas neutras, inhibidores
del activador del plasminogeno, lipocortina, etc. Ademas disminuyen la estabilidad
de determinadas moléculas RNA-mensajeras, alterando la transcripcion génica. En
efecto, la unién del ligando activa el GCR, que entonces funciona como un factor
de transcripcion para activar o reprimir la transcripcion de genes de respuesta a
GC [2,3]. El gen del GCR esta formado por nueve exones. GCR tiene dos isoformas
principales: El GCRa« clésico tiene una amplia distribucion y actiia como un factor
de transcripciéon. Participa en varios procesos fisiologicos como la homeostasis de la
glucosa, metabolismo de las proteinas, lipidos y carbohidratos, actuando en interac-
cion con otros factores. El GCRJS es la isoforma constitutiva, se localiza en el nicleo
y es incapaz de unirse a los esteroides [4]. Actia como un regulador negativo del

efecto de los GC [5] mediante el bloqueo de la union de coactivadores [6].

La dexametasona es un corticoide de larga duracién de acciéon, puesto que sus
efectos se mantienen hasta 72 horas, su aclaramiento total varia entre 2,8 y 3,5
mg/minuto/kg, la semivida de eliminacion es de 3-4 horas (de 3 a 6 horas para
adultos; de 2,8-7,5 horas para ninos de 8-16 anos; y de 2,3-9,5 horas para ninos
menores de 2 anos). Tras su administracion por via intramuscular, los niveles séricos
maximos se alcanzan antes de una hora. Se distribuye ampliamente por el organismo

con un grado de unién a proteinas plasmaéaticas del 70 %, y difundiendo a través de
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la barrera placentaria y lactosanguinea; de manera que el volumen de distribuciéon
es de 2 1/kg. Se elimina fundamentalmente mediante metabolizacion hepatica, por
reacciones de hidroxilacion; y se excreta por orina, un 8 % en forma inalterada, y en

menor cantidad por la bilis [7].

La dexametasona es practicamente insoluble en agua y su solubilidad en alcohol
es bastante baja [8], estas propiedades hacen necesario el uso de derivados en forma
de sal para su incorporacién en formas farmacéuticas y para mejorar su biodis-
ponibilidad. Concretamente, la dexametasona fosfato permite un mejor solubilidad
acuosa. Esta sal es mucho méas soluble en agua a 25°C que otros corticoesteroides
comunmente empleados; por ejemplo, es 3000 veces més soluble que la hidrocortiso-
na. Debido a esta solubilidad se emplea habitualmente en formulaciones inyectables,
oftdlmicas y oOticas. Después de la administracion, una vez que es absorbida, la de-
xametasona fosfato se hidroliza rapidamente por fosfatasas, dando lugar a su forma

activa, dexametasona libre [9].

La dexametasona debido a su estructura adrenocorticoide, concretamente por
el grupo 11-8-hidroxil, puede degradarse por oxidacion, reacciéon catalizada por el
oxigeno y la luz. Sin embargo, la dexametasona al estado sblido es relativamente

estable en recipientes abiertos pero debe protegerse de la luz [10].

Debido a su potente actividad y a su amplio mecanismo de accién, la dexametaso-

na presenta un gran nimero de indicaciones. Entre las més frecuentes se encuentran:

» Enfermedades endocrinas como la tiroiditis no supurativa, la hipercalcemia
asociada con cancer y la hiperplasia adrenal congénita.

= Estados alérgicos severos: asma bronquial, dermatitis de contacto o atopica,
rinitis alérgica estacional o perenne, reacciones de hipersensibilidad a farmacos.

= Procesos inflamatorios y alérgicos graves, tanto agudos como cronicos, que
afecten a los ojos.

= Tratamiento sistémico en periodos criticos de colitis ulcerosa y enteritis regio-
nal.

» Enfermedades dermatologicas (pénfigo, sindrome de Stevens-Johnson, derma-
titis, psoriasis severa y micosis fungoide), respiratorias (sarcoidosis sintomé-
tica, beriliosis, sindrome de Loeffler, neumonitis aspirativa) y hematologicas
(anemia hemolitica adquirida, parpura trombocitopénica idiopatica en adultos
por via endovenosa, trombocitopenia secundaria en adultos, eritroblastopenia

y anemia hipoplésica congénita).
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» Sindrome nefrotico de tipo idiopatico (sin uremia) o el causado por el lupus
eritematoso.

» Edema cerebral asociado con tumor cerebral, primario o metastatico, craneo-
tomia o lesi6on craneal.

= Tratamiento coadyuvante a corto plazo durante los episodios agudos o exa-
cerbaciones de enfermedades reumaéticas: artritis, osteoartritis postraumatica,
espondilitis anquilosante, epicondilitis, tenosinovitis, bursitis, etc.

= En algunos casos de lupus eritematoso sistémico y carditis reumatica aguda,
durante una exacerbacién o como terapia de mantenimiento,

= En el tratamiento del cancer, debido a que suprime el sistema inmune, lo que
hace que sea util para prevenir reacciones alérgicas a los farmacos quimiotera-
picos. También se usa para aliviar el dolor asociado con el cancer y para aliviar
la inflamacion causada por los tumores en el cerebro, la médula espinal o los
huesos, segtin reporta la Sociedad Americana de Cancer. La Dexametasona
puede aumentar los efectos antieméticos de los antagonistas del receptor de la

5-HT3 como el ondansetron.

Las reacciones adversas mas frecuentes asociadas al uso de dexametasona son
trastornos del sistema inmunologico, especialmente la disminucion de la resistencia
a las infecciones [11], trastornos endocrinos como hiperglucemia o insuficiencia adre-
nocortical, aumento de apetito, cataratas, reacciones alérgicas. .. A dosis altas pue-
de producir el sindrome de Cushing, tlcera géstrica, hirsutismo, hiperpigmentacion
cutanea o esclerodermia. También son comunes los trastornos musculoesqueléticos

como osteoporosis y fragilidad ésea pudiendo llegar a producirse atrofia muscular.

1.2. Dexametasona y cancer

Como se indica anteriormente, la dexametasona se introduce en los esquemas de
tratamiento de diversos tipos de cancer fundamentalmente para reducir los efectos
secundarios de los quimioterapicos. Sin embargo, recientemente se ha observado que
la dexametasona también regula la supervivencia, el crecimiento y la diferenciacion
celular por ser inductor de la expresion genética mostrando una actividad proapop-
totica [12], lo que podria ser interesante ya que contribuiria a un mayor efecto del

tratamiento.

A grandes dosis, la dexametasona tiene efecto apoptotico al activar nucleasas y
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especies reactivas. Cuando este inductor genera un estimulo de muerte y una serie
de senales proapoptoticas, se dispara de manera irreversible el proceso de muerte
celular [13]. Sin embargo, esta accion de la dexametasona es tejido especifica, por lo
que puede provocar respuestas opuestas en diferentes tipos celulares, identificAndose

células sensibles y células resistentes a los efectos de dexametasona [14,15].

1.2.1. Mecanismos implicados en la muerte celular

Los GC regulan tanto la via extrinseca como la intrinseca de la apoptosis, median-
te acciones no gendmicas o expresion “de novo gene” [16]. El mecanismo molecular

por el que los GC median la apoptosis no esta totalmente dilucidado.

Una de las teorias mas postuladas es que los GC median la apoptosis a través de
la via intrinseca [17] ya que inducen alteraciones mitocondriales y como es sabido,
la mitocondria es clave en el inicio de la via apoptdtica intrinseca [18,19]. Las alte-
raciones de la membrana, la reducciéon del potencial de membrana mitocondrial, y
la liberacion de proteinas pro-apoptoticas, como citocromo c y el factor inductor de
apoptosis, son eventos descritos en la via apoptotica, que se han detectado con el
tratamiento de GC, pudiéndose afirmar que el tratamiento con dexametasona altera
la composicion de la membrana mitocondrial, y por lo tanto altera sus propiedades,
dando lugar a mitocondrias més fréagiles y sensibles y a la apariciéon de la apoptosis.
En contraste, las células GC-resistentes, no muestran cambios a nivel mitocondrial

120].

Ademas mediante inhibicion de GSK-3, una serina/treonina protein quinasa que
facilita la senalizacion de la via intrinseca en la apoptosis a través de varios meca-
nismos, se determin6 que la apoptosis inducida por GC estaba mediada por dicha
quinasa y por tanto corroboraba la activacion de la via intrinseca por la dexameta-
sona [21].

Ademaés se han descrito alteraciones metabolicas implicadas en la apoptosis in-
ducida por GC como son la reducciéon en la captacion de glucosa celular, produccion
de lactato y contenido en ATP. Por el contrario, la sobrerregulaciéon de importantes
vias metabolicas como glicolisis, fosforilacion oxidativa, metabolismo de glutama-
to y biosintesis de colesterol a nivel de transcripcién han sido relacionadas con la
resistencia a GC [20].
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1.2.2. Aplicaciones

Las neoplasias hematologicas (NH) forman un grupo de enfermedades que pro-
vienen de la expansion clonal de células hematopoyéticas, determinando el estado
de diferenciacion de la transformacion celular, el fenotipo de la enfermedad. En esta
categoria se incluyen las leucemias, los linfomas y el mieloma multiple. Su incidencia
estd en aumento en los paises desarrollados, siendo de los pocos tipos de tumores
donde la mortalidad se ha incrementado en los tltimos anos. Aunque se diagnostican
en todos los grupos de edad, son enfermedades que inciden més en edades avanzadas
por lo que el envejecimiento de la poblaciéon hace que cada vez se vean més casos
en la clinica. Se calcula que el 8% de los diagnosticos de cancer se corresponden
a una NH. Actualmente se estan utilizando diferentes estrategias para aumentar la
respuesta a los agentes antineoplésicos, y son numerosas las investigaciones en busca
de nuevos tratamientos que aumenten la tasa de supervivencia y reduzcan el riesgo

de recaidas.

Los linfomas o neoplasias linfoides se caracterizan por la proliferacion de células
del sistema linfatico. Se clasifican en 3 categorias principales basdndose en la mor-
fologia y el linaje celular: neoplasias de células B, neoplasias de células T y células
NK (natural killer o asesinas naturales), y linfoma de Hodgkin. Los distintos linfo-
mas afectan a mas de un millén de personas en todo el mundo y su incidencia esté

aumentando en los dltimos afnos.

El efecto proapoptotico de la dexametasona es particularmente importante en el
tratamiento de los tumores linfoides, particularmente en la leucemia linfoblastica
aguda (LLA) [22,23]|. De hecho, provoca una rapida reduccion de la carga tumo-
ral, sin causar mielosupresion [24], y numerosos estudios han demostrado que la
respuesta inicial de un paciente a la terapia con GC es un fuerte indicador de un
buen pronostico [22]. A pesar de una alta tasa de curacion (75 %), los graves efectos
secundarios relacionados con el tratamiento, la resistencia, y las recaidas se obser-
van con frecuencia, especialmente en la LLA de linaje T (LLA-T) mas que en la
B-LLA, donde la resistencia a GC aparece en el 10-30 % de los pacientes y siempre
conduce al fracaso de la quimioterapia [25]. LLA-T es un tumor altamente maligno
representando el 10 %-15% en pediatria y el 25% en los adultos de las LLA, con
una tasa de recaida de aproximadamente el 30 % [26]. LLA-T tiene un pronostico

menos favorable que la de células B.
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En este caso, la dexametasona forma parte del esquema de poliquimioterapia

tipico para la etapa de induccion y de consolidacion del tratamiento, que incluye

[27]:

Vincristina.

Dexametasona o prednisona.

Doxorrubicina (Adriamycin), daunorrubicina o un medicamento similar de an-
traciclina.

Con base en los factores pronosticos del paciente, algunos regimenes también
pueden incluir ciclofosfamida (Cytoxan), L-asparaginasa, etopdsido (VP-16)
y/o altas dosis de metotrexato o citarabina (ara-C) como parte de la fase de
induccion.

Para aquellos pacientes con ALL cuyas células leucémicas tienen un cromosoma
Filadelfia, con frecuencia también se incluye un medicamento dirigido tal como

imatinib (Gleevec)

El Mieloma Multiple (MM) es una neoplasia hematologica frecuente, represen-

tando el 10 % de los casos, y el 1% de todas las neoplasias. Su incidencia también

se incrementa con la edad, situdndose la edad media al diagnostico por encima de

los 60 anos. La supervivencia media tras el diagnostico es de 30 meses, aunque varia

notablemente en funcién de la edad del paciente y la etapa de la enfermedad.

La dexametasona es un farmaco incluido en los esquemas de poliquimioterapia del

MM.

En la siguiente tabla se recogen los diferentes esquemas de poliquimioterapia

utilizados en la actualidad [27]:
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Tratamientos Ventajas Desventajas
VAD
Vincristina
Adriamicina
Responde en un 70 %. No
Dexametasona R .
dana las células madre. Son
C-VAD . )
) ) la base para el trasplante La administracion
Ciclofosfamida ) ] )
o de células madre. Los intravenosa requiere una
Vincristina ) ] )
. sintomas de la enfermedad  via central (catéter). La
Adriamicina ) o
activa se pueden controlar  vincristina puede causar
Dexametasona ) ~ )
con mayor rapidez y la danos neurologicos.
C-VAMP ) )
) ) calidad de la primera
Ciclofosfamida L )
o remision suele ser mejor.
Vincristina
Adriamicina
Metilprednisona

Sélo dexametasona

Administracion oral. Se
piensa que proporciona un
alto porcentaje de los
beneficios que se obtienen

con la combinaciéon VAD.

Puede ser mal tolerada en

tratamientos intensivos.

MP
Mefalan

Prednisolona

Administracién oral. Bien
tolerado. Responde en un
50 %. Protocolo muy

conocido.

Produce dano en las células
madre reduciendo las
posibilidades de recogida si
se planea un trasplante

posterior.

C- Semanal

Administraciéon oral. No

Ciclofosfamida dana las células madre.

ABCM

Adriamicina o . ) . .
BONU Administraciéon combinada: Puede producir dano en las
Ciclofosfamida oral e intravenosa. células madre.

Melfalan

CTD

Ciclofosfamida Potenciales efectos
Talidomida Administracién oral. No secundarios de la
Dexametasona dana las células madre. Talidomida: trombosis y
TD Responde en un 70 %. complicaciones
Talidomida neurologicas.

Dexametasona
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Tratamientos Ventajas Desventajas

PAD Administracion

Velcade(®) intravenosa. Se necesitan
Adriamicina diversas visitas al hospital.

Dexametasona No dana las células madre. Potenciales efectos

VD secundarios del Velcade:
Velcade®) complicaciones
Adriamicina neurologicas.

Produce dano en las células

MPT madre reduciendo las
Melfalan posibilidades de recogida si
Prednisolona ~ Administracion oral se planea un trasplante
Talidomida posterior. Efectos

secundarios de la
Talidomida.

Ademas de en los casos anteriormente descritos, los GC inhiben la proliferacion
celular de determinadas lineas celulares transformadas, sobre células de osteosarco-

ma, células de hepatoma, glioma y células de tumor mamario |28|.

1.2.3. Resistencias

Dilucidar por qué algunos pacientes responden a la terapia con GC, y otros no,
sigue siendo el foco de muchos estudios [29,30]. Se sospecha que probablemente de-
pende del tipo de enfermedad, régimen de tratamiento, y los antecedentes genéticos

del paciente.

Un ejemplo de esta especificidad seria el ensayo llevado a cabo in vitro en di-
ferentes lineas celulares de melanoma tratadas con dexametasona durante 3 dias.
Este tratamiento fue eficaz s6lo en una de las cuatro lineas estudiadas, dando lugar
a un 25% de inhibicion del crecimiento en el caso de células WMO983A, mientras
que no se encontraron efectos significativos en las otras 3 lineas celulares. El efecto
inhibidor fue debido a la induccién de la apoptosis. Al ampliar el tratamiento a 40
uM de dexametasona durante 5 dias inhibi6 el crecimiento de las células HT168-M1
y HT199 al 50 % [16], por lo que se podria intuir que este efecto puede ser detectado
a grandes dosis pero en muchas lineas celulares este efecto no es detectado ni con

un mayor tiempo de tratamiento ni con un aumento de la dosis.
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El mecanismo que explica el desarrollo de resistencia a GC es escasamente enten-
dido. La regulacion positiva de importantes vias metabolicas incluyendo las vias de
la glicolisis, la fosforilacion oxidativa, el metabolismo del glutamato y la biosintesis
de colesterol en el nivel transcripcional se han relacionado con resistencia a la GC
[31]. Ademas, un nimero creciente de trabajos indica que la activacion de la via de
senalizacion mTOR (diana de la rapamicina en mamiferos) puede contribuir a la

resistencia a GC en neoplasias hematologicas.
La resistencia a la terapia con GC puede producirse si [16]:

» Las isoformas de GCR inactivas estan presentes de forma mayoritaria.
= Si estan sobreexpresados los miembros de la familia de ABC-transportadores.

» La via apoptotica estd inhibida, por ejemplo, por sobreexpresion Bcl-2.

La isoforma a del GCR (GCRa) esté organizada en modulos, que contienen un
dominio N-terminal de transactivacion, un dominio de union al DNA, y un dominio
C-terminal de unién al ligando. En el modelo clasico de senalizacion de GC, la uniéon
al ligando estimula la translocacion de GCRa desde el citoplasma al compartimento
nuclear. En el ntcleo, GCRa regula la expresiéon de genes implicados en diversos
procesos, tales como la inmunidad, la inflamacién, el metabolismo, la proliferacion
celular y la supervivencia. GCRa activa directamente o reprime la transcripcion a
través de elementos especificos de respuesta hormonal y del reclutamiento de coac-
tivadores o correpresores, respectivamente [32]. GCRa también puede modular la
transcripcion de genes independientes por su uniéon al DNA y la interacciéon con
otro factor de transcripcion, el factor nuclear kB (NF-xB) [33|. NF-xB también re-
gula la expresion de genes implicados en la inmunidad, la inflamacién y el cancer.
De hecho, el efecto inmunosupresor y la actividad antiinflamatoria de los GC se
atribuyen a la accién del GCRa como antagonista funcional de NF-xB [32]. En cier-
tos tipos de células, el GCR y el NF-xB también presentan acciones opuestas sobre
la muerte celular programada (apoptosis). Por ejemplo, el NF-xB contribuye a la
actividad antiapoptotica de células de leucemia, linfoma y mieloma [34,35]. Asi, el
GCRa actia como el antagonista funcional de NF-xB- impulsando un mecanismo

de induccion de apoptosis por GC en ciertos tipos de células.

Existen mutaciones o polimorfismos en el gen del GCR [36]. La base molecular
de la resistencia a GC se ha atribuido a mutaciones en el gen GCR que codifica para
un factor de transcripcion dependiente del ligando. Las mutaciones alteran la sensi-

bilidad de los tejidos a los GC, afectando a la transduccion de senal, y conllevando
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una resistencia a los GC o una hipersensibilidad a los mismos. El estudio de defec-
tos funcionales de los mutantes naturales del gen del GCR mejora la comprension
de los mecanismos moleculares de la acciéon del receptor y destaca la importancia
de los mecanismos de senalizacién celular y molecular integrados para mantener la

homeostasis y preservar una fisiologia normal.

Parece evidente, respecto de los mecanismos de resistencia a GC, que los datos
actualmente disponibles sugieren que no existe una via principal o «interruptor»
critico, sino que dichos mecanismos son diversos, actiian sobre distintos puntos de
las vias de accion terapéutica, y probablemente se combinan de forma variable. El
conocimiento recabado hasta la fecha a través de diversos trabajos nos presenta
este panorama de complejidad, pero nos indica asimismo que existen mecanismos
identificables y por descubrir de resistencia a los GC, y por lo tanto potenciales

metas de intervencion farmacologica trasladable a beneficios clinicos.
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2.1. Objetivos y planteamiento

En los altimos anos el farmaco dexametasona se ha introducido en diversos pro-
tocolos de poliquimioterapia, no sélo por su capacidad de disminuir muchos de los
efectos secundarios de los agentes antineoplasicos, sino porque ademés, suscita gran
interés debido a su actividad inhibidora de la proliferacion celular, aportandole por
tanto, el protagonismo de otro agente antineoplésico més, que ha demostrado tener

un gran eficacia en el tratamiento de diversos tipos de tumores.

Sin embargo, la dexametasona, a pesar de ser un principio activo cominmen-
te utilizado en terapéutica, presenta importantes efectos secundarios (insuficiencia
adrenocortical, sindrome de Cushing), especialmente relacionados con su empleo
continuado y con las dosis altas. Ajustar los protocolos de quimioterapia a las con-
centraciones de dexametasona mas adecuadas es el objetivo de las tultimas investi-
gaciones en este campo, ya que se ha comprobado que dosis bajas de dexametasona
presentan una mayor eficacia en el tratamiento del mieloma maultiple que las dosis
altas utilizadas hasta la fecha, siendo especialmente importante un buen control de
los niveles plasmaticos de la dexametasona para optimizar al maximo los resultados.
Este mayor control de los niveles plasméaticos podria lograrse con sistemas de libe-
racion controlada que evitan las concentraciones plasmaticas en forma de diente de
sierra tradicionales de las formulaciones orales y que suponen una mayor comodidad

para el paciente frente a la administracion parenteral mediante infusion (30-90 min).

Esta ventaja junto con problemas tecnologicos derivados de la escasa solubilidad
de la dexametasona y su baja estabilidad ante la luz y el oxigeno, hacen que se
nos plantee como objetivo global de esta tesis doctoral el desarrollar sistemas de
liberacion controlada de dexametasona como estrategia para aumentar la eficacia de
los esquemas de poliquimioterapia. Concretamente se seleccionaron las microparti-
culas biodegradables como los sistemas mas adecuados para alcanzar dicho fin. Este

objetivo general se divide en dos objetivos especificos:

1. Desarrollar microparticulas biodegradables de dexametasona como sistemas
capaces de proporcionar un efecto inhibidor de la proliferacion celular prolon-
gado en el tiempo tras una tnica administracion por via parenteral (subcuta-
nea o intramuscular). Estas microparticulas, ademés de evitar la degradacion
de dexametasona protegiéndola de la luz y el oxigeno; mejorarian la pauta

posologica de los pacientes sometidos a poliquimioterapia; e incluso podrian
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mejorar la eficacia de los tratamientos al permitir un mejor control de los

niveles plasmaéticos del farmaco.

2. Evaluar el efecto que diferentes materiales transportadores utilizados en la ela-
boracién de microparticulas biodegradables pueden tener sobre la inhibicién
de la proliferacion celular inducida por dexametasona. Se parte de la hipotesis
de que los transportadores de naturaleza lipidica, a diferencia de los transpor-
tadores de naturaleza polimérica, podrian potenciar el efecto de dexametasona

al favorecer su internalizacion en la célula tumoral.

Para alcanzar estos objetivos, se comienza realizando una revision bibliografica
sobre las diferentes estrategias en las que se esta investigando en la actualidad con
el fin de aumentar la eficacia de los tratamientos contra el cancer. Dentro de estas
estrategias se profundiza en aquellas encaminadas a mejorar la eficacia de agen-
tes antitumorales ya conocidos; donde quedaria encuadrado este trabajo. Ya que,
segin la bibliografia consultada, el efecto inhibidor de la proliferaciéon celular de
dexametasona parece estar relacionado con un efecto inductor de los mecanismos
de apoptosis celular, se realiza también un profundo estudio del mecanismo de la
apoptosis y de los nuevos agentes antineoplasicos desarrollados para actuar sobre

esta diana terapéutica.

Partiendo de este estudio tedrico, se plantea el trabajo experimental estructurado

en los siguientes apartados:

= Definicion, puesta a punto y validaciéon de un método analitico por HPLC que
permita la cuantificaciéon de dexametasona fosfato disodio tanto incorporada
en las microparticulas como liberada de las mismas en los ensayos de cesion in

vitro.

= Diseno y desarrollo de microparticulas poliméricas de dexametasona fosfato
disodio, mediante la técnica de evaporacién-extraccion del solvente a partir de
emulsiones O/A, incluyendo la optimizacion de la formulacion y del procedi-
miento de microencapsulacién en funcién de las caracteristicas de las micro-

particulas obtenidas.

= Disefio y desarrollo de microparticulas lipidicas de dexametasona fosfato diso-
dio, mediante la técnica de atomizacion (Spray drying), incluyendo la optimi-
zacion de la formulacion y del procedimiento de microencapsulacion en funciéon

de las caracteristicas de las microparticulas obtenidas.
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» Caracterizacion in vitro de las microparticulas poliméricas y lipidicas obteni-
das en cuanto a tamano (debe ser inferior a 100 pm para permitir su admi-
nistracion parenteral); morfologia; contenido en principio activo y eficacia de
encapsulacion; compatibilidad principio activo-excipientes; disposicién de la

dexametasona en las microparticulas; y cinética de cesion in vitro.

= Bisqueda y puesta a punto de un modelo celular que permita evaluar el efecto
inhibidor de la proliferacion celular y el efecto inductor de la apoptosis de

dexametasona.

= Evaluacion del efecto inhibidor de la proliferacion celular y del efecto inductor
de la apoptosis de las microparticulas poliméricas y de las microparticulas

lipidicas cargadas con dexamentasona.

Como consecuencia de los resultados obtenidos, se incluyé un nuevo punto en el

desarrollo experimental del trabajo:

= Desarrollo de microparticulas de ovoalbtimina mediante la técnica de evaporacion-
extraccion del solvente a partir de emulsiones A/O/A| y evaluacion en cultivos

celulares de su efecto sobre la proliferaciéon celular.

El trabajo de investigacion, tanto de revision como experimental, realizado para
alcanzar los objetivos definidos en esta tesis ha dado lugar a 5 trabajos cientificos,
tres de ellos ya publicados y dos enviados a sendas revistas para su publicacion.

Estos trabajos son:
= P1: Objective: tumor. Strategies of drug targeting at the tumor mass level

= P2: Nuevas estrategias en terapia antitumoral basadas en la induccion de la

apoptosis

= P3: Validation protocol of analytical procedures for quantification of drugs in
polymeric systems for parenteral administration: Dexamethasone phosphate

disodium microparticles

= P4: Polimeric and lipid dexamethasone microparticles for inhibition of cell

proliferation in antitumor therapies

= P5: Development of ovalbumin microparticles and evaluation of their effect on

cellular proliferation
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Abstract Concurrent with the development of new anti-
tumor drugs, there is intensive research to develop strate-
gies and systems to optimize the efficacy of well-known
anticancer agents. The main research lines are: (a) reduc-
tion in toxicity, (b) improvement of administration and
(c) overcoming drug resistance. Drug targeting systems
allow us to act on these three points. The best way to
increase efficacy and reduce toxicity of an anticancer agent
is targeting the drug at the level of the tumor masses and
maintaining its concentration there for enough time to
optimize its therapeutic action. Numerous strategies have
been developed to achieve this second order targeting,
based on the use of polymeric-drug conjugates, polymeric
micelles, liposomes and albumin conjugates and nanopar-
ticles, whose main features of toxicity, efficacy and
administration are discussed in this review.

Keywords Drug targeting - Anticancer therapy -
Polymeric-drug conjugates - Polymeric micelles -
Liposomes - Albumin

Introduction

Cancer is the second leading cause of death in developed
countries, after cardiovascular diseases. Worldwide, the
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expected mortality from cancer will increase to reach 11.5
million deaths in 2030, in part due to population growth
and aging. New therapeutic targets and anticancer agents
are being investigated to try to stop this trend. Concur-
rently, an intensive research activity is being carried out to
develop strategies and systems to improve the efficacies of
well-known anticancer agents. The main research lines are:
(a) reducing their toxicity, (b) making their administration
easier and (c) overcoming drug resistance [1]. Drug tar-
geting systems allow us to act on these three points.

Reducing anticancer drugs toxicity

Chemotherapy implies, mostly, the use of cytotoxic drugs
to kill tumor cells, but toxic effects happen by exposure of
normal cells to the drug. Obviously, if the drug is selec-
tively targeted to the tumor, greater effectiveness will be
achieved with limited drug distribution by critical normal
tissues, resulting in fewer adverse effects [2].

In solid tumors, the vascular network is different from
that in normal tissue. The vascular network of solid tumors
shows an increased permeability to macromolecules,
known as the enhanced permeability and retention effect
(EPR) [3]. Blood vessels that supply tumor tissue present
pores or fenestrations with a diameter between 100 and
1,200 nm, making them permeable to macromolecules;
whereas fenestrated blood capillaries located in healthy
tissues (pancreas, liver, spleen, gastrointestinal tract...)
show pores of 80-100 nm and are therefore only permeable
to significantly smaller molecules [4].

An increased presence of macromolecules in the tumor
tissue cannot be explained only by the increased perme-
ability of the vascular network, but is also due to the
reduced clearance of molecules with molecular weight
above 40 kDa [5]. Smaller molecules are rapidly cleared

@ Springer
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from the tumor interstice, whereas larger ones are retained,
showing high intratumor concentrations even 100 h after
their subcutaneous administration [5]. This macromolecu-
lar retention in tumor tissue is mainly due to a reduction in
the lymphatic drainage.

In conclusion, the combination of a higher permeability
and increased retention (EPR) is why macromolecules
accumulate in solid tumors, and this fact makes macro-
molecules and nanoparticles effective carriers to selec-
tively deliver anticancer agents at the level of the tumor
mass.

Central nervous system tumors are especially difficult to
treat because most anticancer agents show low distribution
through biophase after their systemic administration in
conventional pharmaceutical formulations, due to the low
permeability of the blood—brain barrier (BBB). That is why
higher doses must be administered, resulting in greater
toxicity. Nanometric carriers are being developed to be
able to cross this barrier, so the anticancer agent can be
carried across the BBB and be released to the brain tumor,
raising its concentration at this level [6].

Improvement of drug administration

Drug targeting systems can also result in an improvement
in administration of anticancer agents. For example, many
anticancer drugs are highly lipophilic, making their for-
mulation as solutions for parenteral administration at
therapeutic doses difficult [7, 8]; but they can be admin-
istered as nanoemulsions or micelles stabilized by surfac-
tants [8], or incorporated into polymeric or lipid
nanoparticles. These systems allow not only formulation of
drugs in liquid dosage forms, making their systemic dis-
tribution easier, but also protect them avoiding their deg-
radation over their distribution (especially important in the
case of peptide based molecules), and even they can release
the drug in a sustained way, maintaining effective con-
centrations at the target tumor during a long period of time.

Overcoming drug resistance

Drug targeting systems can diminish multidrug resistance
making access of the drug into tumor cells easier. In the
interstitial liquid, the targeting system penetrates into the
cell, in general, by endocytosis and without employing
carrier proteins, in such a way that a decrease in protein
expression does not affect drug penetration.

Another way to overcome resistances can be by com-
bining anticancer agents. Combination therapy is tradi-
tionally used in cancer treatment because it improves the
therapeutic profile of the drugs used separately. Drug tar-
geting systems are commonly used to deliver a single
anticancer agent; but new systems have been developed to

@ Springer

carry two anticancer agents simultaneously. The objective
of this approach is to optimize the therapeutic effect and
overcome drug resistance mechanisms [9]. Indeed, the
combination of anticancer agents which show different
cytotoxic activities (act at different phases in the cell cycle,
on different targets...) can improve the therapeutic index,
due to the increase in the efficacy, the decrease in multi-
drug resistance or the reduction in toxicity.

Drug targeting systems at the level of the tumor mass

The best way to improve efficacy and reduce the toxicity of
an anticancer agent is targeting the drug at the level of the
tumor mass and maintaining its concentration there long
enough to obtain an optimal therapeutic effect [10]. Physi-
ological and biochemical characteristics of tumor tissues
allow the design of different drug targeting systems where
by just controlling their size and their surface characteristics
a second order targeting at the tumor level can be achieved.
Furthermore, the binding of specific ligands to these tar-
geting systems makes possible their localisation at the tumor
cell level by specific interaction with membrane receptors,
achieving a third order of targeting (Table 1). In spite of the
promising therapeutic advantages of these ligand-targeting
nanosystems due to their high selectivity to the tumor cells
and their ability to penetrate into the cell by different
mechanisms and deliver their drug to specific cell organ-
elles, the low in vitro-in vivo correlation of the results
obtained with these systems mean that, at present, most of
the marketed and in phase III targeting systems act at the
level of the tumor mass.

Table 1 Strategies for antitumor drug targeting

Targeting strategies

Passive targeting Vector characteristics

Macromolecules and
nanoparticles, 100-1,200 nm

Enhanced permeability and
retention (EPR)

Mononuclear phagocyte system
accumulation

Small liposomes

Enhanced energy and nutrient
needs of tumor mass

Albumin as drug carrier

Acidic environment of the tumor
mass

Acid-sensitive hydrazone linker

Active targeting Vector characteristics

Monoclonal antibodies link to
drug carriers

Antigen receptors expressed in
tumor cells

Transferrin molecules link to
drug carriers

Transferrin receptors expressed in
tumor cells

Asialoglycoprotein receptors in
hepatocytes

Sugars link to drug carriers
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Polymeric conjugates

Polymeric conjugates are constituted by a biocompatible
polymer that can either be biodegradable (poly-L-glutamic)
or not biodegradable (N-(2-hydroxypropyl)metacrylamide),
which is linked to the drug by a covalent bond, improving the
pharmacokinetic profile of the anticancer agent by decreas-
ing its distribution volume and its elimination phase [11].

Intravenous administered polymeric-drug conjugates are
passively accumulated in the tumor interstitial space due to
the EPR effect, resulting in 10- to 100-fold increases in
concentration compared to an equivalent dose administered
in a conventional formulation; healthy tissue exposure is
reduced, which is associated with a favorable toxicity
profile. Active drug is release from the conjugate slowly,
generally by enzymatic hydrolysis, and the contact time
between the tumor cell and the anticancer agent is
increased. Moreover, highly lipophilic drugs conjugation
with polymers can lead to water-soluble conjugates and
therefore water-base formulations free of solubilising
agents, which usually show high toxicity.

Polymer—drug conjugates are used for the delivery of
single therapeutic agents as well as for combination ther-
apy. The term “polymer—drug conjugate for combination
therapy” encompasses at least four types of systems
(Fig. 1): (1) Polymer—drug conjugate plus free drug: in this
approach a polymer—drug conjugate is administered in
combination with a free drug or with another type of
treatment as radiotherapy. (2) Polymer—drug conjugate plus
polymer—drug conjugate: two polymer—drug conjugates,
each with a single anticancer agent, are administered in
combination. (3) Single polymer—drug conjugate carrying a
combination of drugs: two or more drugs are attached to a
single polymeric carrier. (4) polymer-directed enzyme
prodrug therapy and polymer enzyme liposome therapy: a

polymer—drug conjugate carrying a single therapeutic agent
or a liposomal system is combined with a polymer—enzyme
conjugate that is responsible for drug release by acting on
the drug-polymer link or the liposomal system [12].

Paclitaxel poliglumex

Paclitaxel, one of the anticancer agents that has garnered
considerable interest in therapeutics, inhibits cellular pro-
liferation and induces apoptosis by binding to the N-ter-
minal 31 amino acids of the B-tubulin subunit. As a result,
the mitotic spindle is disabled and cell division cannot be
completed [13]. Paclitaxel poliglumex (PPX), a polymer—
drug conjugate, was designed to enhance the efficacy and
safety of paclitaxel by improving its pharmacokinetic
profile and providing a water-soluble alternative to the
conventional paclitaxel formulation marketed as Taxol®.
This formulation uses CremophorEL as a solubilizing
agent, which is responsible for major serious side effects
(hypersensitivity reactions and neuropathies) and for the
dose-limiting toxicity associated with Taxol®. PPX is
water-soluble and can be administered as a 10-20 min
infusion [14]. Table 2 summarizes a comparison of the
main features of these two paclitaxel formulations.

Paclitaxel is conjugated by ester linkage to the y-car-
boxylic acid side chains of poly-L-glutamic, a biodegrad-
able polymer, resulting in a relatively stable conjugate [15].
Because the conjugation site is through the 2’ hydroxyl of
paclitaxel, a site crucial for tubulin binding, the paclitaxel
conjugate does not interact with B-tubulin and is inactive.

Paclitaxel poliglumex, after its parenteral administra-
tion, is accumulated at the level of the tumor mass, and
internalized in tumor cells by endocytosis of the polymer—
drug conjugate followed by intracellular release of active
paclitaxel by lysosomal enzymes [14].

Polymer-drug conjugate plus free
drug or with another type of
treatment

. A

Polymer-drug conjugate plus polymer-
drug conjugate

00 t AA

Single polymer-drug conjugate
carrying a combination of drugs

Polymer-drug conjugate or liposomal
system with a pelymer-enzyme
conjugate

Fig. 1 Types of polymer—drug conjugate for combination therapy system
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Table 2 Paclitaxel (PX) characteristics in different formulations

Feature Taxol® Paclitaxel Abraxane® Genexol-PM Nk105
poliglumex

Solubility With toxic solubilising ~ Water-soluble Albumin nanoparticles Soluble micellar Soluble micellar
agents complex. disaggregated in soluble formulation formulation
(CremophorEL). Administered as albumin-bound PX
Administered as 3 h 10-20 min complexes. Administered as
infusion. Routine infusion without 30 min infusion without
premedication premedication

Systemic High. Systemic Low. PX is Low. PX is distributed Lower. PX is Low. PX is

exposure distribution of the distributed entrapped in nanoparticles distributed distributed

attached to the
polymer and
therefore inactive

active drug. Solvent
associated toxicity

entrapped in
unstable micelles

entrapped in
stable micelles

Pharmacokinetics Non-linear. Limited Smaller Vg, longer  Linear. Increased tissue Decreased AUC Slower
tissue distribution, distribution and distribution and lower T compared with clearance,
short elimination elimination Taxol due to the higher AUC
phase phases than Taxol low blood and half-life
stability of the 4-6 times
micelles longer than
Taxol

Tumor selectivity No

Yes, due to EPR Yes, mediated by EPR, 60 kDa  Yes, due to EPR Yes, due to EPR
glycoprotein and SPARC

V,; volume of distribution, 7,,,, time of maximum observed concentration, AUC area under the curve, blood concentration versus time

In a preclinical study, PPX exhibited excellent antitumor
activity in breast and ovarian cancer models [16]. Safety
and efficacy data of PPX in different phase I and II clinical
trials have been reported, and remarkable advantages over
the conventional paclitaxel formulation have been
established.

Several clinical studies report the combination of PPX
with platinum derivatives in combination therapy. A phase
I trial was carried out in 43 patients with advanced solid
tumors, in which a fixed dose of cisplatin (75 mg/m?) was
combined with an increasing dose of PPX. This combina-
tion showed a good activity in refractory patients. In a
phase III trial, PPX in combination with carboplatin was
evaluated in lung cancer patients, showing no increased
patient survival, although the combination was less toxic.

HMPA-doxorubicin

Doxorubicin causes cardiotoxicity due to its accumulation
in heart tissues, often limiting its use after a disease relapse.
In this conjugate, doxorubicin is combined with a water-
soluble synthetic polymer, N-(2-hydroxypropyl) met-
acrylamide (HPMA), using a tetrapeptide linker (Gly-Phe-
Leu-Gly) [17]. This linker allows the selective release of the
active drug in the tumor cells due to the action of lysosomal
enzymes, while the polymer is cleared by renal excretion. In
preclinical animal studies the conjugate, named PKI,
showed higher antitumor activity than free doxorubicin [18].
For instance, in mice with melanomas, the total amount of
doxorubicin delivered to the tumors in the first 48 h after
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parenteral injection of KP1 was up to 75 times higher than
after the administration of the free drug. Regarding its bio-
distribution, the conjugate was found essentially at the
tumor level and to a lesser extent in reticuloendothelial
system organs, such as liver and spleen, due to these organs
also presenting fenestrated capillaries. As a result of this
distribution, this system was not only more effective but also
less toxic than free doxorubicin, so the maximum tolerated
dose of KP1 was 4-5 times higher than free drug [19].

Phase II clinical trials have been carried out for breast,
lung and colon cancers.

After PK1, PK2 was developed, adding galactosamine
to the PK1 structure to improve drug delivery to hepato-
cytes, which express high levels of asialoglycoprotein
receptors, where galactosamine binds selectively. In trials
with animal models presenting liver carcinoma, 80 % of
the administrated dose was delivered to the liver, resulting
in high anticancer activity [20]. However, the maximum
tolerated dose of this conjugate was lower than that of PK1.

Single polymeric carrier carrying a combination
of drugs

In this approach, two or more drugs are attached to a single
polymer carrier, making it possible for both agents to reach
the tumor simultaneously, which is expected to be more
effective. The first conjugate of this type was the HPMA
polymer carrying the aromatase inhibitor aminoglutethimide
(AGM) and doxorubicin, resulting in the HPMA-AGM-Dox
conjugate [12].
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Drug loading in this conjugate was approximately 5 %
w/w for AGM and 7 % w/w for Doxorubicin. Both drugs
were linked to the polymer by a peptidyl linker that is cleaved
within the liposomal compartment of cancer cells. The
anticancer activity of this conjugate was evaluated in vitro
against breast cancer cell lines. Curiously, the combination
of two drugs in a single polymer was more active than the
combination of two polymers each with a single drug [21].

Another conjugate is that formed by HPMA with gem-
citabine and Doxorubicin. In its in vivo evaluation, the
conjugate effectively delivered both agents and, as in the
previous case, was more active than a combination of two
polymers each carrying one of the drugs, and also more
active than the combination of the free drugs.

Polymeric micelles

Polymeric micelles are long blood circulating vesicles
formed from amphiphilic block polymers that form a
hydrophobic core surrounded by a hydrophilic shell. Their
hydrophilic surface, usually due to the presence of poly-
ethyleneglycol (PEG) polymer, avoids opsonin absorption
and subsequent blood clearance by the mononuclear
phagocyte system (MPS). Micelles size, within
20-100 nm, prevents kidney filtration but allows their
location at the tumor mass level by the EPR effect, and
even their cell internalization via the endosomal pathway.
These characteristics make polymeric micelles interesting
systems for the administration of poorly aqueous soluble
anticancer drugs [22].

Paclitaxel formulations

Genexol®-PM is a Cremophor-free (Table 2), polymeric
micelle formulation of paclitaxel and the block copolymer
monomethoxy-PEG-b-poly(p,L-lactide), with size less than
50 nm and drug loading of approximately 16.7 % [23]. In
Phase II and III trials for metastatic breast cancer, Gen-
exol® PM (administered over 3 h every 3 weeks at
300 mg/mz) was more effective than Abraxane® (albumin
paclitaxel nanoparticles) and Taxol®. Genexol® PM com-
bined with cisplatin was more effective than Abraxane®
alone against non-small cell lung cancer (NSCLC) [24].
Due to its superior efficacy and fewer adverse reactions,
currently Genexol® PM is commercially available in some
countries for treatment of NSCLC, ovarian cancer, breast
cancer and gastric cancer, and phase III trials are being
carried out in the US.

NK105 is another formulation of paclitaxel into polymeric
micelles of PEG-poly(aspartic acid) modified with 4-phenyl-
1-butanol with particle size between 20 and 430 nm [22] and
drug loading of 23 % (w/w) (Table 2). NK105 shows greater

blood stability than Genexol® PM. In phase I clinical trials
for pancreatic, bile duct, gastric or colonic cancers, NK105
demonstrated reduced toxicity and fewer adverse reactions
compared to Taxol® [25]. A Phase III clinical trial comparing
NK105 versus Taxol® in patients with metastatic or recurrent
breast cancer has recently opened [24].

NanoxelTM is a newly developed formulation of pac-
litaxel and a copolymer of N-isopropyl acrylamide and
vinyl pyrrolidone forming micelles, where the amalgama-
tion of pH sensitivity and tumor targeting may provide an
advantage for paclitaxel delivery into cancer cells [26].

SP1049C

SP1049C is a micelle formulation of doxorubicin and block
copolymers based on ethylene oxide and propylene oxide
named Pluronic®. The average particle size in SP1049C is
approximately 30 nm. SP1049C is particularly active in
multidrug resistant and metastatic cancers, due to the
ability of these types of polymers to selectively disrupt
mitochondrial functionality and inhibit ABC transporters
such as P-glycoprotein and multidrug resistance-associated
proteins in chemoresistant cells. In the US, SP1049C is
designated as an orphan drug for carcinoma of the esoph-
agus and in gastric cancers [24].

Liposomes

Liposomes are phospholipidic submicroscopic vesicles
capable of transporting hydrophilic drugs in their cores, or
lipophilic drugs encompassed in the outer lipid shells.
Liposomes increase the therapeutic efficacy of numerous
drugs, but present some limitations including relatively fast
clearance (especially small liposomes) and a strong ten-
dency to accumulate in the MPS. Liposomes with their
surfaces modified with carbohydrates such as monosialo-
gangliosides or with PEG (pegylated liposomes) have been
developed to avoid MPS accumulation and to allow their
localisation in other organs or cells.

Doxil®/Caelix®

Doxil® (in US)/Caelix® (in Europe) is a pegylated lipo-
somal formulation of doxorubicin with size 80-90 nm,
composed of hydrogenated soy phosphatidyl choline,
cholesterol and PEG liked to phosphatidylethanolamine.
Pegylated liposomes facilitate the systemic distribution of
doxorubicin without being cleared by the MPS. Further-
more, the size of the liposomes promotes their localisation
at the tumor mass level due to EPR [27].

In clinical trials pegylated liposomal doxorubicin
showed the same activity as free drug, but the risk of
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cardiotoxicity decreased significantly, whether it was
administered as a monotherapy or in combination therapy
[28].

These liposomes have been approved for the treatment
of metastatic ovarian cancer in patients with disease
refractory to both paclitaxel and platinum based chemo-
therapy regimens [29]. Taking into account the evidence of
its clinic efficacy, side effect profile, ease of administration
(monthly doses), and the improvement in quality of life
reported by patients, pegylated liposomal doxorubicin is
the non-platinum based medicine chosen as a first-line
therapy for patients with metastatic ovarian cancer [30].

Pegylated liposomal doxorubicin is currently being
investigated in other tumor types including gynaecologic
malignancies, breast cancer, multiple myeloma, lym-
phoma, hepatocellular carcinoma, prostate cancer and
NSCLC.

Phase 1II trials showed the high efficacy of pegylated
liposomal doxorubicin in breast cancer, together with a
reduction in the cardiotoxicity and such other cumulative
dose-related side effects as neutropenia and stomatitis.
Randomized phase III trials concluded that pegylated
liposomal doxorubicin has equivalent activity as conven-
tional doxorubicin, vinorelbine and mitomycin with vin-
blastine, but a better tolerance profile [30-35].

Myocet®

Myocet® is a non-pegylated liposomal doxorubicin, stable
and very active as an anticancer agent. These liposomes
emerged as an alternative to pegylated liposomes because
the latter cause serious skin toxicity, palmar-plantar ery-
throdysesthesia, in some patients, that is dose limiting [36].
Both Myocet and conventional free doxorubicin show low
skin toxicity.

Myocet liposomes are composed of egg phosphatidyl
choline/cholesterol (55:45) and 300 nM citrate at pH 4.5
and have an approximate size of 150 nm. The liposome
loading technique involves a pH gradient and the formation
of a citrate-doxorubicin complex what enables a very high
drug-to-lipid ratio in the liposomes (the final doxorubicin/
lipid molar ratio is approximately 0.27) [37].

Doxorubicin loaded into liposomes presents very dif-
ferent pharmacokinetics than free doxorubicin in conven-
tional formulations, in such a way that it is targeted at the
level of the tumor mass, as was demonstrated in mouse
and human carcinoma models, where accumulation of
Myocet in tumor tissue was more persistent and pervasive
than that obtained with conventional free doxorubicin. In
preclinical studies Myocet demonstrated significantly
reduced cardiotoxicity and an improved safety profile
when it was administered at a dose comparable to free
doxorubicin [38].
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In a phase III trial comparing Myocet against conven-
tional doxorubicin, only 17 % of patients treated with
Myocet as a single agent developed cardiotoxicity, in
comparison with 37 % of patients that received conven-
tional doxorubicin. However, the tumor response rate was
equal in both formulations [36].

Liposomal daunorubicin
DaunoXome® is a non-pegylated liposomal formulation of
daunorubicin composed of highly pure distearoyl phos-
phatidylcholine and cholesterol in a 2:1 molar ratio. Sev-
eral countries, including the US, have approved
DaunoXome to treat Kaposi’s sarcoma in HIV-positive
patients. DaunoXome extravasates selectively and accu-
mulates in solid tumors where the liposomes release drug
over a prolonged period (36 h or more), providing sus-
tained, high levels of cytotoxic material within tumor cells.
HIV-positive patients tolerate DaunoXome well, with
comparable responses to those obtained with the typical
therapy with doxorubicin, bleomycin and vincristine;
demonstrating reduced toxicity [39].

Albumin as drug carrier

A study enrolling 260 cancer patients showed clearly that
serum albumin levels in most patients are far below the
normal level of healthy subjects. This drop can be
explained because plasmatic proteins such as albumin are
the main energy and nutrition source for tumor growth [40,
41].

Albumin transport from the blood to the tumor inter-
stitium is mediated by the 60 kDa glycoprotein, gp60, also
known as albondin, which is located on the endothelial cell
surface and seems responsible for the transcytosis of
albumin by easing its binding to caveolin, forming
caveolaes that transport the protein to the interstitial space.

Albumin nanoparticles

Albumin nanoparticles are elaborated by the so called nab
technology (nanoparticle albumin-bound) developed by
American Bioscience. This technology is based on the
emulsion evaporation cross-link method, in which an oil
phase containing a dissolved lipophilic drug is added drop
by drop to an aqueous phase composed of human serum
albumin (HSA) solution presaturated with chloroform. The
emulsion is formed at a low agitation rate and then
homogenization of this emulsion at high pressure is carried
out, resulting in an albumin nanosuspension with a particle
size of 130 nm [42]. For the purpose of improving nano-
particle stability, the nanoparticle suspension is lyophilized
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and a solid powder is obtained. Examples of nanoparticles
developed by this technology are Abraxane®, Nab-doce-
taxel, Nab-rapamycin, Nab-17 AAG and Nab-5404.

Abraxane®

Abraxane® is formed by albumin nanoparticles carrying
paclitaxel and was first approved for the treatment of
metastatic breast cancer in 2005 by the FDA and in 2008
by the European Medicines Agency. In September 2011
Abraxane® had already been approved in 41 countries
around the world [40]. In October 2012 it was approved by
the FDA for another new indication: NSCLC in combina-
tion with carboplatin. This drug product is also under
clinical investigation for other indications such as pancre-
atic cancer, melanoma and head and neck cancer, often in
combination with conventional chemotherapy [43].

The maximum tolerated dose of paclitaxel in Abraxane®
is much higher than perfusion administered paclitaxel
(Taxol®). In a randomized phase III trial, 3 weeks long,
enrolling 460 patients with metastatic breast cancer (study
presented to obtain its FDA approval), Abraxane® showed
a statistically significant reduction in tumors and a higher
response rate (33 versus 19 %), a longer time to tumor
progression (23.0 versus 16.9 weeks) and a higher survival
rate (65.0 versus 55.7 weeks) [44] than Taxol®. In another
phase II study in NSCLC patients, a positive response to
Abraxane®-carboplatin combined therapy was obtained in
33 % of cases versus 25 % success with conventional
paclitaxel-carboplatin treatment.

Paclitaxel-albumin formulations, as the PPX formula-
tion previously described, avoid the use of Cremophor,
responsible for major serious side effects and the dose-
limiting toxicity associated with conventional taxane-based
therapy. When Abraxane® is administered as a 30 min
intravenous infusion, it is well-tolerated and hypersensi-
tivity reactions are not observed even without premedica-
tion with corticosteroids (table 2) [42].

Abraxane® is administered as a stable suspension of
nanoparticles with a mean size of 130 nm; once in the
bloodstream it is disaggregated, resulting in soluble albu-
min-bound paclitaxel complexes with a size basically
comparable to that of endogenous albumin. These com-
plexes leave blood capillaries by gp60-mediated transcy-
tosis, reaching tumor interstitial spaces.

Once in the tumor interstitium, the drug-albumin com-
plex is bound to SPARC (secreted protein acidic and rich in
cysteine), and is quickly internalized into tumor cells. This
protein is overexpressed in various tumor types such as
breast, prostate, oesophagus, gastric, colorectal, liver, lung,
kidney, skin melanoma, bladder, head and neck, thyroid
and several brain tumors, and is associated with metastasis

and poor prognosis. Increased SPARC expression is cor-
related with higher response to albumin-bound drugs.

Others

The nab technology platform has been successfully used to
encapsulate other anticancer lipophilic drugs [42].

Nab-docetaxel (ABI-008) is a preparation of albumin-
based nanoparticles of docetaxel. Currently, docetaxel is
marketed as a perfusion solution (Taxotere®), in which
polysorbate 80/ethanol is used to solubilise the docetaxel.
In preclinical studies, nab-docetaxel exhibited superior
antitumor efficacy and decreased toxicity compared to
Taxotere®. ABI-008 is currently in phase III clinical trials.

Nab-rapamycin (ABI-009) is a nab-based injectable
form of the mTOR inhibitor rapamycin. mTOR protein is a
key regulator of cell proliferation and an important target
in tumor therapy. The development of rapamycin as an
anticancer agent has been hampered due to its poor solu-
bility, low oral bioavailability, and dose-limiting intestinal
toxicity. Nab-rapamycin was well-tolerated in preclinical
studies and was highly effective against breast and colon
xenograft tumors. Currently, it is in phase I clinical trials.

Nab-17 AAG (ABI-010) is an albumin-bound form of
17-allylamino-17-demethoxygeldanamycin, with a mean
particle size of 110 nm. This drug is a hydrophobic
inhibitor of Hsp90, which is an attractive therapeutic target
because it acts as a chaperone protein stabilizing the con-
formational maturation of oncogenic signalling proteins.
ABI-010 is currently in phase I clinical trials.

Nab-5404 (ABI-011), with a mean particle size of
90 nm, is a nanoparticle albumin-bound form of a novel
thiocolchicine dimer that is a dual inhibitor of tubulin
polymerisation and topoisomerase I activities. In preclini-
cal studies, Nab-5404 has exhibited strong antiangiogenic
activity.

Albumin conjugates
Methotrexate-albumin

Methotrexate-albumin conjugate was synthesized by link-
ing the drug directly to the lysine residues of HSA.
Methotrexate-albumin conjugates at an equimolar drug
carrier ratio (1:1) result in an optimum distribution pattern
with high tumor uptake rate [45]. In contrast, conventional
methotrexate (MTX), after intravenous administration, is
rapidly and efficiently cleared from the blood stream
through the kidneys (40 % after 6 h and 90 % after 24 h),
with a distribution half-life ranging from 1.5 to 3.5 h and a
terminal half-life of about 8-15 h in patients with normal
renal clearance.
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Curiously, if the conjugates carry multiple MTX mole-
cules per albumin molecule, they are rapidly cleared from
the circulation because they are trapped by the MPS in the
liver.

MTX has also been conjugated with lactosaminated
bovine serum albumin (MTX LBSA) to develop a liver
specific anticancer agent. The galactose-terminal of LBSA
would be responsible for the selective localization of the
MTX-LBSA conjugate in hepatocytes via asialoglycopro-
tein receptors [46]. [3H]-MTX LBSA was used to deter-
mine the conjugate’s distribution, measuring the
radioactivity in different organs and plasma after intrave-
nous administration in mice. The study demonstrated that
[*H]-MTX LBSA was rapidly cleared from plasma and a
considerable amount was taken up by the liver immediately
after injection, while the [*H]-MTX-albumin conjugate
was slowly taken up. Because MTX causes toxicity mainly
in kidney and the gastrointestinal tract, its concentration in
these organs was also evaluated, concluding that the MTX
concentration was lower when the drug was administered
as an albumin conjugate rather than as free MTX solution.

Albuleukin

Recombinant IL-2 (rIL-2) was developed as an antineo-
plastic agent, activating the cellular immune response
through lymphocyte activation. Currently, it is an approved
therapy for melanoma and renal cell carcinoma. However,
to date the short half-life of rIL-2 and its systemic toxicity
limit clinical use of this protein.

Albuleukin is a genetic fusion protein of recombinant
HSA (rHSA) and rIL-2 genes created to increase the half-
life of rIL-2. Albumin fusion technology provides the
advantageous pharmacokinetic properties of albumin.
Animal studies showed that following its intravenous
injection, Albuleukin is cleared from the plasma approxi-
mately 50 times slower than rIL-2, obtaining sustained
circulating levels of the fusion protein for approximately
2 days after administration [47]. In these studies, Albu-
leukin showed a very different biodistribution profile than

Fig. 2 Chemical structure of
(6-maleimidocaproyl)hydrazone
derivate of doxorubicin (INNO-
206)
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rIL-2, with lower uptake in kidneys and much higher
uptake in liver, spleen and lymph nodes compared with
rIL-2. The greater exposure of Albuleukin to lymphatic
tissues may lead to a more pronounced antitumor effect,
mediated by an increased immune stimulation.

INNO-206

In 1999, Kratz and co-workers investigated a novel prodrug
concept where the prodrug is able, after intravenous
administration, to link in situ to the HS-group of cysteine-
34 on endogenous circulating HSA.

Thus, an acid-sensitive doxorubicin prodrug (INNO-
206) was developed, which rapidly and selectively couples
to cysteine-34 of endogenous albumin after administration
[48]. As a result of the preclinical studies, INNO-206
(Fig. 2) emerged as a good clinic candidate due to the high
plasma stability of the serum albumin conjugate formed, its
higher efficacy compared to conventional free doxorubicin
formulations and its favourable toxicity profile, including a
significant reduction of the cardiotoxicity associated with
doxorubicin [49].

Both in preclinical and clinical studies, the albumin-
bound form of INNO-206 showed smaller distribution
volume and lower clearance than free doxorubicin. The
prodrug contains an acid-sensitive hydrazone linker that
allows doxorubicin to be released either extracellularly in
the lightly acidic environment of the tumor mass, or
intracellularly in the endosomal or lysosomal compart-
ments after albumin conjugate uptake by the tumor cells. In
phase I trials, INNO-206 was able to induce tumor
regression in breast cancer, small cell lung cancer and
sarcoma [50]. Phase Ib and II trials against sarcoma and
gastric cancer, respectively, are ongoing.

Conclusion

In the last years there has been a broad research effort in
new drug targeting systems developed from well-known

bound group

Maleimidocaproyl
Hydrazone-bond
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anticancer agents, with the aim of achieving three main
objectives: to reduce toxicity, to ease administration and to
overcome drug resistance. Most of these systems are
designed to selectively release the drug at the level of the
tumor mass, in a second order targeting, using two physi-
ological phenomena: the increased permeability to mac-
romolecules of the tumor mass blood vessels, known as the
EPR, and the increased albumin transport through endo-
thelial blood capillaries of tumor cells, mediated by the
60 kDa glycoprotein (gp60).

Thus, several conjugate, liposome and nanoparticle sys-
tems of different antitumor drugs have been developed and
successfully evaluated in clinical trials, showing higher anti-
cancer activity and fewer side effects than conventional for-
mulations, due to the selective location of the drug at the tumor
mass level and its reduced accumulation in healthy tissues.

Most of these systems are aqueous formulations without
toxic surfactants and with reduced perfusion times, and
avoid drug degradation during its biodistribution, resulting
in easier administration.

Furthermore, in some cases, the bond of specific ligands
to these targeting systems makes possible their localisation
at the tumor cell level by specific interactions with mem-
brane receptors, and even its internalization into the cell by
different mechanisms, reaching a third order targeting and
overcoming some cell resistance mechanisms developed by
tumor cells.
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RESUMEN

Segiin la OMS para el ano 2030 se producirdn un total de 11,5 millones de
defunciones por cancer. Una alta proporcion de estos tumores seran resistentes a
los agentes antineoplasicos actuales, por ello, en los Ultimos afios se ha realizado
una intensa labor investigadora en la busqueda de nuevas dianas para el
tratamiento de tumores. Una de las dianas que esta ofreciendo mas posibilidades
es el mecanismo de la apoptosis. La apoptosis se produce en condiciones
fisiolégicas como un mecanismo regulador del crecimiento de tejidos, en
equilibrio con la proliferacién celular. Su desregulacién podria ayudar a explicar
la patogénesis de algunos tumores malignos.

Palabras clave: Apoptosis; Antineoplasicos; Resistencia a farmacos.

ABSTRACT

New strategies in antitumor therapies based on apoptosis induction

According to OMS, in 2030 will be a total of 11.5 million deaths by cancer. A high
proportion of these tumors will be resistant to current anticancer agents, and
therefore, in the last years an intense investigation has been done to search new
targets for antitumor treatment. One of the most interesting targets is the
apoptosis mechanism. Apoptosis is produced in physiological conditions as a
growth tissue regulator mechanism, in equilibrium with cellular proliferation. Its

deregulation could explain the pathogenesis of some malignant tumors.

Keywords: Apoptosis; Anticancer agent; Drug resistant.
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1. INTRODUCCION

Segin la OMS para el afio 2030 el nuimero de nuevos pacientes
diagnosticados de cancer ascendera a 15,5 millones y se produciradn un total de
11,5 millones de defunciones. Una alta proporciéon de estos tumores seran
resistentes a los agentes antineoplasicos actuales, y por ello hoy en dia hay
numerosas lineas de investigacién abiertas para desarrollar nuevos farmacos que
superen estas resistencias.

La resistencia a los antineoplasicos puede ser natural o adquirida. La
resistencia natural hace referencia a la baja respuesta inicial de un tumor a un
determinado firmaco, mientras que la adquirida se refiere a la falta de respuesta
que surge tras un tratamiento inicial con éxito. Existen tres caracteristicas
tumorales que parecen determinar la resistencia a la quimioterapia: la cinética de
crecimiento, la aparicién de mutaciones espontaneas y la bioquimica.

1. Cinética de crecimiento de la masa tumoral: La mayoria de los
quimioterapicos actdan sobre las células en division, de manera que cuanto menor
sea la fraccién en crecimiento, es decir, el porcentaje de células con actividad
proliferativa, menor serd el nimero de células presumiblemente sensibles al
tratamiento. Por ello, las células que se encuentran fuera del ciclo celular, en la
llamada fase GO, seran refractarias a la mayoria de quimioterapicos (1). En los
tumores solidos, el crecimiento se enlentece de forma exponencial, aumentando el
numero de células en fase GO segun progresa el tumor. Una importante
consecuencia de este tipo de crecimiento es que, en el momento del diagnéstico, la
mayoria de los pacientes presentan tumores con una baja fracciéon de crecimiento
y, por tanto, con baja sensibilidad a la mayoria de los quimioterapicos.

2. Aparicién de mutaciones espontdneas: A través de cambios citogenéticos
aleatorios, algunas células tumorales mutan volviéndose resistentes a ciertos
farmacos, sin haber tenido contacto previo con ellos. Esta capacidad de resistencia
se transmite a las células descendientes, de tal forma que la poblacién celular de
un tumor en crecimiento no es homogénea, coexistiendo clones celulares sensibles
y resistentes al tratamiento. El niimero de células resistentes en un tumor en el
momento del diagndstico, se relaciona directamente con su tamafio y su tasa
intrinseca de mutacioén (2,3).

3. Alteraciéon de mecanismos bioquimicos: Pueden aparecer resistencias a
quimioterapicos por diferentes razones bioquimicas que incluyen la incapacidad
de que en la célula tumoral se transforme el profarmaco a su forma activa, la
capacidad de la célula tumoral de inactivar el farmaco(modificacién del
metabolismo intracelular del farmaco), la disminucién de la captacion del farmaco
por parte de la célula tumoral (modificacion de barreras fisioldgicas,
vascularizaciéon tumoral alterada...), el aumento de la expulsién del farmaco a
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través de la membrana celular (bombas de eflujo), cambios en los niveles o en la
estructura de la diana intracelular, o el aumento de la tasa de reparacién del ADN
dafiado.

Actualmente, se estan utilizando diferentes estrategias para aumentar la
respuesta a los antineoplasicos. Entre ellas se encuentra la deteccién precoz del
tumor ya que si el tumor es de menor tamafio tendrd un mayor porcentaje de
células en divisién y por tanto sensibles al tratamiento. En este sentido, también
resulta eficaz la reduccién de la masa tumoral mediante cirugia y/o radioterapia,
ya que esta reduccién aumenta la fraccion de células en crecimiento y produce una
mayor susceptibilidad a los fArmacos.

Es especialmente importante la eliminacién de las masas tumorales
necrdticas a las que, por baja vascularizacién, no puede llegar suficiente cantidad
de farmaco. Para evitar las resistencias debidas a alteraciones bioquimicas se
intenta favorecer el acceso del foirmaco al tumor desarrollandose sistemas de
vectorizacion. Mediante esta estrategia se persigue una localizacion selectiva del
farmaco a nivel de la célula tumoral reduciéndose, de forma paralela, la toxicidad
asociada a estos farmacos.

Se han desarrollados novedosos sistemas que permiten la vectorizaciéon
pasiva o activa del farmaco a nivel de las masas o incluso el interior de las células
tumorales, evitando en muchos casos, los mecanismos naturales de internalizacién
de ese farmaco en la célula. La asociacién de quimioterdpicos es un recurso
también muy utilizado, que ofrece dos ventajas: la suma o potenciacién de efectos
citotéxicos (se asocian moléculas con diferente mecanismo de accion), y la
disminucion de la probabilidad de aparicidon de resistencias (se asocian farmacos
con diferentes mecanismos de resistencias).

Por ultimo, en los ultimos afios se ha realizado una intensa labor
investigadora en la busqueda de nuevas dianas para el tratamiento de tumores que,
por un lado resulten eficaces para la eliminaciéon o detencién del crecimiento
tumoral y que por otro eviten o dificulten la apariciéon de resistencias. Una de las
dianas que esta ofreciendo mas posibilidades es el mecanismo de la apoptosis. A
continuaciéon se presenta una revisién de las mds recientes investigaciones en
tratamiento antitumoral basadas en el desarrollo de moléculas que acttian sobre el
mecanismo de la apoptosis, analizindose la posibilidad de aparicion de
resistencias y el balance de su aplicacion clinica.

2. MECANISMO DE APOPTOSIS

La apoptosis, o muerte celular programada, es un modo especifico de
muerte, que se caracteriza por cambios morfolégicos tales como condensacién de
la cromatina, la fragmentacién del nucleo, la retracciéon citoplasmatica y la emisiéon
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de 'cuerpos apoptoéticos’, manteniendo aparentemente intactos los organulos
celulares (4,5). De hecho, la apoptosis regula un mecanismo de muerte celular que
implica la participacion activa de la célula afectada en la ejecuciéon de su propio
programa de muerte (Figura 1). Los eventos morfologicos y bioquimicos de la
apoptosis se conocen desde hace mucho tiempo, y, en algunos aspectos, difieren de
aquellos que llevan a la necrosis (6). La apoptosis se produce en condiciones
fisioldgicas como un mecanismo regulador del crecimiento de tejidos, en equilibrio
con la proliferacién celular (7). La apoptosis se ha convertido en un foco de interés
en oncologia debido a que su desregulacién podria ayudar a explicar la patogénesis
de algunos tumores malignos (8).

Via extrinseca
(sefiales extracelulares)

h\ /A

Receptor Via intrinseca
TNF, FasL (factores de crecimiento,
estrés oxidativo...)
Bax, Bad

Caspasa 8 —pp» Bid —p» * Apoptosis

[ J V

citC = +
° o

Caspasa 3

Pro-C 9 ——h —
ro-Laspasa ATP Caspasa 9

Pro-Caspasa 3

Figura 1.- Mecanismo general de activacion de la apoptosis.

3. INDUCTORES DE LA APOPTOSIS

Se han identificado diferentes moléculas capaces de modificar el proceso de
la apoptosis en las células tumorales, y que presentan interés como
antineopldsicos (Tabla 1). Estos farmacos actian sobre diferentes dianas
moleculares y como consecuencia bien inducen una activacién directa de la
apoptosis, o bien reducen el umbral de su iniciacién por farmacos citotéxicos (9).
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Tabla 1.- Farmacos inductores de apoptosis con interés en el tratamiento del cancer.

Inhibidores de la glutation | Telcyta

S 6-(7-nitro-2,1,3-benzoxadiazol-4-iltio)hexanol

Inhibidores de mtor Temsirolimus
Everolimus
Deforolimus
Inhibidores de EGFR Genitinib
Erlotinib

Cetuximab
Matuzumab
Inhibidores de la tubulina DJ-927
ABT-751
EPO-906
TZT-1027

Otros Fenoxodiol

Inhibidores de c-kit y PDGFR

3.1. Inhibidores de la glutatién S-transferasa (GST)

La glutatién S-transferasa(GST) representa el mayor grupo de enzimas de
detoxificacion, participando en la fase Il de la biotransformaciéon de compuestos
toxicos, exdgenos o enddégenos, mediante la catalizacién de reacciones de
conjugacidn en las que se adiciona un grupo polar, el glutation, a los grupos
electrofilicos del téxico a eliminar, entre los que se incluyen sustancias
carcinégenas, dando como resultado un incremento de su solubilidad en agua que
favorece su excrecién renal.

La GST esta también implicada en la regulacién de la respuesta de estrés
celular y apoptosis, debido a que provoca la inhibiciéon de quinasas, como por
ejemplo la jun N-terminal quinasa (JNK). Se han detectado niveles elevados de GST
en cancer de colon, vejiga, estomago, piel, mama, pulmoén, bucal y rifién (10,11), en
donde forma un complejo con JNK que provoca su inhibicion. El estrés oxidativo
puede desestabilizar el complejo GST:JNK y causar la activacién de la cascada de
quinasas que desencadena la apoptosis (12). Esta enzima, también se encuentra
implicada en el desarrollo de resistencias de tumores frente diversos farmacos
anticancerigenos. Por tanto el uso de inhibidores especificos de la enzima podria
potenciar la eficacia de la quimioterapia sobre tumores resistentes a drogas
anticancerigenas.
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Esta enzima es la diana de algunos de los nuevos agentes antitumorales
desarrollados como Telcyta y 6-(7-nitro-2,1,3-benzoxadiazol-4-iltio) hexanol
(NBDHEX). El primero es un profarmaco sustrato de la enzima, aprovechando su
alta concentracion a nivel tumoral; sin embargo el segundo es un inhibidor de la
GST.

Canfosfamide HCI (Telcyta)

Canfosfamide HCI (Telcyta®) fue disefiado para aprovechar los altos niveles
de GST en muchos tumores humanos, lo cual, frecuentemente se asocia con un mal
pronostico y resistencia a ciertos fairmacos como agentes alquilantes y compuestos
de platino. Canfosfamide HCl (CAN) es un profarmaco analogo del glutation que es
activado por GST e induce apoptosis. Tras la activacidn, la actividad apoptdtica de
canfosfamide estad mediada por la via de respuesta al estrés, lo que resulta en la
induccién de la apoptosis celular. Las células tumorales humanas expuestas a
canfosfamide muestran una activacién de proteinas quinasas activadas por
mitogenos (MAP), quinasa MKK4, la quinasa p38, jun N-terminal quinasa (JNK) y la
caspasa 3 (13). La actividad citotoxica de canfosfamide se ha demostrado in vitro e
in vivo frente una gran variedad de lineas celulares de cancer humano.
Canfosfamide generalmente, es bien tolerado y presenta pocos efectos adversos.

Canfosfamide ha demostrado no tener resistencia cruzada con platinos,
taxanos y antraciclinas, tampoco su toxicidad se solapa con la de estos agentes
pero si posee un efecto sinérgico que hace que estos funcionen mejor en
combinacién que como agente unico. Canfosfamide como agente Unico no es lo
suficientemente activo por ello debe emplearse siempre en combinacién con
platinos, taxanos y antraciclinas.

6-(7-nitro-2,1,3-benzoxadiazol-4-iltio) hexanol (NBDHEX)

Un farmaco inhibidor de la GST es 6-(7-nitro-2,1,3-benzoxadiazol-4-iltio)
hexanol (NBDHEX). Es un agente hidr6fobo que penetra facilmente a través de la
membrana celular y por lo tanto, no es sustrato de las proteinas transportadoras
(bombas de eflujo), lo que representa un mecanismo de resistencia del tumor a
una variedad de fiarmacos anticancerosos. NBDHEX posee un importante efecto
inhibitorio del crecimiento del melanoma maligno y de otros tipos de tumores,
incluidos la leucemia, el cancer de pulmén y el osteosarcoma (14,15). Este
compuesto interrumpe el complejo entre GST y c-Jun N-terminal quinasa (JNK)
induciendo la activacién de JNK, la detencién del ciclo celular y muerte celular (16).
Ensayos clinicos indican que la combinaciéon NBDHEX y temozolomida (TMZ)
(agente alquilante) redujo significativamente el crecimiento tumoral in vivo con
respecto a cada medicamento usado de forma individual, sin empeoramiento de la
mielotoxicidad del agente alquilante ni retrasé la recuperacién de la funcion de la
médula 6sea (17).
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Las células de melanoma B16 fueron expuestas a diferentes
concentraciones de NBDHEX en monoterapia, y los resultados indicaron que este
agente tenia efecto apoptotico en las células B16 y que a una concentracién de 10
1M inducia apoptosis en casi el 100% de las células a las 48 h.

3.2. Inhibidores de mtor

mTOR1 (mammalian target of rapamycin), es una serina/Treonina quinasa
de 289 kDa, que participa en la via fosfatidilinositol 3'-quinasa/AKT. Regula
multiples eventos celulares como el crecimiento celular y la proliferacién, la
diferenciacion, la migracion, y la supervivencia. Esta proteina estd activada en
multiples tumores y su activacién es capaz de generar la proliferacion celular y de
evitar la apoptosis, lo que conduce a su crecimiento desordenado. La rapamicina es
un inhibidor de mTOR que actia formando inicialmente un complejo con una
proteina citosoélica de 12 kDa, designado FK-506-proteina de unién 12 (FKBP-12),
y posteriormente este complejo se une a mTOR inhibiendo su funcién, lo que
desencadena una activacién rapida y sostenida de la apoptosis mediante la via de
sefializacion de la quinasa 1 (18). De esta forma la rapamicina y sus analogos,
temsirolimus, RAD001 y AP23573, ahora en ensayos clinicos como agentes
anticancerosos, inhiben potentemente la proliferacion de células tumorales.

Temsirolimus

Temsirolimus (CCI-779), es un éster derivado de rapamicina con mayor
solubilidad en agua. A dosis no toéxicas, temsirolimus presentd actividad
antitumoral sobre diversos modelos de cancer tales como gliomas,
rabdomiosarcomas, meduloblastoma, tumores de cabeza y cuello, lineas celulares
de pancreas, préstata y mama (19), obteniéndose un mayor efecto terapéutico
cuando se utilizé en combinacién con los agentes antineopldsicos que por
separado. En 2007 fue aprobado por la FDA como primera linea de tratamiento
para el cancer renal. También se han realizado estudios en fase IIl para el
tratamiento de linfoma y en fase Il en cdncer de mama y linfoma mostrando un
beneficio frente a otros tratamientos especialmente en el caso del linfoma (20). Los
principales efectos secundarios detectados son alteraciones hematolégicas,
hipercolesterolemia y reacciones alérgicas.

Everolimus

Everolimus (RAD001) es un derivado de la rapamicina de administracion
oral. Se ha evaluado su actividad antineoplasica en varias lineas celulares
tumorales humanas in vitro y en modelos de xenoinjertos in vivo con una IC50 que
va de 5 hasta 1800 nM. Se ha demostrado su efecto antineoplasico frente a
melanoma, cancer de pulmdn, adenocarcinoma pancredtico y carcinoma de colon.
Este farmaco posee también actividad antiangiogénica ya que inhibe Ila
proliferacion de las células endoteliales vasculares humanas. Los efectos
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secundarios detectados a dosis terapéuticas son fatiga, neutropenia, mucositis,
hiperglucemia y estomatitis (21). En un estudio en fase II, everolimus ha
demostrado actividad antineoplasica en pacientes recién diagnosticados de cancer
de mama. También esta siendo evaluado en ensayos con pacientes con cancer de
prdéstata y neuroendocrinos.

Deforolimus

Deforolimus (AP23573) es el dltimo andlogo desarrollado a partir de la
rapamicina. Es estable en solventes organicos, soluble en agua en un amplio
intervalo de pH, asi como también en plasma y en sangre, tanto in vivo como in
vitro. AP23573 presenta una potente, rapida y prolongada actividad inhibitoria de
mTOR, lo que produce una inhibicién del crecimiento de diversas lineas tumorales
humanas in vitro, ejerciendo este efecto tanto individualmente como en
combinacién con otros agentes citotéxicos. En un estudio clinico de fase I, se
administré por via intravenosa durante 5 dias en intervalos de 24 horas. Durante
el primer ciclo de tratamiento se produjo una toxicidad severa tipo 3 limitante de
la dosis, consistente en una mucositis oral aguda. Se observaron otros efectos
secundarios, aunque de menor intensidad, entre los que destacaron episodios
menores o moderados de mucositis, diarrea, anemia, nausea, fatiga, trombocipenia,
neutropenia e hiperlipidemia. Se detect6 actividad antitumoral preliminar a todas
las dosis ensayadas en el estudio. En estudios en fase Il en pacientes con sarcoma,
deforolimus mostré una tasa de beneficio clinico del 29%; en otro estudio en
cancer de endometrio la tasa de respuesta fue del 9%, al igual que en neoplasias
hematolégicas (20). Actualmente se estan desarrollando estudios en fase III.

3.3. Inhibidores de EGFR

EGFR o receptor del factor de crecimiento epidérmico es un receptor
tirosin-quinasa que se activa por ligandos tales como el factor de crecimiento
epidérmico (EGF). Esto desencadena la activaciéon de vias de sefalizacion
intracelulares, tales como la proteina-quinasa activada por mitégenos (MAPK) y la
fosfatidilinositol 3-quinasa (P13K)-AKT, ambas involucradas en la supervivencia y
proliferaciéon celular (22,23). Su sobreexpresiéon en tumores a menudo se
correlaciona con mal prondstico, disminucién de la supervivencia y resistencia a la
terapia. La desregulacién de EGFR (por su sobreexpresién o por una activaciéon
excesiva) contribuye a la proliferacién, transformacién, angiogénesis, invasion,
metastasis y la inhibicion de la apoptosis en células tumorales (24). Por lo tanto,
moléculas inhibidores de este receptor tienen especial interés como agentes
antineoplasicos. Se han identificado dos tipos de inhibidores de la sefializacion de
EGFR:

- Moléculas pequeiias como gefitinib (ZD1839) y erlotinib (0S1774) que
inhiben el dominio tirosina quinasa intracelular del receptor EGFR (9).
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- Anticuerpos monoclonales, como el cetuximab y matuzumab.
Gefitinib

Gefitinib es wun inhibidor tirosin-quinasa selectivo de EGFR de
administracion oral, ampliamente utilizado en el tratamiento del cancer de pulmén
ya que interrumpe las sefiales mitogénicas y antiapoptéticos responsables de la
proliferacion celular, el crecimiento, la metastasis y la angiogénesis. Comparado
con agentes antineoplasicos citotoxicos, gefitinib ofrece unas tasas de
supervivencia y beneficios equivalentes, pero proporciona una mejor calidad de
vida en pacientes con enfermedad avanzada. Sin embargo este beneficio puede
variar debido a mutaciones en el receptor EGFR, obteniéndose mejores resultados
en mujeres, no fumadores y asiaticos. Gefitinib es bien tolerado y los efectos
adversos mas comunes, tales como erupciones cutaneas y diarrea, son de gravedad
leve, aunque en algunos casos se ha desarrollado enfermedad pulmonar intersticial
(ILD). La aprobacion de gefitinib como tratamiento de primera eleccién en Asia
desde julio de 2002 para el tratamiento de cancer de pulmdn, se basa en un estudio
en fase Il que demostré una supervivencia superior, una mayor tasa de respuesta,
mejora de la tolerabilidad y significativa mejora de la calidad de vida para los
pacientes tratados con gefitinib en comparacién con la doble quimioterapia de
carboplatino/paclitaxel (25). Sin embargo, desde su aprobaciéon han sido
notificados varios casos mortales de ILD. La incidencia de ILD durante el
tratamiento con gefitinib varié entre los diferentes grupos étnicos, detectandose la
incidencia més alta en la raza japonesa (incidencia acumulada del 4%), mientras
que en el resto del mundo fue del 1%. La ILD inducida por gefitinib puede ser
mortal en un 30-40% de los casos (26).

Erlotinib

Erlotinib (Tarceva®) es un farmaco de administracién oral, inhibidor de la
tirosin-quinasa selectivo de EGFR. Estudios in vitro e in vivo, muestran que
erlotinib tiene actividad frente a diversos tipos de tumores como colorrectal,
pulmén, cabeza, cuello y pancreas. La eficacia antitumoral de erlotinib se ha
investigado en clinica como agente Unico y en combinacién con otros agentes.
Erlotinib se emplea en cancer de pulmon tras el fracaso de al menos un régimen de
quimioterapia. En un ensayo de fase III, la adicién de erlotinib a gemcitabina
mejoro la supervivencia en el cancer de pancreas avanzado. Indicios alentadores
de actividad antitumoral también se han observado en varios estudios de fase Il en
los que se utilizé erlotinib como monoterapia en cancer de cabeza y cuello,
colorrectal, hepatocelular, gastroesofagico biliar y cancer de ovario. Los efectos
adversos detectados en estos estudios fueron hepatitis inducida por medicamentos,
enfermedad pulmonar intersticial, sindrome de Stevens-Johnson y necrolisis
epidérmica téxica (27).
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Cetuximab

Cetuximab es un anticuerpo monoclonal humanizado que se une con alta
afinidad y especificidad al dominio extracelular del receptor del factor de
crecimiento epidérmico (EGFR). Esto interfiere con la regulacién de la cascada de
sefalizacion, lo que conduce a la inhibicién de la proliferacion celular, angiogénesis
y metastasis. Clinicamente, la radioterapia en combinacién con cetuximab
demuestra una clara ventaja sobre la radioterapia como tratamiento tunico.
Cetuximab potencia la radiosensibilidad de las células tumorales a través de
multiples mecanismos: inhibicion de la proliferacion de células cancerosas,
perturbacién del ciclo celular y acumulacién de células en fases radiosensibles, e
induccién de apoptosis y necrosis. Cetuximab es generalmente bien tolerado,
aunque se ha asociado con toxicidad dermatolégica incluyendo xerosis, cambios en
las uias, el pelo, telangiectasia o arafias vasculares y erupciones (28). Cetuximab
estd aprobado para el cancer de cabeza y cuello, y en 2009 fue aprobado por la
FDA para el tratamiento de cancer colorrectal metastatico refractario, ya sea en
combinacién con irinotecdn o como monoterapia (29), dicha aprobacion recoge
que este farmaco sélo puede usarse en aquellos casos en los que no exista una
mutacion en el gen KRAS. Este gen codifica una pequefia proteina G de la ruta de
EGFR, de tal forma que en 2012, la FDA, aprobé un test genético para detectar de
forma rutinaria siete tipos de mutaciones en el gen KRAS, permitiendo asi dirigir
de forma adecuada el tratamiento antineoplasico. Este efecto se detecta
exclusivamente para el tratamiento del cancer colorrectal y también se produce
con otros inhibidores de EGFR.

Matuzumab

Matuzumab es un anticuerpo monoclonal humanizado IgG1l que se une a
EGFR con alta afinidad. Matuzumab ha sido evaluado en cancer de cabeza y cuello,
gastrico, colorrectal, esofagico, cervical y de pulmén. Un estudio preclinico en
lineas celulares muestra que aunque matuzumab se une de manera eficiente a
EGFR y bloquea su fosforilacién, no es tan eficaz como cetuximab a la hora de
inhibir la proliferacién de células tumorales. Estudios en fase Il de matuzumab en
mujeres con cancer de ovario resistente a platinos muestra que el farmaco tiene un
perfil de toxicidad favorable, observandose erupcién acneiforme, erupcion cutanea,
nauseas, vomitos y diarrea aunque con una incidencia mas baja que la obtenida
con cetuximab (30).

3.4. Inhibidores de la tubulina

Existe una gran cantidad de moléculas capaces de unirse a la tubulina e
interferir en el mecanismo de formacion de los microtiibulos, de manera que las
células detienen su ciclo celular y desencadenandose la apoptosis. Los compuestos
que modulan la actividad de tubulina pueden dividirse de forma general en dos
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grandes grupos: los inhibidores de su polimerizacién, como la colchicina y la
vincristina, que se unen a ésta impidiendo que forme microtibulos; y los agentes
estabilizantes de microtdbulos, como el paclitaxel y el docetaxel, que se unen
preferentemente a la tubulina ensamblada, minimizando la disociaciéon de la
tubulina-GDP de los extremos de los microtiibulos e induciendo el ensamblaje de la
tubulina-GDP normalmente inactiva. El éxito clinico del paclitaxel y el docetaxel ha
conducido a la busqueda de nuevos compuestos con el mismo mecanismo de
accion y al descubrimiento en los dltimos afios de una gran cantidad de agentes
estabilizantes de microtubulos con al menos dos sitios de unidn distintos.

DJ-927

DJ-927 es un nuevo taxano que tiene como ventajas su alta hidrosolubilidad
(elimina la necesidad de emplear vehiculos téxicos, minimizando el riesgo de
reacciones de hipersensibilidad), su elevada biodisponibilidad oral y una potente
actividad antitumoral. Su mecanismo de accién implica la inhibicién de la tubulina
lo que causa detencion de la division de ADN en la célula y apoptosis. Este
compuesto exhibié una citotoxicidad mayor que los taxanos existentes tales como
paclitaxel y docetaxel contra diversos tipos de tumores, especialmente en modelos
de cancer colorrectal. En particular, DJ-927 muestra una marcada eficacia en
ensayos, in vitro e in vivo, con células tumorales que presentan una la resistencia
intrinseca o adquirida a taxanos desarrollada por expresién de bombas de eflujo
como la glicoproteina P (P-gp). En estudios en fase Il como tratamiento de segunda
linea para pacientes con cancer colorrectal tras fallo de irinotecan u oxaliplatino, y
en pacientes con cancer gastrico avanzado que no han respondido a 5-fluoruracilo,
el tratamiento fue bien tolerado, alcanzandose una respuesta positiva en el 40% de
los casos (31).

ABT-751

ABT-751 es un agente citotéxico novedoso, de administracién oral, que se
une a la tubulina e inhibe la polimerizacién de los microtibulos, lo que conduce a
un bloqueo en la fase G2/M en el ciclo celular y a la apoptosis celular. ABT-751
inhibe la proliferacidn de diversas lineas celulares humanas derivadas de tumores,
incluyendo los fenotipos resistentes a paclitaxel y doxorubicina (32). Una vez
administrado, ABT-751 se absorbe rapidamente alcanzandose la concentracién
maxima (Cmax) a las 3 h y con una semivida de 4,4 a 16,6 h. La toxicidad producida
por ABT-751 fue determinada en un estudio en fase I, detectandose neuropatia
periférica, estrefiimiento, fatiga y mialgia. ABT-751 esta actualmente en ensayos
fase II para el cancer de mama recurrente, cancer renal, cancer colorrectal y de
pulmoén.
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EP0O-906

EP0-906 (epotilona B) es un miembro de una nueva clase de agentes
estabilizantes de microtibulos conocidos como las epotilonas. EPO906 promueve
la polimerizacion de los heterodimeros de tubulina y estabiliza los microtibulos
contra la despolimerizacién, provocando la detencién del ciclo celular mitético y la
muerte celular por apoptosis (32). En estudios preclinicos, EPO906 muestra
actividad anticancerigena tanto in vitro como in vivo contra varios tipos de cancer,
incluyendo modelos resistentes a paclitaxel. Es importante destacar que, EP0906
actiia sobre células que han desarrollado resistencia por sobre-expresion de
glicoproteina-P o bomba de eflujo. En estudios clinicos en fase I se observo que el
efecto toxico limitante de dosis fue la diarrea. Los ensayos se realizaron en
pacientes con cancer de colon, mama, pulmén y ovario, incluyendo pacientes que
habian recibido taxanos previamente. Posteriormente, se realizaron dos estudios
en fase Il en monoterapia para cancer de ovario, préstata, mama y cancer renal,
observandose respuesta antitumoral en todos los casos. En consecuencia, los
estudios preclinicos y clinicos indican que EP0O906 tiene un espectro relativamente
amplio de actividad, incluyendo los tumores resistentes a paclitaxel.

TZT-1027

TZT-1027 es un derivado de dolastatina-10, que fue seleccionado por su
alta actividad antitumoral in vitro. TZT-1027 se desarroll6 como un nuevo agente
inhibidor de la polimerizacién de la tubulina mediante su unién a los microtdbulos,
impidiendo la division celular y activando la apoptosis de las células tumorales,
como los alcaloides de la vinca y los taxanos, pero los experimentos in vitro
mostraron que ademas de este efecto de citotoxicidad directa, era capaz de inhibir
la angiogénesis del tumor, una actividad que no se ve con los alcaloides vinca o
taxanos (33,34). En un estudio en fase I se pudo determinar que la toxicidad
limitante de dosis fue debida a neutropenia, neuropatia periférica, leucopenia y
fatiga. Los resultados de un estudio en fase Il desarrollado en 32 pacientes con
cancer de pulmdén mostraron un aumento en la supervivencia global de las
pacientes (35).

3.5. Otros agentes inductores de apoptosis

Fenoxodiol

Fenoxodiol es una isoflavona sintética que ha demostrado actividad
antitumoral frente a cincer de ovario, y que se encuentra en ensayos en fase I para
cancer de prostata y de cérvix. A pesar de la progresion en los ensayos clinicos, la
diana sobre la que actia fenoxodiol no esta muy clara, mas bien, se cree que regula
multiples sefiales de transduccidn. Estudios mecanisticos han demostrado que
fenoxodiol inhibe la ADN topoisomerasa II e induce la apoptosis. Esta apoptosis
puede desencadenarse de forma dependiente o independiente de caspasas en

224




3.2. P2: Nuevas estrategias en terapia antitumoral basadas en la inducciéon de la apoptosis 47

Nuevas estrategias en terapia antitumoral basadas en la induccion de la apoptosis

funcion del tipo celular. Asi se ha descrito un mecanismo dependiente de caspasas
en las células de cancer de ovario, a través de la via de transduccién de seifial de
Akt (36), mientras que en otros tipos de cancer (cabeza, cuello y colon) fenoxodiol
induce apoptosis independiente de caspasas por expresion de p21WAF1 (37). Otro
mecanismo por el que se cree que actia fenoxodiol es por alteracién del ciclo
redox esencial de las células. El control del equilibrio redox intracelular es critico
para la viabilidad celular, de manera que la perturbacion de los principales pares
redox tales como la relacion NADH/NAD* o el glutatiéon puede tener profundos
efectos sobre las células desencadendndose la apoptosis.

La mayoria de los casos de cancer de ovario con quimioresistencia a platino
y taxanos se asocian a la sobreexpresion de factores antiapoptéticos. Fenoxodiol,
in vitro, induce apoptosis en células de cancer de ovario quimioresistentes y
restaura la sensibilidad a la quimioterapia de platino, taxanos y topotecan en
células quimioresistentes. Estos datos apoyan el estudio en fase Il de fenoxodiol
llevado a cabo en 40 mujeres con cancer de ovario quimiorresistente. El fenoxodiol
se administré en terapia combinada con taxanos o paclitaxel, y los resultados
indicaron que la administracién de fenoxodiol da lugar a mayores tasas de
respuesta entre las mujeres con cancer de ovario quimioresistente.

Inhibidores de c-Kit y PDGFR

c-kit (receptor del factor de células madre) y PDGFR (receptor del factor de
crecimiento derivado de plaquetas) son receptores tirosin-quinasa que estimulan
el crecimiento de la célula tumoral, la angiogénesis y la vasculogénesis. c-Kit y
PDGFR, asi como sus respectivos ligandos estan sobre-expresados en un 70% de
los canceres de ovario (38). Las mutaciones de c-Kit en las células intersticiales de
Cajal en el tracto digestivo son probablemente la clave del 85% de los tumores del
estroma gastrointestinal, ya que estas mutaciones desencadenan cascadas de
sefalizacion que promueven la proliferacién celular y supervivencia. Las
mutaciones de PDGFR estan implicadas en un 5% de estos tumores.

Imatinib (STI-571, Gleevec®) es una molécula pequefia inhibidora de c-kit,
PDGFRA, PDGFRB y de la proteina de fusién BCR-ABL, que ha revolucionado el
prondstico de los pacientes con tumor del estroma gastrointestinal, con un
beneficio clinico en el 85% de los casos. Sin embargo un alto porcentaje de los
pacientes tratados con imatinib acaban desarrollando resistencia (10-20%
muestran resistencia natural y un 50% resistencia adquirida), lo que ha llevado a
la necesidad de emplear imatinib en combinacién con otro agente antineoplasico
con el fin de superar las resistencias a este firmaco. En este sentido, se ha
observado que su combinacién con un agente proapoptético potencia la muerte
celular y previene de la resistencia a imatinib (39). Esto ha llevado a nuevos
estudios sobre el mecanismo de acciéon de imatinib, determindndose que induce
apoptosis en una serie de tumores como leucemia, leucemia mielégena, estroma
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gastrointestinal, cincer ganglionar de la retina y glioblastoma. La apoptosis se

manifiesta a través de la fragmentacion nuclear, la degeneracién de la membrana

mitocondrial y la activacién de las caspasas.

4. CONCLUSION

La buisqueda de nuevas dianas para el tratamiento de tumores pretende,

por un lado una mayor eficacia en la eliminacién o detencién del crecimiento

tumoral y por otro evitar o dificultar la aparicién de resistencias. Los nuevos

agentes antineoplasicos con actividad proapoptética, han demostrado en diversos

ensayos clinicos en los que se ha evaluado como monoterapia que son capaces de

disminuir el tamafio de la masa tumoral en diferentes tipos de cancer, incluso en

tumores resistentes a otros tratamientos; pero también se ha demostrado que

muchos de ellos ofrecen un efecto sinérgico al utilizarse en combinacién con los

agentes antineoplasicos actuales evitando incluso la resistencia de las células

tumorales hacia estos ultimos.
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In this work a protocol to validate analytical procedures for the quantification of drug substances formu-
lated in polymeric systems that comprise both drug entrapped into the polymeric matrix (assay:content
test) and drug released from the systems (assay:dissolution test) is developed. This protocol is applied
to the validation two isocratic HPLC analytical procedures for the analysis of dexamethasone phosphate
disodium microparticles for parenteral administration. Preparation of authentic samples and artificially
“spiked” and “unspiked” samples is described. Specificity (ability to quantify dexamethasone phosphate
disodium in presence of constituents of the dissolution medium and other microparticle constituents),
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linearity, accuracy and precision are evaluated, in the range from 10 to 50 pgmL-! in the assay:content
test procedure and from 0.25 to 10 g mL~" in the assay:dissolution test procedure. The robustness of the
analytical method to extract drug from microparticles is also assessed. The validation protocol developed
allows us to conclude that both analytical methods are suitable for their intended purpose, but the lack
of proportionality of the assay:dissolution analytical method should be taken into account.

The validation protocol designed in this work could be applied to the validation of any analytical

procedure for the quantification of drugs formulated in controlled release polymeric microparticles.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In the last years numerous scientific works about long-term
administration systems for parenteral administration of different
drugs have been published. Most of these systems are polymeric
microparticles from which drug is sustained released for periods
within a week to several months. In these works, different analyti-
cal procedures for drug quantification are used, but few evidences
of their validation are reported.

When considering microparticles elaboration, it is essential to
have a well defined and validated analytical method in order to
determine microparticle drug loading as well as drug release from
microparticles (Gil-Alegre et al., 2005).
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Facultad de Farmacia, Universidad Complutense de Madrid, E-2040 Madrid, Spain.
Tel.: +34 913941735; fax: +34 913941736.
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(AL Torres-Sudrez).

0378-5173/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ijpharm.2013.09.026

Indeed, within the pharmaceutical development of micro-
particles for a specific drug, there are two main analytical aspects
to take into account:

Quantification of drug content into microparticles: it belongs with
the assay:content test described in The International Conference
on Harmonization (ICH) guidelines (ICH, 2005). A procedure for
microparticle breakage must be established that ensures the total
extraction of the drug. Once this is achieved, drug extracted must
be quantified in a specific, accuracy and reproducible way (Rivas
etal., 2006).

Quantification of drug released from microparticles: It belongs
with the assay:dissolution test described in ICH guidelines.
Microparticles are long-term administration systems, specially
microparticles for parenteral administration, and drug release
kinetic must be evaluated by an in vitro assay carried out at
37°C using phosphate buffer solution (PBS) pH 7.4 as dissolution
medium (Balmayor et al., 2009). Due to the low drug release rate
from microparticles for parenteral administration, the developed
analytical procedure must detect low drug concentrations in the

http://dx.doi.org/10.1016/j.ijpharm.2013.09.026

Please cite this article in press as: Martin-Sabroso, C., et al., Validation protocol of analytical procedures for quantification of drugs
in polymeric systems for parenteral administration: Dexamethasone phosphate disodium microparticles. Int J Pharmaceut (2013),




02

CAPITULO 3. Resultados: Publicaciones derivadas del trabajo realizado

G Model
JP-13646; No.of Pages9

2 C. Martin-Sabroso et al. / International Journal of Pharmaceutics xxx (2013) xXx—Xxx

dissolution medium and selectively quantify them in presence of
other microparticle constituents also dissolved in the medium.

The objective of this work is to develop a procedure to vali-
date two isocratic HPLC analytical methods for the quantification
of drugs in polymeric microspheres for parenteral administra-
tion: one of them for the quantification of drug loaded into
microparticles (assay:content test), and the other one for the quan-
tification of drug released from microparticles (assay:dissolution
test). Poly lactic-co-glicolic (PLGA) dexamethasone phosphate diso-
dium microparticles are used as model.

Dexamethasone is a synthetic adrenocortical steroid with
basic glucocorticoid activity. It can be used as anti-inflammatory
(Gomez-Gaete et al., 2008), immunosuppressor (Gross et al., 2011)
and finds applications in endocrine and rheumatic disorders as
adjunctive therapy for short-term administration (Elron-Gross
et al., 2009), and also in several dermatological diseases. Recently
it is observed that dexamethasone also has proapoptotic activity
(Schwartz et al., 2010; Carlet et al., 2010), useful in the treatment
of cancer. Due to its wide therapeutic application field, it is interest-
ing to develop microparticles as a long-term administration system
for dexamethasone. These microparticles would allow a controlled
release of the drug while reducing the side effects and achieving
better dosage option (Balmayor et al., 2009). These systems would
also ensure a technological advantage because of the improvement
of dexamethasone’s stability against light and oxygen.

The validation of both analytical methods for dexamethasone
phosphate disodium has been based on the following parame-
ters: selectivity, linearity, precision (within and between days
variability), accuracy and limit of quantification, following the
requirements established by ICH and USP (Shabir, 2003). The vali-
dation carried out includes the evaluation of the robustness. Thus,
the validation procedure developed of both analytical methods
could be applied to any other microencapsulated drug.

2. Experimental
2.1. Materials

HPLC grade acetonitrile (Panreac Quimica, S.A., Barcelona,
Spain), glacial acetic acid (Panreac Quimica, S.A., Barcelona, Spain),
Phosphate buffer solution (PBS), and HPLC grade water (obtained
with a Milli-Q system, Millipore S.A., Molsheim, France) are used
to prepare the mobile phase. All these solvents are degassed and
filtered before used. Phosphate buffer solution, used as mobile
phase and as dissolution medium, is prepared from potassium
di-hydrdogen phosphate (Panreac Quimica, S.A., Barcelona, Spain)
and di-sodium hydrogen phosphate dihydrate (Merk, Dormstadt,
Germany). Dichloromethane (DCM) stabilized with 20 ppm of amy-
lene (Panreac Quimica, S.A., Barcelona, Spain) is the polymer
solvent used to break the microparticles. Dexamethasone phos-
phate disodium is supplied by Sigma-Aldrich Chem. Co., Steinheim,
Germany.

Dexamethasone phosphate disodium microparticles are elabo-
rated in our laboratory by the solvent evaporation technique based
on O/W emulsions (Jaraswekin et al., 2007), using the copolymer
poly(lactic-co-glycolic acid) RG502 approved by FDA for thera-
peutic devices, owing to its biocompatibility and biodegradability.
Briefly, an emulsion is formed where the external phase is an aque-
ous solution of polyvinyl alcohol and the internal phase is a solution
of dexamethasone phosphate disodium and the polymer in the
volatile organic solvent dichloromethane. The initial drug:polymer
ratio is 1:10. Spherical microparticles loaded with dexametha-
sone phosphate disodium are obtained when the organic solvent is

extracted - evaporated from the internal phase under mechanical
agitation. Their volume mean diameter is of 79+ 19.89 um.

Unloaded microparticles are also elaborated in our laboratory
following the same procedure as that used for dexamethasone
phosphate disodium loaded microparticles, and with all the com-
ponents but dexamethasone phosphate disodium.

2.2. Equipment

The HPLC system consists of a quaternary pump, an automatic
injector with a fixed loop of 20 w1, an ultraviolet/visible detector, a
vacuum degasser and an oven, all from 1200 series Agilent Tech-
nologies. Analyst software (ChemStation, Agilent Technologies) is
used for controlling the equipment, for coordinating data acquisi-
tion and for the analysis of data.

2.3. Chromatographic conditions

A reverse phase liquid chromatographic analysis is performed
under the following conditions:

Column: Tracer Excel 120 ODSB 5pum, 15cm x0.46cm
(Teknokroma, Barcelona, Spain).

Mobile phase: PBS (pH 7.4; 0.05 M)-acetonitrile-glacial acetic acid
(70:26:4, v/v/v). The final pH is 4 £0.2.

Flow-rate: 1 mLmin~1.

Temperature: room temperature.

Injected volume: 20 p.L.

Wavelength: 244 nm.

These conditions are based on those proposed by Thote et al.
(2005). In both analytical methods the same chromatographic con-
ditions are used in order to make their routine implementation
easier.

2.4. Preparation of dexamethasone phosphate disodium standard
solutions

Different standard solutions are used for assay:content ana-
lytical procedure, and for assay:dissolution analytical procedure,
because the solvent of the samples and the range of concentrations
to be analyzed are different in both procedures.

Assay:content. A stock solution (A) with a concentration of
1 mgmL-! is prepared by dissolving 20 mg of dexamethasone phos-
phate disodium in 20 mL of water pH 4 (adjusted with glacial acetic
acid). From this stock solution, standard dexamethasone phosphate
disodium solutions (A) with different concentrations are prepared,
by dilution with water pH 4 (adjusted with glacial acetic acid).

Assay:dissolution. A stock solution (B) with the same concentra-
tion of 1 mg mL~! is made, but using PBS (pH 7.4; 0.05M) as solvent.
From this stock solution, standard dexamethasone phosphate diso-
dium solutions (B) with different concentrations are prepared by
dilution with PBS pH 7.4.

2.5. Preparation of authentic samples solutions

Assay:content. The proposed analytical procedure is based on
the breakage of the microparticles by dissolution of the polymer
in an organic solvent and the subsequent extraction of the drug
in an aqueous phase (Thote et al., 2005; Butoescu et al., 2009).
2 mL of dichloromethane is added to approximately 15 mg, exactly
weighted, of dexamethasone phosphate disodium microparticles.
The mixture is vigorously stirred until the complete breaking of
the microparticles. Then 18 mL of water pH 4 (adjusted with acetic
acid) are added. Sample is stirred in a vortex stirrer every 5min
during 35 min in order to extract the drug from dichloromethane

http://dx.doi.org/10.1016/j.ijpharm.2013.09.026
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to the aqueous phase. Later, the aqueous phase is separated by
decantation and it is analyzed by HPLC.

Assay:dissolution. In the dissolution assay of dexamethasone
phosphate disodium microparticles approximately 15 mg (exactly
weighed) of microparticles are placed in 30 mL of PBS pH 7.4. After
three days an aliquot is withdrawn from the dissolution medium,
itis filtered through a hydrophilic PVDF syringe filter of 0.45 pum of
pore size and it is directly analyzed by HPLC.

2.6. Preparation of artificially “spiked” and “unspiked” samples
solutions

Assay:content. 2mL of dichloromethane is added to approxi-
mately 15mg, exactly weighted, of unloaded microparticles. The
mixture is vigorously stirred until the complete breaking of the
microparticles. Then 18 mL of the standard dexamethasone phos-
phate disodium solution (A) is added and the mixture is stirred in a
vortex stirrer every 5 min during 35 min. Later, the aqueous phase
is separated by decantation (spiked sample solution (A)) and it is
analyzed by HPLC.

Unspiked sample solution (A) is prepared following the same
procedure but using 18 mL of water pH 4 instead of the standard
dexamethasone phosphate disodium solution (A).

Assay:dissolution. Approximately 15mg (exactly weighed) of
unloaded microparticles are placed in 30 mL of standard dexameth-
asone phosphate disodium solution (B) in PBS pH 7.4. After three
days an aliquot is withdrawn from the dissolution medium, it is
filtered through a hydrophilic PVDF syringe filter of 0.45 wm and it
is directly analyzed by HPLC (spiked sample solution (B)).

Unspiked sample solution (B) is prepared following the same
procedure but using 30 mL of PBS pH 7.4 instead of the standard
dexamethasone phosphate disodium solution (B).

2.7. Validation protocol

2.7.1. Specificity

In order to determine the ability of both analytical procedures
to assess unequivocally dexamethasone phosphate disodium in
the presence of the other microparticle constituents which may
be present (polymer and PVA traces), standard solutions (A) and
(B) with dexamethasone phosphate disodium concentration of
30 wgmL~! and 2.5 wg mL~! respectively; spiked samples solutions
(A) and (B) with the same dexamethasone phosphate disodium
concentration that the standard solutions; and unspiked samples
solutions (A) and (B), are prepared and analyzed in triplicate by
HPLC.

Specificity is evaluated by analyzing the chromatograms
obtained, and by comparing, by means of a “t” Student’s test, the
peak area corresponding to dexamethasone phosphate disodium
obtained in the analysis of the standard and spiked samples solu-
tions.

2.7.2. Linearity and range

Linearity is established from standard solutions, with different
analyte concentration, prepared by dilution from the stock solu-
tions (A) and (B) across the following ranges (Nozal et al., 2000):

Assay:content: three stock solutions (A) are made and from each, 5
standard solutions with concentrations from 10 to 50 pg mL~'are
prepared and analyzed by HPLC, all in the same day.
Assay:dissolution: three stock solutions (B) are made and from
each, 6 standard solutions with concentrations from 0.25 to
10 pgmL-! are prepared and analyzed by HPLC, all in the same
day.

For each analytical procedure all the data obtained are evaluated
as a whole. Correlation between dexamethasone phosphate diso-
dium concentration and the area of the chromatographic peak is
statistically determined through the value of the correlation coeffi-
cient. The regression line is calculated by the least-squares method,
and the “lack of fit” test is used to statistically evaluate the linearity.
By means a “t” Student’s test of the y-intercept the proportionality
of the regression line is established (Elbarbry et al., 2006).

Calibration sensitivity is calculated from the slope of the regres-
sion line, and the discriminatory capacity (d.c) or lowest difference
of analyte concentration that the analytical procedure can detect,
is determined from the Eq. (1):
dc= % (1)

where “SDy” is the combined standard deviation of responses; f(;_1)
is the t-Student value corresponding to a probability threshold of
0.05 and the degrees of freedom of the studied sample; “i” is the
number of different concentrations used; and “b” is the slope of the
calibration curve of the analyte (Rivas et al., 2006).

2.7.3. Precision and accuracy

To evaluate precision two kinds of samples are used: homoge-
neous authentic samples and artificially prepared samples. These
artificially prepared samples are also used for the assessment of
the accuracy. Precision is considered at two levels: repeatability
(within-assay precision) and intermediate precision, where the day
of analysis is evaluated as variation source.

Artificially prepared samples: allow to assess accuracy (by com-
paring true and experimental values of analyte concentration), and
precision at different concentration levels (following ICH guide-
lines), which is not possible from authentic samples (Remiro
et al., 2010). Three spiked sample solutions (A) with dexametha-
sone phosphate disodium concentration of 10, 30 and 50 wg mL~!
(assay:content procedure) and three spiked sample solutions (B)
with dexamethasone phosphate disodium concentration of 0.25,
2.5 and 10 pgmL~! (assay:dissolution procedure) are prepared in
triplicate, and are analyzed in the same day, to evaluate repeatabil-
ity and accuracy. Results are reported as amount of analyte in the
samples and as percent recovery by the assay of the known amount
of analyte in the sample.

Authentic samples: allow to assess precision at 100% of the test
concentration. Six authentic samples solutions (A) (assay:content
procedure) and (B) (assay:dissolution procedure) are prepared
from the same dexamethasone phosphate disodium microparticles
batch and are analyzed in the same day, in order to determine
repeatability. In the next second and third days, another three sam-
ples are prepared and analyzed in the same way in order to evaluate
the intermediate precision. Results are expressed as amount of
dexamethasone phosphate disodium in the samples.

To evaluate precision the standard deviation, coefficient of vari-
ation and confidence interval of the data are calculated. Accuracy
is evaluated by comparing the amount of analyte recovery in the
samples with the true value.

2.7.4. Quantitation limit

Quantitation limit is the lowest concentration of analyte which
can be quantified with suitable precision and accuracy, and it is
calculated according to the Eq. (2):

QL=10 (%) @)

where b is the slope and SD is the standard deviation of y-intercepts
of regression line of the linearity study.

Six spiked samples solutions (B), with dexamethasone phos-
phate disodium concentration equal to the quantitation limit, are

http://dx.doi.org/10.1016/j.ijpharm.2013.09.026
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Table 1
System suitability parameters for the chromatographic method. Mobile phase: PBS (pH 7.4; 0.05 M)-acetonitrile-glacial acetic acid (70:26:4, v/v/v); pH=4+0.2; flow-rate:
1mLmin~'.
RT (min) Theoretical plates (N) Tailing factor (T) Quantification precision (RSD%)
Assay:content 5.08 9442 0.84 1.12
Assay:dissolution 5.09 9494 0.87 0.93

RT: retention time; RSD: relative standard deviation.

prepared and are analyzed in the same day, in order to check
repeatability and accuracy at the quantitation limit calculated.

2.8. Robustness of the analytical procedures

All along the development and optimization phase of the ana-
lytical procedures the influence of different analytical conditions
on the analysis reliability is evaluated.

2.8.1. pH of the mobile phase

Due to the ionic character of the analyte, the measurements
could be susceptible to variations according to the pH of the mobile
phase. Because of this, the reliability of the analysis with respect to
changes in the pH of the mobile phase is evaluated.

2.8.2. Extraction time in sample preparation

In the preparation of authentic sample solutions for
assay:content procedure, the extraction time of dexametha-
sone phosphate disodium from the polymeric organic phase to
the aqueous phase is optimized in order to guarantee that the
analytical procedure allows to quantify all the drug loaded into
the microparticles. For this, the analysis of samples at increasing
extraction times is carried out.

3. Results
3.1. Optimization of the chromatographic system

In the HPLC analysis for both analytical procedures, the
composition of the mobile phase initially used was PBS (pH
7.4;0.05M)-acetonitrile-glacial acetic acid at 75% (70:28:2, v/v/v),
with a pH value of 4.43. With these conditions dexamethasone
phosphate disodium was not suitably eluted, needing a long clean-
ing time of the column between analysis. For this reason, a rise
in the mobile phase acidity was tested, achieving the expected
results of drug elucidation when the mobile phase composition
was changed to 70:26:4; with a pH value of 4. pH changes larger
than 0.2 units leaded to dexamethasone phosphate disodium elu-
tion problems. This pH of 4 is the mobile phase pH described in
the USP for dexamethasone phosphate disodium assay, whereas
to determine the limit of free dexamethasone a higher pH (5.4) is
proposed.

With these chromatographic conditions system suitability was
determined by calculating the parameters of Table 1. As can be seen,
dexamethasone phosphate disodium retention time (RT) was very
similar in both procedures (assay:content and assay:dissolution) and
lower than the retention time depicts in the pharmacopeias (a RT
of 14min in EP method and a run time of 65 min in USP gradi-
ent method), so it is considered appropriate for a faster routine
analysis. The number of theoretical plates (N) was around 10,000,
exceeding the 900 theoretical plates recommended in the USP.
Dexamethasone phosphate disodium peak tailing factor (T) was,
in both procedures, lower than 1.6, which is the USP specification.

Finally, quantification precision was calculated from five repli-
cate injections of the analyte. For both analytical procedures, the
value obtained was lower than 1.5%, which is the maximum value

of relative standard deviation for dexamethasone phosphate diso-
dium in dosage forms according to USP.

3.2. Validation of the assay:content analytical procedure

According to ICH guideline, in the validation of an analytical
procedure for quantifying drug content the following character-
istics should be determined: linearity, range, specificity, accuracy
and precision (repeatability and intermediate precision).

3.2.1. Specificity

Fig. 1 shows the chromatograms obtained with the differ-
ent samples. All the chromatograms (from spiked and unspiked
samples), showed a mobile phase front at around 2 min. The chro-
matograms of the standard solution samples showed a single peak
ataretention time of 5 min corresponding to dexamethasone phos-
phate disodium. This peak did not appear in the chromatograms of
the unspiked samples. The chromatograms of the spiked samples
also showed a unique peak, with the same retention time that dexa-
methasone phosphate disodium. To confirm that there were not
interferences between the analyte and other substances with the
same retention present in the spiked samples, the areas of the peaks
of the standard and spiked samples were compared by a Student’s
t-test (Table 2). No significant differences were detected (p value
>0.05), which confirmed that there were not interferences with any
component of microparticle formulation in the quantification of
dexamethasone phosphate disodium.

3.2.2. Linearity and sensitivity

The linearity is evaluated in a range from 10 to 50 ugmL~!
using five dexamethasone phosphate disodium concentration lev-
els. The parameters obtained in the statistical treatment of the
results are shown in Table 3. A strong correlation between the two
variables analyzed was observed, so more than 99.5% of the vari-
ation observed in the response (Y variable) was explained by the
variation in the concentration of analyte (X variable). The Bartlet
test confirmed that the analyte concentration factor had not influ-
ence on the variance of the response (homoscedastic error), and
therefore the analysis of the regression was performed by ordi-
nary least squares, resulting in a curve characterized by the slope
and intercept depicted in the table. The correlation between the
two variables fitted a linear model as it was shown by the F- lack
of fit test (p>0.05). The low values of residual sum of squares and
residual CV also supported this linear model. The analytical method
was proportional as it was demonstrated by the Student’s t-test
(p>0.05).

Table 4 shows the results of the statistical evaluation of the sen-
sitivity. The value of discriminatory capacity obtained indicated
that the least difference in concentration of analyte that could be
detected by the analytical method (with a 95% probability) was
quite smaller than the difference between two concentrations used
in the linearity study.

3.2.3. Accuracy and precision

3.2.3.1. Optimization of the extraction of dexamethasone phosphate
disodium microencapsulated. The extraction of dexamethasone
phosphate disodium from microparticles is the critical step of

http://dx.doi.org/10.1016/j.ijpharm.2013.09.026
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Fig. 1. Chromatograms obtained in the specificity study of the assay:content analytical procedure (up) and assay:dissolution analytical procedure (down). (a) Standard
solution samples; (b) unspiked samples and (c) spiked samples. Mobile phase: PBS (pH 7.4; 0.05 M)-acetonitrile-glacial acetic acid (70:26:4, v/v/v); pH=40.2; flow-rate:
1mLmin~'.

Table 2
Statistical evaluation of the specificity. Comparison, by a Student’s t-test, of the areas of the peaks of standard and spiked samples. Analysis performed in triplicate.
Assay:content Assay:dissolution
Standard solution sample mean area (n=3) 946.64 78.75
Spiked sample mean area (n=3) 942.45 77.62
Student’s t-test (p)’ 1.406 (0.190) 0.585 (0.590)

“Statistical significance (p value lower than 0.05).

the assay:content analytical procedure. The extraction is carried water. To optimize this step different extraction solvents and dif-
out in two steps: breakage of microparticles by dissolution of ferent extraction times were tried. When water pH 4 (adjusted
the polymer in dichloromethane, and subsequent add of water to with glacial acetic acid) was used as solvent, the amount of drug
selectively extract dexamethasone phosphate from the organic to extracted was higher than when deionized water was directly used.
the aqueous phase. Then, this procedure is based on the parti- The partition coefficient dichloromethane: water pH 4 was deter-
tion of dexamethasone phosphate between dichoromethane and mined using 20 mg dexamethasone phosphate disodium and an

Table 3
Linearity statistical parameters determined from dexamethasone phosphate disodium standard solutions with different concentration levels obtained from three stock
solutions, but evaluating all the data as a whole for each analytical procedure.

Assay:content Assay:dissolution
Number of data points 15 18
Range (ngmL—') 10-50 0.25-10
Correlation coefficient (1) 0.99 0.99
Determination coefficient (r2) 99.79 99.96
“x2" Barlett test (p) 1.48 (0.5089) 2.17 (0.1670)
Residual sum of squares 5076.33 66.40
Slope “b” (AmLpug™') 28.65 30.55
Standard derivation of “b” (AmL ug') 0.36 0.14
Intercept “a” (A) -9.81 3.05
Standard derivation of “a” (A) 11.96 0.66
Residual CV (%) 0.23 1.99
“F’ ANOVA test for regression (p) 6307.47 (0.0000) 46916.4 (0.0000)
“F’ ANOVA test for linear model (p) 0.39(0.7659) 2.07 (0.1479)
“t” Student’s test for proportionality (p) 0.82(0.4268) 4.61 (0.0003)

* Statistical significance (p value lower than 0.05).
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Table 4 Table 6

Sensitivity statistical parameters determined for both analytical procedures. Param-
eters were calculated from linearity data. Analysis performed in triplicate.

Assay:content Assay:dissolution

Calibration sensitivity (AmLpg™") 28.65 30.55
Mean analytical sensitivity (mL p.g~') 1.34 9.30
Discriminatory capacity (pgmL-') 1.90 0.12

Calibration sensitivity=“b" of the regression line; mean analytical sensitiv-
ity =b/SDy; discriminatory capacity = SDy t(;_1,/b; SDy = combined standard deviation
of responses.

mg dexamethasone phosphate
disodium extracted 15mg MP
o
)

o

o
N
o

25 30 35 40 45 50
Extraction time (min)

Fig. 2. Optimization of dexamethasone phosphate disodium extraction process
from microparticles. Figure shows changes in the amount of drug extracted as
contact time with aqueous phase pH =4 increases.

organic: aqueous phase ratio of 1:9. The value of partition coeffi-
cient organic: aqueous phase obtained was 0.201 (SD=0.06, n=5).
This value highly favorable to the aqueous phase is due to at pH 4
dexamethasone phosphate is speciated essentially as a monoanion
(pKa; 6.4 and 1.89).

With regard to the extraction time, the results of dexameth-
asone phosphate disodium extraction using different extraction
times are summarized in Fig. 2. Once microparticles were broken
with dichloromethane, water pH 4 was added and samples were
stirred in a vortex agitator during 30 s every 5 min. Only after 35 min
with this discontinuous stirring the drug was completely extracted
from the polymer to the water phase.

This procedure to extract dexamethasone phosphate disodium
from microspheres was validated with the evaluation of the accu-
racy (Section 3.2.3.3) where artificially “spiked” samples were
prepared following this same procedure.

3.2.3.2. Precision: repeatability (within-day precision) and interme-
diate precision. Table 5 shows the statistical analysis conducted on

Table 5

Results of the study of precision with dexamethasone phosphate disodium authen-
tic samples in the validation of the assay:content analytical procedure. Authentic
solutions-A samples are prepared from the same dexamethasone phosphate diso-
dium microparticles batch.

Day g Dexamethasone  Mean (X) (ng) SD (pg)
phosphate 15 mg
MP

920 935 20.73

2 930 946.66 15.27

3 930 943.33 11.54

CV (%) repeatability 221

X4t SD repeatability 988.29-881.71
N (a=0.05) 13

CV (%) intermediate precision 1.81

X4+t SD intermediate precision 977.52-902.48

CV(%) repeatability = coefficient of variation of responses from day1; CV (%) inter-
mediate precision=coefficient of variation of responses from the three days;
N=number of required determinations to obtain a result with a precision of 95%.

data of the repeatability study carried out with artificially prepared
samples. The result of the Barlett test, with p >0.05, indicated that
the analyte level did not influence on the variance of the response.
Thus, all the data were pooled and a global coefficient of variation
(CV) and confidence interval were calculated as a measure of preci-
sion. The global CV value was considered suitable according to The
Association of Official Analytical Chemists (AOAC), which proposes
alimit value of coefficient of variation of 2.8% when the analyte con-
centration in the samples is within 1-10% (estimated percentage
of dexamethasone phosphate disodium inside the microparticles)
(Aguirre, 2001). This CV value was even lower when authentic
samples were analyzed (Table 6). From this value, the number of
required determinations (n) to obtain a precise result can be cal-
culated. This “n” value for a 95% acceptance level is lower than 2.
Then, in the routine analysis, two determinations of each sample
would be enough to get a precise result.

The results of the intermediate precision study are also shown
in Table 6. The day of analysis is the variation source analyzed. The
coefficient of variation obtained from the measurements conducted
in different days was lower than the coefficient of variation of the
repeatability study (samples analyzed the first day), so it can be

Repeatability and accuracy statistical analysis with artificially prepared samples in the validation of the assay:content analytical procedure. Three spiked samples are prepared

in triplicate and are analyzed in the same day.

Actual drug content (g 15 mg MP) Estimated drug content (j.g) Recovery R (%) Mean recovery (%) SD (%)
200 205.72 102.86 100.08 241
197.10 98.55
197.66 98.83
600 594.48 99.08 99.89 1.17
596.10 99.35
607.44 101.24
1000 1024.4 102.44 100.06 2.46
975.3 97.53
1002.2 100.22
Bartlett’s test (p)’ 1.2 (0.6274) “F’ anova ()’ 0.01 (0.9925)
SD (%) 1.82 Mean R(%) 100.01
CV (%) 1.82 R+"t"SD 104.2-95.82
“t” k=100 (P)’ 0.0177 (0.9863)

SD: standard deviation of recovery; CV: coefficient of variation of recovery; “t” g-100: t-Student value for a theoretical recovery of 100%; "statistical significance (p value lower

than 0.05).
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Fig. 3. Graphic representation of analyte recovery against actual analyte in samples
in the assay:content analytical procedure. The mathematical correlation between
both variables is used to establish the accuracy of the method. Samples analyzed in
triplicate. r2: determination coefficient; SD, = standard deviation of the slope.

concluded that the day of analysis did not influence the precision
of the analytical method.

3.2.3.3. Accuracy. Accuracy was assessed by analyzing artificially
prepared samples over three drug levels. The values of percentage
of dexamethasone phosphate disodium recovery and the statistical
parameters of the accuracy study are shown in Table 5. The influ-
ence of the drug level on the drug recovery was evaluated through a
one-way analysis of variance (ANOVA). Since the probability value
(p) of the F-test was greater than 0.05, there were not statistically
significant differences among the drug recovery from the samples
with different drug level. Then, all the data were pooled and one
average recovery from the three analyte levels was calculated. This
value was quite near 100%, and its confidence interval included
100%. The Student’s test also confirmed that the mean value of
percent recovery did not differ from 100%.

When the relationship between drug recovery and actual drugin
the samples was evaluated, a straight line was obtained with a slope
very close to 1.0 (Fig. 3), what also demonstrated that, according to
USP, the method met the accuracy acceptance criterion.

3.3. Validation of the assay:dissolution analytical procedure

According to ICH guideline, the validation characteristics which
should be considered for the validation of an analytical proce-
dure for content and for dissolution are the same. However, USP
makes a difference in such a way that in the validation of analytical
procedures for determination of performance characteristics (e.g.
dissolution) only information of precision is required. In spite of
this, in the validation of the assay:dissolution analytical procedure
for dexamethasone phosphate disodium microparticles, specificity,
linearity, range, accuracy and quantitation limit were also studied.

3.3.1. Specificity

Specificity was evaluated in order to verify the lack of inter-
ferences of soluble constituents of the microparticles in the
quantitation of drug released.

Fig. 1 shows the chromatograms obtained from standard solu-
tion samples (B), samples prepared from unloaded microparticles
after 3 days in dexamethasone phosphate disodium solution (B)
(“spiked sample”) and samples prepared from unloaded micro-
particles after 3 days in dissolution medium (“unspiked sample”).
Dexamethasone phosphate disodium peak appeared at a retention
time of 5min in the chromatogram of the standard and spiked
samples. In the chromatogram of the unspiked samples only the
mobile phase front was detected. The Student’s t test (Table 2) indi-
cated that there was no significant difference between the area of
dexamethasone phosphate disodium peak of the standard and the

spiked samples, which confirmed that there were not interferences
with any soluble component of microparticles or of the dissolu-
tion medium in the quantification of dexamethasone phosphate
disodium released from microparticles.

3.3.2. Linearity and sensitivity

Linearity was evaluated across a range established according to
the anticipated drug concentrations in release tests, and using the
dissolution medium as solvent of the samples.

A very wide interval of concentrations was set with a very low
lower limit (0.25-10 pg mL~'), with the aim of detecting low con-
centrations of drug released in the dissolution medium. Six analyte
concentrations were used to cover all this range. According to ICH,
the range for dissolution testing should be +20% over the speci-
fied dissolution range. There is not a standard procedure for drug
release testing of controlled drug delivery systems, but in USP it is
established that at least three test times should be chosen to char-
acterize the in vitro drug release profile: an early time point, to
evaluate dose dumping; an intermediate time point, to define the
in vitro release; and a final time point to show essentially complete
release of the drug. In parenteral preparations, where the drug is
released during time periods of months or even years, several test
times should be established to define the release profile; and in
each sampling time, the release medium is withdrawn and replaced
with fresh medium in order to keep sink conditions during all the
tests. Thus, the analytical procedure for release-dissolution test-
ing should cover values of drug concentration lower than 10-20%
of the label claim. In this situation the quantitation limit of the
analytical procedure was used to establish the lower limit of the
range.

The results of the study of the linearity are shown in Table 3.
A strong correlation between the two variables analyzed was
observed, since almost 100% of the variation observed in the
response was explained by the concentration of analyte variation.
The correlation between the two variables fitted a linear model as
it was proved by the F-lack of fit test (p>0.05). The low values of
residual sum of squares and residual CV also supported this lin-
ear model. The analytical method was not proportional as it was
demonstrated by the Student’s t-test (probability value lower than
0.05). This lack of proportionality of the method will oblige to use
a calibration curve in the routine analysis of samples instead on a
single standard solution sample.

Table 4 shows the results of the statistical evaluation of the sen-
sitivity. The value of discriminatory capacity indicated that the least
difference in concentration of analyte that could be detected by the
analytical method (with a 95% probability) was quite smaller than
the difference between two concentrations used in the linearity
study.

3.3.3. Accuracy and precision
3.3.3.1. Precision: repeatability (within-day precision) and interme-
diate precision. The statistical analysis of data of the repeatability
study conducted on artificially prepared samples is shown in
Table 7. As a measure of precision, the global coefficient of varia-
tion (CV) and confidence interval were calculated by pooling all the
data. The global CV value (1.35%) was considered suitable according
to The Association of Official Chemists Analytical, which proposes a
limit value of coefficient of variation of 2.7 when de analyte concen-
tration in the samples is within 1and 10 (estimated dexamethasone
phosphate disodium concentration in the release medium) This
value of CV was even lower when authentic samples were analyzed
(Table 8). From this CV the number of required determinations (n)
to obtain a precise result for a 95% acceptance level was calculated,
resulting in a value lower than 2.

Table 8 also shows the results of the intermediate precision
study, these results can be concluded that the day of analysis does
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Table 7

Repeatability and accuracy statistical analysis with artificially prepared samples in the validation of the assay:dissolution analytical procedure. Three spiked samples are

prepared in triplicate and are analyzed in the same day.

Actual drug concentration (ugmL~") Estimated drug concentration (pgmL™") Recovery R (%) Mean recovery (%) SD (%)
0.25 0.248 99.37 99.37 13
0.244 97.63
0.252 101.12
0.251 100.56
0.246 98.39
0.247 99.15
25 2,55 102.09 100.04 1.85
2.46 98.48
2.49 99.57
10 10.12 101.25 99.92 1.31
9.86 98.62
9.98 99.89
Bartlett’s test (p)” 1.04 (0.9034) F anova (p) 0.14(0.8717)
SD 135 Mean R 99.68
CV (%) 135 R+tSD 102.65-96.71
“t"g=100 (P)’ 0.820 (0.4296)
CV (%) x-025 1.31
“t x=025 (D)’ 1.19(0.2875)

SD: standard deviation of recovery; CV: coefficient of variation of recovery; “t"g-100: t-Student value for a theoretical recovery of 100%; CV (%)x-0.25, “t"x-0.25: statistical
parameters at the quantitation limit of 0.25 p.g mL~'; “statistical significance (p value lower than 0.05).

Table 8

Results of the study of precision with dexamethasone phosphate disodium authentic samples in the validation of the assay:dissolution analytical procedure. Authentic
solutions-B samples are prepared from the same dexamethasone phosphate disodium microparticles batch.

Day Dexamethasone phosphate concentration (g mL™!)

Mean (X) (gmL-") SD (pgmL-1)

1 3.7
3.61
3.64
3.58
3.66
3.62

2 3.58
3.63
3.66

3 3.64
3.56
3.62

CV (%) repeatability

X+t SD repeatability

N (a=0.05)

CV (%) intermediate precision

X+t SD intermediate precision

3.64 0.04

3.63 0.04

3.61 0.04

1.18
3.75-3.53
0.37

1.1
3.72-3.55

CV (%) repeatability = coefficient of variation of responses from day1; CV (%) intermediate precision = coefficient of variation of responses from the three days; N=number of

required determinations to obtain a result with a precision of 95%.

not affect the precision of the analytical method and the CV mea-
surement obtained on different days is similar to the CV of the
repeatability study.

3.3.3.2. Accuracy. The results of the statistical analysis of the accu-
racy study conducted with three analyte levels are shown in Table 7.
According to F value of ANOVA, there were not statistically signifi-
cant differences among the estimated drug concentration from the
samples with different drug level. Thus, all the data were pooled
and an overall mean value with its standard deviation and coeffi-
cient of variation were calculated. This mean value was near 100%
and its confidence interval included 100%. The Student’s test also
confirmed that the mean value was not statistically different from
100%.

Fig. 4 shows the relationship between estimated and actual drug
concentration in the samples. A strain line was obtained with a
slope close to 1, and therefore it could be concluded that the pro-
cedure met the USP accuracy requirements.

3.3.4. Quantitation limit
The value of quantitation limit calculated from the values of
slope and y-intercepts standard deviation of the regression line

o 12
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E 10 12=99.98
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Fig. 4. Graphic representation of estimated drug concentration versus actual ana-
lyte concentration in the assay:dissolution analytical procedure. The mathematical
correlation between both variables is used to establish the accuracy of the method.
Samples analyzed in triplicate. r2: determination coefficient; SDj, = standard devia-
tion of the slope.
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of the linearity study was of 0.22 pgmL~!, and from it, a quan-
titation limit and lower value of the range of 0.25 wgmL~! was
established. This value corresponded to a percentage of dexameth-
asone phosphate disodium released from microparticles lower than
1%. Therefore, the analytical procedure developed allows the deter-
mination of dexamethasone phosphate disodium released at the
earliest times of the dissolution-release assay.

To evaluate with more reliability the precision and accuracy at
the quantitation limit (0.25 wg mL~'), six artificial “spiked” samples
were prepared and analyzed. The results are also shown in Table 8.
The low values of coefficient of variation, lower than 2%, and the
Student’s t (p>0.05) confirmed the precision and accuracy of the
analytical procedure at the quantitation limit.

4. Conclusion

A protocol for the validation of analytical methods for the
quantification of drugs in polymeric systems for parenteral admin-
istration has been designed, according to the USP and ICH
guidelines but adapted to the intended use of the analytical
methods: one of them is intended to the quantification of drug
content into microparticles (assay:content test) and the other one is
intended to the quantification of drug released from microparticles
(assay:dissolution test) taking into account that the systems are
developed for their parenteral administration.

To quantify microencapsulated dexamethasone phosphate
disodium a previous extraction step is defined where the solvent
and the extraction time that guarantee the complete recovery of the
drug loaded into the microparticles are critical variables. The speci-
ficity, linearity, proportionality, precision and accuracy have been
assessed in the dexamethasone phosphate disodium range from
10 to 50 pg mL-! (assay:content analytical procedure) and in the
range from 0.25 to 10 pgmL~! (assay:dissolution analytical pro-
cedure) using artificially prepared samples and authentic samples.
The proposed analytical procedures are suitable for their intended
purpose, but the lack of proportionality of the assay:dissolution
analytical procedure should be taken into account.

As a response to the rising develop and approval of micro-
particles as controlled delivery systems for the administration
of drugs, the validation protocol designed in this work should
be useful to the validation of any analytical procedure for the
quantification of drugs formulated in controlled release polymeric
microparticles for parenteral administration.
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Abstract

Glucocorticoids (GCs) and dexamethasone (dex) play a central role in the treatment of
lymphoid malignancies, particularly acute lymphoblastic leukaemia (ALL). Preclinical
studies have shown that GCs also affect cell differentiation, proliferation and apoptosis
of osteosarcoma cells, hepatoma cells, mammary tumour cells, glioma cells, melanoma
cells and thyroid cancer cells. The proliferation and apoptotic effects of GCs are cell
type-specific as well as time and concentration dependent. The aim of this work was to
improve chemotherapy protocols developing controlled drug delivery systems by using

polymeric and lipid microparticles as controlled drug delivery systems of dex.

The optimisation of both microparticle elaboration methods resulted in polymeric and
lipid microparticles with optimal sizes for parenteral administration, and with high
encapsulation efficiency and drug loading. In vitro assays showed, on one hand, that
polymeric microparticles had a slow and sustained dex release for more than a month.
On the other hand, lipid microparticles dex release was faster, reaching 100% of drug
released within 24 h. Characterisation of the cytotoxic effect on PC12 cells was carried
out by cell proliferation and apoptosis assays. After a single administration of loaded
microparticles, the cellular death rate for 26 days was similar to that obtained with the
dex solution administered for 48 h. Dex solution and loaded polymeric microparticles
induced apoptosis around 15.8% and 19.9%, respectively, after 2 days of incubation;
and cell cycle arrest at G2 phase was detected. These results allow us to propose loaded
polymeric microparticles as an alternative to the current dex administration systems in
combined chemotherapy. Lipid microparticles induced cell death similar to dex
solution administered every 48 h for 3 days assays; however, there was a statistically
significant increase in apoptosis induction in PC12 cells compared with the dex
solution; and beside, significant antiproliferative effects on PC3 cells in contrast to the
dex solution. These results allow us to propose these dex lipid microparticles as a

possible tool to revert GC resistance.
Keywords

Dexamethasone, Polymeric  microparticles, Lipid microparticles, Apoptosis,
Cytotoxicity.
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1. Introduction

Glucocorticoids (GCs) are wused in therapeutics as anti-inflammatory and
inmunosuppressive agents. Due to their ability to induce cell cycle arrest and cell death,
these agents have a central role in the treatment of lymphoid malignancies, particularly
acute lymphoblastic leukaemia (ALL) and multiple myeloma (MM). Indeed,
dexamethasone (dex), a potent synthetic glucocorticoid, is a part of all combined
chemotherapy protocols, for its strong apoptosis-inducing effect on malignant
lymphoblasts [1], with an important synergic effect in combination with drugs such as
bortezomib, rituximab or lenalidomide. In addition to their cytotoxic effect on
haematologic malignancies, preclinical studies have shown that GCs also exert effects
on cell differentiation, proliferation and apoptosis of osteosarcoma cells [2], hepatoma
cells, mammary tumour cells, glioma cells, melanoma cells and thyroid cancer cells [3].
In spite of the high effectiveness of dex treatment in ALL, mainly in children, GC
resistance occurs in 10-30% of untreated patients, being more frequent in T-lineage
than B-precursor acute lymphoblastic leukaemia. Furthermore, systemic administration
of high doses of dex are required for inducing tumour cell apoptosis but causes severe
side effects such as osteoporosis, Cushing’s syndrome or an increased risk of infections
[4]. Even though most combined chemotherapy protocols currently used in clinics
include dex at high doses, recent clinical investigations on the efficacy of dex in
refractory multiple myeloma have shown synergic effects of low doses of this GC

combined with pomalidomide or lenalidomide [5,6].

The apoptotic effect of GCs is cell type-specific and time and concentration dependent
[7]. GCs mediate most of their effects via their receptor (GR), a ligand-activated
transcription factor. The GR is expressed in almost every cell in the body and regulates
genes controlling development, metabolism, and the immune response. The unbound
receptor is complexed with a variety of proteins in the cytoplasm of cells. Upon GC
binding, proteins are released and the GR migrates to the nucleus where it is involved in
the regulation of gene transcription by two main mechanisms: transactivation and
transrepression [8]. Transactivation occurs by direct binding of GR dimers to
Glucocorticoid Response Elements arround the target genes and generally results in a

potentiation of transcription [8]. Activated GR can also complex with other
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transcription factors preventing them from binding their target genes and, hence,
repressing the expression of genes that are normally upregulated. This indirect

mechanism of action is referred to as transrepression.

It seems that GC-induced apoptosis critically depends on sufficient levels of GR and a
subsequent alteration in gene expression. However, the precise nature of the GC-
regulated genes responsible for the apoptotic effects remains elusive [9]. Mitochondria
are important death signal integrators and key organelles involved in the onset of the
intrinsic apoptotic pathway [10]. Dex induces changes in mitochondrial membrane
properties [11] that together with the reduced expression of mitochondrial transporters
of substrates and proteins may lead to repressed mitochondrial respiratory activity and

lower ATP levels that contribute to GC-induced apoptosis.

The mechanisms that underlie the development of GC resistance are also poorly
understood and likely vary with disease type, treatment regimen and genetic background
of the patient. Resistance to GC therapy may occur if inactive GRs are present in the
vast majority, if the members of the ABC-transporter family are overexpressed or if the
apoptotic pathway is inhibited [12]. An increasing numbers of reports indicate that
activation of the mammalian target of the rapamicin (mTOR) signalling pathway may

contribute to GC resistance in haematological malignancies [1].

In conclusion, the complex pattern of GC-induced cell death warrants further
investigation, and there must be more efforts to improve therapy protocols and revert
GC resistance.

PC12 cells are derived from a pheochromocytoma of the rat adrenal medulla and can be
differentiated into a neuronal phenotype by stimulation with nerve growth factor.
Functional GR expression in PC12 cells has been reported [13,14]. Because GCs
upregulate catecholamine-synthesizing enzymes and storage proteins [15-17], dex has
been extensively used to improve catecholamine secretion in PC12 cells [18]. The
concentrations employed range from 1 to 5 uM [19,20] with different time exposures,

but no cytotoxic effects were reported for dex.

The aim of this work was to improve chemotherapy protocols with dex by developing
controlled drug delivery systems, and to evaluate the effect of these systems on dex

effectiveness as an apoptotic drug and their ability to revert GC resistance for
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chemotherapy purposes. Thus, we have developed two types of microparticles, by using

polymeric or lipid carriers, for parenteral administration of dex.

Microparticles could improve the dosage of dex, reducing the number of
administrations and improving patient compliance. But more importantly,
microparticles could also improve treatment effectiveness and reduce GC side effects by
providing a suitable pharmacokinetic drug release profile [21]. Indeed, these systems
could allow an extended drug release (for weeks or months after an unique
administration) while degrading [22], providing controlled constant blood levels of drug
and avoiding the pharmacokinetic peak trough fluctuations characteristic of
conventional formulations. With this in mind, polymeric microparticles were elaborated
by an emulsion solvent extraction/evaporation technique using biocompatible and
biodegradable polymers derived from lactic and glycolic acids (PLGA). In addition,
lipid microparticles have also been developed as additional efficient drug carriers to
protect the integrity, stability and functionality of dex [23]. They were elaborated by a
spray drying technique, which avoids the use of organic solvents [24]. Although both
microencapsulation techniques are conceptually simple, a large number of formulations
and process variables can affect the properties of the microparticles [25]. Thus, for
parenteral administration, it is important to take into account that microparticle size has
to be smaller than 100 um to allow their injection with a conventional needle, but larger

than 10 um to avoid macrophage phagocytosis [26].

The characteristics of the polymeric and lipid microparticles that were determined
included size, dex loading and encapsulation efficacy, drug disposition into
microparticles, compatibility and in vitro controlled release. Furthermore, the cytotoxic
effects and apoptotic activity of dex was tested using PC12 cells, comparing the results
obtained after a single administration of polymeric and lipid microparticles with those
obtained with dex solution administration for 48 h. Finally, the possibility that lipid

carriers facilitate the suppression of GC cell resistance was also investigated.
2. Material and Methods
2.1. Material

Dexamethasone 21-phosphate, polyvinyl alcohol (PVA, Mw=30,000-70,000), albumin

from chicken egg, Thiazolyl Blue Tetrazolium Bromide and propidium iodide were



66

CAPITULO 3. Resultados: Publicaciones derivadas del trabajo realizado

obtained from Sigma- Aldrich (Madrid, Spain). PLGA Resomer RG502 and RG504H
were provided by Boehringer Ingelheim (Barcelona, Spain), Dichloromethane (DCM)
(HPLC grade), acetonitrile, potassium dihydrogen phosphate, disodium hydrogen
phosphate dehydrate, methanol, acetic glacial acid, ethanol, sodium chloride, lactose,
mannitol and threalose were provided by Panreac (Barcelona, Spain). Lipoid E80 (egg
phospholipids with 80% phosphatidylcholine) was a generous gift from Lipoid GmbH
(Switzerland). Distilled demineralised Milli-Q® water (Millipore, Madrid, Spain) was
used. PC12 and PC3 cell lines obtained from American Type Culture Collection
(ATCC). Dulbecco’s Modified Medium (DMEM), fetal bovine serum, horse serum, L-
glutamine, penicillin-streptomycin, Roswell Park Memorial Institute medium (RPMI)
1649 and phosphate buffer solution (PBS) were provided by Life Technologies
(Madrid, Spain).

2.2. Methods

2.2.1. Microparticle preparation

Polymeric microparticles were prepared by the oil-in-water (O/W) emulsion-solvent
evaporation method using PLGA 50:50 copolymers. Briefly, the organic phase consists
of a 500 mg polymer and 0.5 ml of dex solution (100 mg/ml) in methanol, dissolved in
5 ml of a volatile organic solvent. The organic phase was emulsified by stirring in an
aqueous phase with PVA and NaCl. Later, vigorous stirring was maintained at 500 rpm
for 2.5 h in order to allow suitable evaporation of the organic solvent and hardening of
the microparticles. The microparticles were collected by filtration (through a 5 pum
Millipore® SMWP membrane filter) and washed with distilled water. Finally, the
microparticles were freeze-dried at 200 mT (Flexi-Dry MP, FTS® Systems, NY, USA)
and were stored at 4 °C. Different experimental conditions were evaluated, and the

details of each condition are summarised in Table 1.
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Organic phase Aqueous phase Stirring rate
Organic Solvent  Polymer Volume Composition
Protocol 1 45 ml DCM RG502 100 ml 1% PVA, 1 N NaCl 800rpm
Protocol 2 3ml DCM RG502 100 ml 1% PVA, 1 N NaCl 800rpm
Protocol 3 3 ml Chlorofom RG502 100 ml 1% PVA, 1 N NaCl 800rpm
Protocol 4 3ml DCM RG502 50 ml 1% PVA, 1 N NaCl 800rpm
Protocol 5 3 ml DCM RG502 100ml 0.5 % PVA, 0.5 N NaCl 800rpm
Protocol 6 3 ml DCM RG502 100 ml  0.25 % PVA, 0.25 N NaCl 1200rpm
Protocol 7 3 ml DCM RG504H 100ml  0.25 % PVA, 0.25 N NaCl 1200rpm

Table 1: Experimental conditions evaluated in the optimization of the elaboration

procedure of polymeric microparticles.

Lipid microparticles were obtained by spray drying. A spray drier (B-191, BUCHI)
equipped with a 0.7 mm diameter fluid nozzle was used. The spray drying parameters
were fixed at an air-flow rate of 800 I/h, feed-flow rate of 50%, inlet temperature of 110
°C, outlet temperature of 50-55 °C and aspiration at 100%. Lipoid and dex were
dissolved in ethanol, and ovoalbumin and lactose in water. Aqueous and ethanolic
solutions were then mixed (30/70, v/v), and the mixture was maintained under moderate
stirring while fed into the spray dryer. The total amount of solids used was 2 g/l, of
which 10% were dex and 90% were excipients. The powder obtained was stored at 4-8
°C. To optimise the process, different lipoid proportions and sugar types were

employed, maintaining ovalbumin and sugar at the same ratio.

For all of the microencapsulation process, the yield was calculated as a percentage by

dividing the mass of the powder collected by the initial mass of solids in the solution.

2.2.2.Microparticle characterisation

2.2.2.1. Morphology and size
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The surface and shape of the microparticles were examined by scanning electron
microscopy (SEM) (Jeol-JSM-6400 Electron Microscope Tokyo, Japan). The samples
were deposited on aluminium stubs with a carbon tape and were coated with gold under
vacuum (Emitech K550X, Eitech Ltd., UK). The particle size of the microparticles was
measured by laser diffraction (Microtrac® SRA 150 Particle Size Analyser, Leeds &
Northrup Instruments, Ireland), after dispersing the particles in water. The volume mean

diameter was calculated. Each sample was measured in triplicate.
2.2.2.2. Drug disposition into the microparticles and compatibility

The drug excipients’ compatibility, as well as the physical state of the drug within the
microparticle, were evaluated by differential scanning calorimetry (DSC). DSC scans
were carried out using a Mettler-Toledo DSC820 with a Huber TC100 intracooler
(Madrid, Spain) calibrated with indium. The samples were heated in pin-holed sealed
aluminium pans under an inert nitrogen atmosphere at a flow rate of 70 mL/min. With
polymeric microparticles, thermal events were measured in the second heating cycle of
the following heat—cool-heat loop: the sample was heated from 20 to 80 °C, held
isothermally for 2 min, quenched from 80 to 20 °C, held isothermally for 2 min and
heated from 20 to 280 °C. The rate of heating and quenching was 10 °C/min. Lipid
microparticle DSC runs were conducted from 0 to 280 °C at a rate of 5 °C/min. Samples
of pure drug, raw excipients, drug:excipients physical mixtures, unloaded and loaded

microparticles were analysed in triplicate.
2.2.2.3. Drug loading and encapsulation efficiency

High performance liquid chromatography (HPLC) was used for the quantification of
dex inside the microparticles. The HPLC system consisted of a quaternary pump, an
automatic injector, an ultraviolet/visible detector, a vacuum degasser and an oven, all
from 1200 series Agilent Technologies (Madrid, Spain). The method, adapted from that
of Thote et al. [27] was previously validated. The mobile phase was a mixture of PBS
0.05 M (pH 7.4):acetonitrile:glacial acetic acid (70:26:4 v/v, pH = 4 £ 0.2), and a flow
rate of 1 mL/min was fixed. Samples of 20 uL were injected and detected at 244 nm.
The analytical column was a Tracer Excel 120 ODSB 5 pum, 15 x 0.46 cm

(Teknokroma, Barcelona, Spain). The retention time of dex was 5 min.
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To determine the amount of dex encapsulated in the polymeric microspheres, 15 mg of
microparticles was dissolved in 2 mL of DCM. The mixture was vigorously stirred until
the complete breaking of the microparticles. Then, 18 ml of water at pH 4 (adjusted
with acetic acid) was added. The sample was stirred in a vortex stirrer every 5 min for
35 min in order to extract all the drug [27,28]. Later, the aqueous phase was diluted and
analysed by HPLC. In the case of lipid microparticles, 5 mg of microparticles was
dissolved in 2 ml of ethanol. After sample sonication for 1 min, it was centrifuged at
5,200 rpm for 5 min to eliminate the excipients that were not soluble in ethanol. Then,
500 ul of the supernatant was diluted in 4.5 ml of methanol (1:10) and analysed by
HPLC. The amount of dex was determined using a calibration curve constructed over

the range of 5-50 pg/ml (r = 0.99). All measurements were conducted in triplicate.

The dex content in the microparticles was expressed as mg of dex in 100 mg of

microparticles. The entrapment efficiency was calculated using Eq. (1).

actual Dex : Polymer ratio

EE(%) = 100

initial Dex : Polymer ratio ’
2.2.3.1In vitro dex release from microparticles

In vitro release of dex from microparticles was carried out under sink conditions.
Briefly, 5 mg of microparticles was weighed, suspended in 10 ml of PBS pH 7.4 in
closed vials, and immersed in a thermostatic shaking water bath (Clifton® NE5-28,
United Kingdom) at 37 °C with continuous agitation (50 strokes/min). At specific time
intervals, 8 mL of the supernatants was withdrawn, filtered through 0.45 pm nylon
filters (Teknokroma®, Barcelona, Spain) and analysed for dex content by HPLC (as
described above). The amount of dex released was determined using a calibration curve
constructed over the range of 0.25-10 pg/ml (r = 0.99). The withdrawn volume was

immediately replaced with an equal volume of fresh and pre-warmed medium.

2.2.4.Evaluation in cell cultures
224.1. Cell cultures

The PC12 cell line was maintained as a monolayer in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 7.5% fetal bovine serum, 7.5% horse serum, 1%

L-glutamine and 0.1% penicillin-streptomycin and PC3 cell line was maintained as a
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monolayer in Roswell Park Memorial Institute medium (RPMI) 1649 supplemented
with 10% fetal bovine serum and penicillin-streptomycin-amphotericin B 25 mg/mL.
Cells were incubated at 37 °C in a humidified chamber in an atmosphere containing 5%
CO[29].

2242, Cell proliferation assay

PC12 cells were seeded in 48-well plates and treated with different concentrations of
dex (3-1000 uM) for 1, 2 and 3 days to determine the cytotoxic effect of the dex
solution. The cytotoxic effect of dex released from the polymeric microspheres cannot
be determined directly by adding dex-loaded microspheres to the cell culture because
the polymeric microparticles have dex release times of up to 30 days, and cell cultures’
maximum life is approximately 6—7 days. To solve this problem, parallel in vitro release
assays were carried out, as previously described, employing sterile PBS pH 7.4 as the
release medium, which was withdrawn and replaced by fresh medium at predetermined
time intervals to maintain sink conditions during all of the assays. When target days
were reached, the release medium was withdrawn and replaced with a fresh culture
medium, adding this suspension of microparticles in culture medium to the cell culture.
Once the microparticles were added, the culture was maintained for 6 days, and the
resulting effects on cell proliferation were compared with that obtained with a daily dex

solution administration during the same time interval.

As dex release from lipid microparticles occurred within two-three days, the cell
proliferation assay was carried out directly by adding dex lipid microparticles to the cell
culture and comparing the results obtained after three days of incubation with those

obtained after daily administration of dex solution.

To assess the mitochondrial function of cells, bromide (3-[4, 5-dimethyltiazol-2- yl]-2,
5-diphenyl) (MTT) reagent was added to each well for 1 h at 37 °C, and formazan
crystals were formed; then, dimethylsulfoxide (DMSO) was added to dissolve the
crystals. After resuspending the content of the wells, the optical density (OD) was read
using an Elisa reader at 550 nm (Berthold Detection Systems, Sirius). Phenylarsine
oxide (PAO) at 10 pM was used as a positive control for cell death. Cell viability,
expressed as a percentage of the control, was calculated with the following equation:
viability = (OD test/OD control) x100. Each result described is based on 6 to 12

different determinations.

10
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2.2.4.3. Apoptosis assay

PC12 cells were seeded in 6-well plates. After 24 h, cells were treated with 10 uM of
dex, with the polymeric or lipid microparticles, or with 1 M staurosporine as a positive
apoptosis control for different time periods. Treated cells were fixed in 70% ethanol and
DNA was stained with propidium iodide (P1) at a final concentration of 20 mg/ml. The
number of apoptotic cells (DNA content < 2n) was determined by flow cytometry
(FC500 MLP, Beckman Coulter). The percentage of the apoptotic cells in the sub-G1
fraction was determined using CXP analysis software. Each result described was based
on 6 to 12 different determinations [29].

2.2.5. Statistical analysis

Statistical analysis of data was made by Statgraphics® and GraphPad Prism v. 5.0
assuming sample homogeneity. Different formulations and different treatments were
compared by ANOVA tests. Differences in p values below 0.05 were considered

statistically significant. Mean values + standard deviations are shown.
3. Results
3.1. Polymeric microparticle preparation and characterisation

The microencapsulation procedure developed was reproducible, with process yields for
the different protocols tested above 82%, except in protocol 3, where the yield was
lower (Table 2). In most of the cases, the resulting microparticles were spherical,
individualized, nonporous, and uniform, with a smooth surface without hollows or

deformations (Fig. 1).
3.1.1. Optimisation of the microparticle preparation procedure

Initially, DCM was selected as the organic solvent. The organic solvent volume was
adjusted (protocols 1 and 2) to improve the extraction of such solvent during
microsphere formation. Solvent extraction-evaporation leads to polymer precipitation
encapsulating the drug. Therefore, the faster the solvent is evaporated the faster the
polymer precipitation is and the higher the drug loading that can be obtained [30].
Nevertheless, in our study the reduction in solvent volume did not lead to an
improvement in the drug loading (Table 2), nor did it result in any morphological

alteration of the microparticles (Fig. 1).

11
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DCM was substituted by chloroform in protocol 3. Many authors describe that the use
of organic solvents with good miscibility in water, such as chloroform, improves
microparticle drug loading [31-33]. In our study, this change resulted in microparticles

with a more irregular surface (Fig. 1), increasing microparticle aggregation and

lowering microparticle drug loading (Table 2).

Figure 1. SEM images of polymeric microparticles obtained under different
experimental conditions (scale bar = 200 pm). Microparticles obtained in protocol 1 (a);
protocol 2 (b); protocol 3 (c); protocol 4 (d); protocol 5 (e); protocol 6 (f); and protocol
7 (9). Representative microphotographs of the seven types of polymeric microparticles

are shown.

In order to increase drug loading, the volume of the aqueous phase was reduced
(protocols 2 and 4) looking for limiting drug diffusion to the external aqueous phase
during solvent removal. Nevertheless, the improvement in drug loading obtained was

not significant (Table 2).

The decrease of PVA concentration in the external aqueous phase (from 1% PVA in
protocol 2 to 0.5% PVA in protocol 5) resulted in an increase in drug loading but also to
an increase of microsphere size (Table 2). Indeed, PVA acts as a stabilizer, reducing the
surface tension between the aqueous and organic phases and, thus, facilitating internal
organic phase dispersion in smaller droplets [31]. On the other hand, a high
concentration of PVA favours dex diffusion to the aqueous phase, thus, decreasing drug
loading and encapsulation efficiency. To increase drug loading while maintaining a
microsphere size of less than 100 um, the PVA concentration was reduced by up to

0.25%, while the stirring speed during emulsion formation was increased (protocol 6).

12
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Finally, protocol 7 is the same as protocol 6, but the characteristics of the polymer are
slightly different. In both cases, poly(dl-lactide/glycolide) 50:50 copolymers were used
but with different molecular weights and, therefore, different inherent viscosities
(RG504H > RG502). In addition, the RG504H resomer contains carboxylic acid in
chains and hydrates faster, showing a faster degradation in vitro than the non-H one. A
large increase in microparticle size was observed when the RG504H copolymer was
used, exceeding 100 pum, probably due to the less diffusion of this higher viscosity
polymer through the PVA external solution [33]. Furthermore, microparticle drug
loading was reduced (Table 2), maybe due to both the longer contact time between dex
and the external phase, and the higher porosity of the microparticles (as described in the
bibliography); although in the SEM images, modifications in the surface of these

microspheres (Fig. 1g) were not observed [25].

Yield (%) Volume mean Drug loading Encapsulation

diameter (mg DEX /100 mg MPs)  efficiency (%)
Protocol 1 90.06 66.06+32.04 2.98+0.20 30.62+2.11
Protocol 2 92.12 73.31+30.89 2.89+0.18 29.79+1.91
Protocol 3 63.23 83.59+48.95 1.53+0.10 15.48+1.05
Protocol 4 81.88 81.34+37.41 3.25+0.24 33.48+2.51
Protocol 5 95.68 92.81+41.55 5.79+0.29 61.51+3.18
Protocol 6 97.08 59.69+22.35 7.30+0.26 78.84+2.86
Protocol 7 93.05 135.26+52.53 4.63+0.29 48.19+3.09

Table 2. Microparticle characteristics obtained from the different protocols of table 1.

Together, these results led to the conclusion that protocol 6 was the Dbest
microencapsulation procedure to elaborate polymeric microparticles, achieving
microparticles with an optimal size and morphology for parenteral administration, and

with high encapsulation efficiency and drug loading.
3.1.2. Drug disposition into the microparticles and compatibility

DSC thermograms of pure dex, raw R502 polymer, a mixture of RG502:dex and
microparticles are shown in Figure 2. The DSC trace of pure dex showed two peaks
near 100 °C, which correspond to linked water molecules and free water molecules,
respectively. A sharp and large exothermic peak was also observed at 228.05 °C, which

corresponds to the drug melting point with an enthalpy of fusion of AHm = -77.8 J/g.

13
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Raw polymer RG502 showed an endothermic peak at 46.17 °C with heat of fusion of
4.32 Jlg, which is consistent with the data previously published by Boehringer
Ingelheim. The thermograms of the physical mixtures at actual proportions showed two
peaks, which correspond to polymer RG502 and dex, indicating that there are no
chemical interactions between both compounds. In the thermogram of dex
microparticles, the peak corresponding to the melting of dex was not detected in DSC
thermogram obtained of microparticles, indicating that the drug was dissolved or

molecularly dispersed within the polymeric matrix.
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P —
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Figure 2. DSC thermograms obtained upon heating from 20 to 280 °C at 10 °C/min of
pure dex (a), pure polymer RG502 (b), physical mixture (c) and microparticles protocol
6 (d).

3.2. Lipid microparticle preparation and characterisation

Microparticles were obtained directly as a powdered product. The microencapsulation

procedure developed was reproducible, with microencapsulation yields around 40%.
3.2.1. Optimisation of the microparticle preparation procedure

Different lipid microparticle batches were elaborated using four different lipoid
proportions (40, 60, 70 and 80%). With 40, 60 and 70% of lipoid (batches 1, 2 and 3), a
powdered free-flow product was directly obtained from the spray drier, but when the
lipoid proportion increased up to 80% the flowability of the obtained product decreased
significantly, as deduced by its trend to stick on the walls of the cyclone and collector
recipient of the equipment. When the size of batches 1, 2 and 3 were determined by
laser diffraction, mean diameters ranging from 18 to 31 um and narrow unimodal size

distributions were obtained (Fig. 3e). These results do not correspond with the images

14
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obtained by SEM (Figs. 3a, b, ¢, d). Indeed, a high aggregation was observed in all
cases, although in most of the batches the microparticle did not lose their spherical
shape, and individual microparticles could be distinguished. In addition, an increase in
lipoid proportion led to higher aggregation. This high aggregation state observed in
SEM images may be due to the imaging process because the sample was subjected to

high temperatures and as a consequence the lipoid was partially melted favouring

aggregate formation.

1 JT:C
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Figure 3. SEM images from lipid microparticles with different lipoid proportions: a)
40% lipoid, b) 60% lipoid, c) 70% lipoid y d) 80% lipoid. Representative
microphotographs of the four types of microparticles are shown. The figure 3 €) shows
the particle size distribution of microparticles obtained in the batch 5. Results

correspond to percentage volume diameter distribution.

The microencapsulation yield was in all cases around 40%, decreasing significantly in
batch 4 where microsphere aggregation was higher. This is an important disadvantage
of this production technique. However, one of the main advantages of the technique,
which compensates for the low yield, is the high encapsulation efficiency (Table 3),

achieving a drug loading of about 9 mg of dex/100 mg of microparticles in all batches.

In order to reduce the sensitivity of the lipid microparticles to temperature, due to the
low melting point of lipoid, and thus to increase their physical stability, modifications
on the nature of the sugar (lactose, mannitol and threalose in batches 4, 5 and 6,
respectively) were done. Microparticles with different aggregation states, but
maintaining their morphology and individual shape, were always observed. The lowest

aggregation was observed using threalose, obtaining a product that was easier to handle.
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Analysing microparticle size (Table 3), we can conclude that it is not affected by lipoid
proportion nor by the nature of the sugar used. Lipid microparticles showed a lower size
than polymeric ones but were higher than 10 um, avoiding phagocytosis by

macrophages.

In conclusion, batch 6, with 70% lipoid and threalose, was selected for the following

studies.
% Lipoid Sugar Volume mean Drug loading Encapsulation
diameter (mg Dex / 100 mg MPs) efficiency (%)
Batch 1 40 Lactose 29.8+10.8 8.13+0.22 79.63+2.21
Batch 2 60 Lactose 27.934£9.71 9.5+£0.41 94.3244.11
Batch 3 70 Lactose 19.48+7.82 8.74+0.21 86.27+2.06
Batch 4 80 Lactose 30.42+18.81 9.21+0.37 91.34+3.69
Batch 5 70 Manitol 23.15+£11.22 9.06+0.20 87.79£1.96
Batch 6 70 Threalose 25.36+19.26 9.23+0.49 89.61+3.79

Table 3. Characteristics of the different batches of lipid microparticles.
3.2.2. Drug disposition into the lipid microparticles and compatibility

DSC analysis of lipid microparticles was complex due to the high number of excipients
that were used in the production procedure. Thermograms for all the pure excipients
were first analysed, to continue with all the physical mixtures (1:1) of all the
components (data not shown). Incompatibilities between components in the physical
mixtures were not detected. All the pure component thermograms and the one from
batch 6 microparticles are shown in Figure 4. The DSC thermogram of pure lipoid (Fig.
4d) exhibited a single endothermic thermal event at Tghse= 38.5 °C with an enthalpy
(AH) of 18.99 J/g, which would correspond to the melting of the aliphatic chains. This
melting temperature justifies the results obtained in the SME analysis previously
presented. In DSC thermograms of the microparticles, it is difficult to characterise the
individual excipient peaks due to their low concentration and to the overlap of different
peaks at the same temperatures. However, the absence of the characteristic dex peak

indicates that the drug was dissolved or molecularly dispersed within the lipid matrix.
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Figure 4. DSC thermograms obtained upon heating at 5 °C/min of pure dex (a),

threalose (b), ovalbumin (c), lipoid (d) and batch 6 microparticles (e).
3.3. In vitro release of dex from microparticles

As depicted in Figure 5a, dex release from polymeric microparticles showed a multi-
stage release behaviour. Due to the low molecular weight of dex and the hydrolysis of
the aliphatic polyester polymers such as poly(dl-lactide/glycolide) in agueous medium,
drug release from the microspheres would contribute to both mechanisms: drug
diffusion through the polymeric matrix and microparticle degradation. A low burst
effect in the first 24 h (less than 10% of the drug was released from the MP) was
detected. Next, a rapid release stage was observed, probably a consequence to a great
extent of Dex diffusion from the outer layers of the microparticles and with a low
contribution of microparticle degradation, showing 70% of the drug released by day 14.
After that, dex release was slower mainly due to microparticle degradation; in such a
way that after 28 days, 81% of the drug was released. The maximum drug release was

reached after 90 days with a total of 92% of the drug released.

As shown in Figs. 5b and 5c, dex release profiles obtained from the lipid microparticles
were significantly different from the polymeric ones, because the release was much
faster, reaching 100% of drug released after 24 h of assay. Figure 5b shows the different
release profiles at different lipoid proportions. These profiles show that the higher the
lipoid proportion the better the control of drug release. All of the drug was released in
an immediate way from 40% and 60% lipoid microspheres, however, drug release was
slightly slower with the 70% lipoid microspheres. (all of the drug was released within
24 h). Comparing the different 70% lipoid microsphere batches made with different
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sugars (Fig. 5c¢), differences in kinetic profiles were not detected, suggesting that lipoid

is the unigue component affecting dex release.
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Figure 5. A) Release profile of dex from polymeric microparticles obtained from
protocol 6. B) Release profiles of dex from lipid microparticles with different lipoid
proportions. C) Release profiles of dex from lipid microparticles obtained with different
sugars. For the in vitro release studies, microspheres were incubated in PBS (pH 7.4)
and maintained in a shaking incubator at 37 °C. At predetermined time intervals,
supernatants were withdrawn and the media was replaced. The concentration of dex in
the release medium was quantified by HPLC. Data correspond to the cumulative
amount of drug released at the indicated time points, and are expressed as mean

percentage of dex released relative to the total amount of dex in microspheres (n = 3).
3.4. Cell proliferation assay

3.4.1. Dex solutions

To establish the cytotoxic concentration of dex, a dose-response curve was performed
by treating the cells with dex at 3, 10, 100 and 1,000 pM. In addition, cytotoxic time
dependence was established by incubating for 1, 2 and 3 days. As depicted in Figure
6A, when 10 pM dex was used the viability was reduced by approximately 30%
between days 1 and 3. However, after 3 days of incubation with 100 and 1,000 puM,
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approximately 50% of cell death was induced. In order to establish longer incubation
periods, we used a concentration of dex at 10 uM since 50% of the cell death elicited by
larger concentrations of dex could result in higher cytotoxic effects from longer

exposure times.

Once 10 pM was set as the working concentration, cell proliferation assays were carried
with longer exposition periods. A time-response correlation was established in such a
way that after 7 days of incubation, the cell viability was reduced by 35% (Fig. 6B).
Dex solution was administered daily in fresh medium during all the assays. These
experiments were carried out in parallel with phenylarsine oxide (PAQ) as a positive
control of cell death. PAO induced a cell death of 65% from day 1, which reached 90%
after 7 days of treatment. PAO treatments also were administrated daily (data no

shown).
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Figure 6. Concentration- and time-dependence curves of the cytotoxic effects of dex. A)
Cytotoxic effect of increasing concentrations of dex, measured as percentage cell
viability, in cells exposed for 1, 2 and 3 days to dex solution. B) Cytotoxic effect of 10
1M dex solution, measured as % cell viability, in cells exposed from 1 to 7 days. Data
correspond to the means = S.E.M. of 6-12 wells for four different batches of cells. ***
P < 0.05 with respect to control cell viability (ANOVA).

3.4.2.1n vivo release of dex from polymeric microparticles

Polymeric microparticles were studied in terms of cell viability to determine if dex
released from these systems has a similar effect as repeated dex solution administration.
From the data of the in vitro release assay of dex from polymeric microparticles, a daily
release rate of 2.89 pg/ml was established, which corresponds with the average rate of

the release profile shown in Figure 5A. This value allowed us to calculate the amount of
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microparticles required to reach a daily dex release of 10 uM from a single

microparticle administration.

Because the length of dex release from the microparticles is longer than the maximum
period of cell culture (6—7 days), direct incubation of microparticles in the cell culture
medium only allowed us to evaluate the effect of dex released during the first 67 days.
For this reason, microparticles with different degradation levels coming from a release
test as described in the Methods section were added to the cell culture. Thanks to this
strategy, proliferation assays were extended up to 26 days. To test the impact on cell
viability of the unloaded polymeric microparticles, these microparticles were tested in

parallel with loaded ones.

Unloaded polymeric microparticles (Fig. 7) were not cytotoxic for the time tested.
However, loaded polymeric microparticles, after a single administration, afforded the
same cytotoxic effect as dex solution administered every 48 h, during the entire assay
period (26 days), showing statistically significant differences regarding with control

effect from day 1 and with unloaded microparticle effects from day 3.
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Figure 7. Cytotoxicity of a 10 uM dex solution, unloaded and loaded polymeric
microparticles from 1-26 days. 10 uM of dex was significantly cytotoxic after 3 days of
exposure. Unloaded polymeric microparticles were not cytotoxic for the time exposure
period tested. Loaded polymeric microparticles were significantly cytotoxic from 3 to
26 days of the incubation period.

The morphology of the cells during the viability assay was observed (Fig. 8). No
differences in cell morphology were detected between control cells (Fig. 8A) and those
incubated with dex in solution (Fig. 8B), unloaded polymeric microparticles (Fig. 8C,

left panel) and loaded polymeric microparticles (Fig. 8C, right panel). A clear
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diminution of the number of cells was observed when compared to cells incubated with
dex loaded microparticles and cells incubated with unloaded microparticles at all the
release times tested (Figs. 8C-1 to 8C-4). In addition, as the release time progressed, the
microparticles showed a higher opacity and a loss in shape, with these changes more
evident for loaded microparticles after 26 days of treatment (Fig. 8C-4).

(C) Polymeric Microparticles

(A) Control (B) Dex 10 pM Unloaded Loaded
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% A
8 % i
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Figure 8. PC12 cell morphologies after polymeric microparticle treatment. (A)
Microphotography of control cells, (B) Dex in solution for 1 day, (C) Unloaded
polymeric microparticles (left panel) and loaded polymeric microparticles (right panel).
Images from an optic microscope were taken after 6 days of culture with polymeric
microparticles from different release times; 1 day (1), 6 days (2), 16 days (3) and 26
days (4).

3.4.2.1. Apoptosis assay

The effects of dex solution on apoptosis were studied for short periods of time (3-5 h)
using 1 UM staurosporine as a positive control. dex did not increase apoptosis control
levels, but stauroporine resulted in 10% apoptosis. We tested the effects of dex and

polymeric microparticles on apoptosis for longer exposure periods of 1-2 days (Fig. 9).

21



82

CAPITULO 3. Resultados: Publicaciones derivadas del trabajo realizado

Polymeric Microparticles
a) Control Dex 10pM Unloaded Loaded

SubG1:9.52% SubG1:14.3%
G1:57.2% G1:66.9%
$:19.7% $:13.2%
G2:13.5% G2:5.7%

SubG1:11.5%
G1:53.1%
$:20.6%
G2:15.7%

SubG1:15.3%
G1:69.5%
$:9.2%
G2:4.4%

Polymeric Microparticles
b) Control Dex 10puM Unloaded Loaded

SubG1:15.8%
G1:46.9%
$:26.6%
G2:7.2%

SubG1:13.8%
G1: 53.3%
$:21.3%
G2:12.4%

SEEN AT
kil

Control Dex 10 pM Unloaded Loaded

SubG1:6.8%
G1:52.2%
$:26.5%

G2:14.2%

SubG1:19.9%
G1:50.4%
$:21.9%
G2:6.8%

Apoptosis (%)

Polymeric Microparticles

Figure 9. Determination of apoptosis under dex and polymeric microparticle treatments.
A) and B) show flow cytometry records obtained from control cells (Control) and from
cells incubated with 10 uM dex solution and with unloaded and loaded microparticles
for 1 day (a) and 2 days (b). C) Averaged pooled results of all of the experiments,
expressing the apoptotic effects (ordinate) of dex. Cells were also incubated with a
positive reference compound (i.e., 1 uM staurosporine). Data are means + S.E.M. of six
experiments from at least six different cultures. Within each experiment, the

measurement was performed at least in duplicate. ** p < 0.001 with respect to control.

To evaluate the cytotoxic effects of dex in solution and polymeric microparticle FACS
experiments, Pl staining was performed. Dex in solution and polymeric microparticles
were incubated for short periods of 2-5 h. However, there was no effect on cell cycle
progression or cell cycle arrest (data not shown). Cells were also incubated for longer
exposure periods of 1-2 days. FACS analysis showed that the cell cycle was stopped
with almost the disappearance of the G2 phase in cells treated with dex in solution and
dex microparticles, but not in those treated with unloaded microparticles (Figs. 9A-B).
Dex solution and loaded polymeric microparticles induced apoptosis around 15.8 and

19.9%, respectively, after 2 days of incubation. However, unloaded polymeric
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microparticles did not induce apoptosis during both times period tested (Fig. 9C).

Again, 1 uM staurosporine was used as a positive control for apoptosis.

These results demonstrate the cytotoxic effect of dex (10 uM) in PC12 cells. Studied
references used 1-5 UM concentrations of dex, showing a gene induction that led to an
increase in calcium secretion and upregulation of catecholamine synthesis and storage
proteins [15-17], but not in any cases described in the literature was apoptosis induced.
However, this effect was significantly displayed after raising the dose to 10 uM after 24

h of treatment.

After dex solution and dex polymeric microparticle administration, cellular proliferation
was inhibited, stopping the cellular cycle during the G2 phase. This was also described
in references, where it was observed that glucocorticoid had the ability to stop the cell
cycle in osteosarcoma cells, hepatoma, glioma, and breast tumour cells [3], and being
able to trigger, as a consequence, cellular death. In a recent study carried out on human
medullary thyroid cancer cell lines [3], the apoptotic effect of a 1 UM dex solution was
demonstrated, however, it was related to a decrease in the transition of G1 to S phase. In

contrast, dex induced cell cycle arrest at the GO/G1 phase using T-ALL cells [10].
3.4.3.In vitro release of dex from lipid microparticles

The cytotoxic effect of dex incorporated into lipid microparticles was compared to that
produced by a 10 uM dex solution. As stated, lipid microparticles released in vitro
100% of microencapsulated dex within a day. Therefore, the data of microparticle drug
loading were used to determine the amount of microparticles corresponding to 10 uM
dex. This was the amount of lipid microparticles used, in a single administration, in a
cell proliferation assay prolonged up to three days, whereas dex solution was added to

the cell culture medium each 48 h.

As illustrated in Figure 10, the cytotoxicity of unloaded lipid microparticles could be
discarded because the cell viability after treatment with the microparticles during the
incubation time tested did not show statistically significant differences with respect to
the control. In addition, dex incorporation into these lipid carriers did not affect their
activity, resulting in similar cytotoxic effects as the dex solutions. Cellular death
observed after 1 day of treatment both with dex solution and with loaded lipid

microparticles was statistically significant with respect to control cells. In the same way,
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cytotoxicity produced both by the dex solution and loaded lipid microparticles after 3
days of treatment also showed statistically significant differences with respect to
unloaded microparticle treated cells (Fig. 10). Although the drug was released within a
day, assays were carried out for 3 days, obtaining the same effects with a single
administration of dex lipid microparticles as with dex solution administrated each for 48
h.
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Figure 10. Time dependence of the cytotoxic effects of lipid microparticles. The figure
shows the cytotoxic effect of the 10 UM dex solution, unloaded and loaded lipid
microparticles, measured as % cell viability, in cells exposed for 7 hour and 1-3 days.

Cell morphology was observed through an optical microscope. Control cells showed the
classical polygonal PC12 cell morphology. This morphology was also observed when
cells were treated with dex solution. However, when cells were treated with lipid

microparticles (unloaded and loaded), they lost their classical morphology (Fig. 11).

(C) Lipid Microparticles

(A) Control @) Dex 10 pM Unloaded Loaded

Figure 11. PC12 morphology after 3 days of incubation period with dex in solution,
unloaded and loaded lipid microparticles.

This cell morphology alteration was believed to result from a physical interaction
between lipid microparticles and cells. This interaction could be facilitated by the

phospholipidic constituent of the lipid microparticles. To confirm this, the assay was
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repeated using Transwell: a system that allowed us to separate cells and microparticles,
but sharing the same medium and, therefore, allowing the dex released from to
microparticles to affect cells. This assay was carried within 3 days of treatment,
observing that cells did not show any morphological alteration after that time period. At
the same time, cell viability results did not show differences with those shown in Figure

10, suggesting that cytotoxicity was not caused directly by the physical interaction.
3.4.3.1. Apoptosis assay

As described in Figure 9, 48 h was established as the optimal time to study apoptosis
induction by dex solution or loaded polymeric microparticles. For this reason, we used
the same incubation time for lipid microparticle analyses. Typical FACS analyses are
shown in Figure 12A, for the control, 10 uM dex solution, unloaded lipid microparticles
and loaded lipid microparticles, respectively. Notice that unloaded lipid microparticles
did not increase apoptosis. However, cells treated with dex solution and loaded lipid
microparticles, resulted in almost the disappearance of the G2 phase. The most
interesting finding was that the apoptosis induced by dex lipid microparticles was
around of 7.7% higher (with statistical significance) than that obtained with Dex
solution (Fig. 12B). These results could be due to phospholipid release from lipid
microparticles, which could modify cell membrane permeability, thus, facilitating dex
internalisation into the cell. Mitochondrial alterations have been related to GC
apoptosis, although the mechanism is not yet clarified. Dex induces changes in
mitochondrial membrane properties that together with the reduced expression of
mitochondrial transporters of substrates and proteins may lead to repression of
mitochondrial respiratory activity and lower ATP levels that contribute to GC-induced

apoptosis [10].
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Figure 12. Micromolar concentrations of dex induce apoptosis of PC12 cells. A) Flow
Cytometry records obtained from control cells, cells treated with 10 uM dex solution and
cells treated with unloaded and loaded lipid microparticles after 2 days of incubation. B)
Averaged pooled results of all of the experiments, showing the apoptotic effects
(ordinate) of 10 uM dex solution, unloaded lipid microparticles and loaded lipid

microparticles.

These last results inspired us to evaluate the effect of dex lipid microparticles on PC3
cells. In previous studies, PC3 cells were GC resistant, meaning that no cytotoxic effect
was detected when PC3 cell cultures were incubated with different concentrations of
dex solution. As depicted in Figure 13, loaded lipid microparticles induced statistically
significant cytotoxicity in these cells, whereas with dex solution and unloaded lipid
microparticles did not produce a significant effect after 48 h of incubation. This is an
important result requiring further investigation. The mechanisms that underlie the
development of GC resistance are complex and poorly understood. Data currently
available suggest that there is not a main mechanism responsible for GC resistance, but
several that act either alone or in combination. For example, GC resistance may occur if
inactive GCR isoforms are present in the vast majority, if members of the ABC-
transporter family are overexpressed or if the apototic pathways are inhibited. An
increasing number of reports indicate that activation of the mammalian target of the
rapamicin  (mTOR) signalling pathway may contribute to GC resistance in

haematological malignancies, and so the selective mTOR inhibitor rapamycin capability

26



3.4. P4: Polimeric and lipid dexamethasone microparticles for inhibition of cell proliferation
in antitumor therapies 87

to re-sensibilise the resistant cells to dex treatment has been evaluated [13]. They are
potential targets of pharmacological actions that could lead to important clinical

benefits.
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Figure 13. Cytotoxic effects of lipid microparticles in PC3 cells. The figure shows the
cytotoxic effects of dex solution (10 uM), unloaded lipid microparticles and loaded lipid

microparticles after 48 h of assay. The measure is as % cell viability.
Conclusion

Two dex controlled-release systems were developed using different types of carriers: a
synthetic lactic-glycolic copolymer was used to develop polymeric microparticles, and
egg phospholipids with 80% phosphatidylcholine were used to obtain lipid
microparticles. Optimisation of the microencapsulation procedures was carried out in
both cases to achieve an optimal size for parenteral administration, high encapsulation
efficiency and, therefore, high drug loading of the systems. Moreover, incompatibilities
between drug and excipients were discarded in the optimised formulations.

The in vitro release kinetics of dex from polymeric microparticles showed an efficient
dex release control, allowing a prolonged release for more than one month without
showing a significant burst effect. Unloaded polymeric microparticles were not
cytotoxic to PC12 cells, but after a single administration of loaded microparticles, the
cellular death rate for 26 days was similar to that obtained with the dex solution
administered for 48 h. Dex solution and loaded polymeric microparticles induced
apoptosis around 15.8% and 19.9%, respectively, after 2 days of incubation; and cell
cycle arrest at G2 phase was detected. These results allow us to propose loaded
polymeric microparticles as an alternative to the current dex administration systems in

combined chemotherapy. Indeed, the last clinical trial, published in “The Lancet

27



88

CAPITULO 3. Resultados: Publicaciones derivadas del trabajo realizado

Oncology” [5,6] on the efficacy of pomalidomide plus low dose of dex versus high dose
of dex in patients with refractory multiple myeloma showed the importance of a good
control of dex plasmatic levels to optimise the efficacy of the treatments with this GC.
Loaded polymeric microparticles developed in this work would provide prolonged drug
plasmatic levels avoiding the pharmacokinetic peak trough fluctuations characteristic of
conventional formulations, improving treatment effectiveness, decreasing GC side

effects and improving patient compliance.

With respect to lipid microparticles, dex release was faster, reaching 100% of drug
released within 24 h. Dex lipid microparticles showed comparable results in terms of
proliferation inhibition of PC12 cells to dex solution administered every 48 h in assays
up to 3 days; however, there was a statistically significant increase in apoptosis
induction compared with the dex solution. This effect could be due to the phospholipids
released from the lipid microparticles, which could modify cell membrane permeability,
thus, facilitating dex internalization into the cell. This hypothesis is supported by the
results obtained on GC resistant PC3 cells, where dex lipid microparticles showed
significant antiproliferative effects in contrast to the dex solution. These results allow us

to propose these dex lipid microparticles as a possible tool to revert GC resistance.
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Abstract

Poly (d,I-lactic-co-glycolic) acid (PLGA) has been widely studied to develop controlled
release systems for proteins, and water-in oil-in water (W/O/W) solvent evaporation
technique have been commonly used. But this technique presents three important
limitations to microencapsulate proteins: the low loading capacity; the burst effect
during release; and the protein inactivation during microencapsulation, mainly by
denaturalization and formation of aggregates. The aim of this work was to analyze
different strategies of formulation to optimize the loading of microparticles of OVA and

the further release of the protein from the microparticles.

The incorporation of NaCl in the external agueous phase increased drug loading, but the
increase of PVA concentration slightly decreased drug loading and increased particle
aggregation. Drug loading also decreased then more hydrophilic or lower molecular
weight polymers were used. Importantly, PEG improved protein loading in PLGA
microparticles but only when it was added both in the internal aqueous phase as in the
organic phase; and the higher protein loading values were obtained with 0.5% PVA as
internal aqueous phase. These microparticles in vitro released the protein in a sustained
way over a period of 130 days. The effect of the microencapsulation process on the
stability of microencapsulated OVA was also determined by quantifying the effect of
the protein released from microparticles on cell proliferation using PC12 cells. This
assay demonstrated that the microencapsulation procedure optimized in this work did
not affect the biological stability of the microencapsulated protein.

Keywords

Protein, ovalbumin, microparticles, cellular proliferation
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1. Introduction

A large variety of protein drugs such as hormones, growth factors and vaccines with
interesting pharmacological activities have been developed but their incorporation into
therapeutic find the difficulty of their low oral bioavalilability and their short half-lives,
as consequence of the action of plasmatic and tissular proteases, that make necessary
repeated injections for parenteral route. An interesting approach aimed to reduce the
number of injections in these biological therapies consists of microencapsulate the
proteins using biodegradable polymers. These microparticles allow a slow protein
release while degradates (Yeh et al 2007), and more important, provide protection for

the proteins against proteases in the administration site.

Poly (d,I-lactic-co-glycolic) acid (PLGA) has been widely studied to develop controlled
release systems for proteins and vaccines, and water-in oil-in water (W/O/W) solvent
evaporation technique have been commonly used to entrap protein into PLGA
microparticles (Bodmeier et al 1992). In this process, originally developed by Vranken
and Claeys and modified by Ogawa et al (1988), the drug is dissolved in an inner
aqueous phase, which is emulsified in the organic phase containing the polymer
dissolved in an organic solvent, usually dichloromethane (DCM). This primary W/O
emulsion is subsequently emulsified in an external aqueous phase containing an
emulsifier such as poly (vinyl alcohol) (PVA). Polymer precipitation and as
consequence microparticles formation are induced due to solvent removal from the
organic phase by extraction towards the external aqueous phase and by evaporation.
This technique presents three important limitations to microencapsulate proteins: the
low loading capacity; the burst effect during release; and protein inactivation during
microencapsulation and release, mainly by denaturalization and formation of

aggregates.

The stage of formation of the primary W/O emulsion is considered the principal cause
of denaturalization and formation of aggregates (Morlock et al 1997), due to both the
contact of the proteins with the organic solvent, favored by the dispersion of the small
droplets of the agueous phase into the organic phase, as the mechanical agitation (Chen
et al 2004). On the other hand, during proteins release from microparticles, the
hydrophobic PLGA prevents water penetration into the core of microspheres, thus

forming an acidic microenvironment due to the accumulation of breakdown products of

3
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the polymer, which favors protein degradation (Dorati et al 2008). Some substances as

sugars, salts or amino acids have been used to increase proteins stability.

Another problem of the microencapsulation of proteins is the low loading and the burst
initial release. During microencapsulation process, the partition of hydrophilic proteins
from the internal phase to the external aqueous continuous phase, leads to a reduction of
the entrapment of proteins into the microparticles (usually less than 10%w/w) (Ogawa
et al 1988, Chen et al 2002) and to an increase of their burst initial release. Beside, the
release of the proteins from microparticles is commonly low and non-uniform. To solve
these problems, different excipients have been incorporated during microencapsulation
process, as poly (ethylene glycol) (PEG) and sodium chloride (NaCl) (Morlock et al
1997, Van de Weert et al 2000). These both excipients also improve proteins stability.

The aim of this work was to analyze different strategies to improve the loading, the
release kinetic and the stability of microencapsulated proteins obtained by the water-in
oil-in water (W/O/W) solvent evaporation technique, using PLGA as biodegradable

polymer.

Albumin from chicken egg (OVA) was used as protein model, because of its good water
solubility, its high molecular weight and its thermal stability (Dorati et al 2005).
Plasmatic proteins such as albumin are the main energy and nutrition source for tumour
growth. Albumin transport from the blood to the tumour interstitium is mediated by the
60 kDa glycoprotein, gp60, also known as albondin, which is located on the endothelial
cell surface and seems responsible for the transcytosis of albumin by easing its binding
to caveolin, forming caveolaes that transport the protein to the interstitial space. This
selective location of albumin at tumour mass level has been used in the last year to
develop different drug-albumin complex to target antitumor drugs. Once in the tumour
interstitium, the drug-albumin complex is bound to SPARC (secreted protein acidic and
rich in cysteine), and is quickly internalized into tumour cells. This protein is
overexpressed in various tumour types such as breast, prostate, oesophagus, gastric,
colorectal, liver, lung, kidney, skin melanoma, bladder, head and neck, thyroid and
several brain tumours, and is associated with metastasis and poor prognosis. Increased

SPARC expression is correlated with higher response to albumin-bound drugs.
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In this work, microparticles loaded of OVA were developed and characterized in terms
of particle size, surface morphology, protein entrapment efficiency and release
properties. In addition, to determine the effect of the microencapsulation procedure on
the stability of the protein, the activity of the microencapsulated OVA on the

proliferation of PC12 cells was evaluated.
2. Material and methods
2.1. Material

Albumin from chicken egg grade V and polyvinyl alcohol (PVA, Mw=30,000-70,000)
was obtained from Sigma-Aldrich (Madrid, Spain), Poly (d,l-lactic-coglycolic acid)
(PLGA) with a ratio of 50:50 (Resomer RG504, RG504H, RG502) and with a ratio of
75:25 (Resomer RG756S) were purchased from Boehringer Ingelheim (Barcelona,
Spain). Dichloromethane (HPLC grade), acetone, hydrochloric acid, sodium hydroxide,
potassium dihydrogen phosphate, disodium hydrogen phosphate dehydrate, sodium
chloride, poly (ethylene glycol) 400 and poly (ethylene glycol) 4000 were provided by
Panreac (Barcelona, Spain). Distilled demineralised Milli-Q® water (Millipore, Madrid,

Spain) was used.
2.2. Methods
2.2.1. Preparation of OVA microparticles.

The microparticles were prepared by the water-in oil-in water (W/O/W) solvent
evaporation technique, from a procedure described by Chen et al (2002). Briefly, to
obtain the primary emulsion, 1 ml of OVA aqueous solution (30 mg/ml) was added to 5
ml of dichloromethane (DCM) containing 300 mg PLGA. Then, it was homogenized
(8000 rpm for 2 min). The resulting emulsion was then mixed at 1000 rpm with 30 ml
of continuous phase solution containing 5% w/v polyvinyl alcohol (PVA) as emulsion
stabilizer. The resulting w/o/w multiple emulsion was stirred with a magnetic stirrer for
18 h at room temperature to extract DCM. Microparticles were separated by
centrifugation (2000 rpm for 5 min), and were resuspended in distilled water to remove
PVA. This process was repeated three times. Finally the microparticles were freeze-
dried for 12 h at - 60 °C, 200 mT (Flexi-Dry MP, FTS® Systems, NY, USA) and were
stored at 4 °C.
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From this initial procedure, the variations reflect in table 1 was done.

Batch Polymer  Organic phase External aqueous phase  Inner aqueous phase

solvent
1 RG504 DCM 2% PVA 1 ml Water
2 RG504 DCM 2% PV A 5% NaCl 1 ml Water
3 RG504H DCM 2% PVA 5% NaCl 1 ml Water
4 RG502 DCM 2% PV A 5% NacCl 1 ml Water
5 RG756S DCM 2% PV A 5% NacCl 1 ml Water
6 RG504 DCM 5% PVA 5% NaCl 1 ml Water
7 RG504 Ethyl acetate 2% PV A 5% NacCl 1 ml Water
8 RG504 DCM 2% PV A 5% NacCl 1mIPBSpH7.4
9 RG504 DCM 2% PVA 5% NaCl 1 ml Water 0.5% PVA
10 RG504 DCM 2% PVA 5% NaCl 1 ml Water + 500 pl
PEG 400
11 RG504 DCM 2% PVA 5% NaCl 1 ml Water + 100 mg
PEG 4000
12 RG504 DCM + 100 2% PVA 5% NaCl 1 ml Water
mg PEG 4000
13 RG504 DCM + 100 2% PVA 5% NaCl 1 ml Water + 500 pl
mg PEG 4000 PEG 400

Table 1. Experimental conditions evaluated in the optimization of the elaboration

procedure of OVA polymeric microparticles.

The yield of the process was calculated for all of the microparticles batches by dividing
the mass of the microparticles collected by the initial mass of polymer and OVA in the

formulation.
2.2.2. Characterization of the microparticles
2.2.2.1. Morphology and shape

The surface and shape of the microparticles were examined by scanning electron
microscopy (SEM) (Jeol-JSM-6400 Electron Microscope Tokyo, Japan). For SEM
examination the samples were placed onto aluminium stubs with a carbon tape and they
were coated with gold under vacuum (Emitech K550X, Eitech Ltd, UK).
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2.2.2.2. Size

The particles size was measured by laser diffraction (Microtrac® SRA 150 Particle Size
Analyser, Leeds & Northrup Instruments, Ireland). Volume diameter distribution was
obtained and mean particle size, expressed as volume mean diameter, and standard

deviation were determined. Each sample was run in triplicate.
2.2.2.3. Drug loading and encapsulation efficiency

The content of encapsulated OVA was determined using a bicinchoninic acid (BCA)
protein determination assay. 3 ml of 0.1 N sodium hydroxide (NaOH) were added on 20
mg of microparticles in a thermostatized bath at 37 °C in order to dissolve the
microparticles. After overnight 1 ml of 0.3N hydrochloric acid (HCI) was added to
neutralize the solution. The solution was centrifuged (10,000 rpm for 15 min) and the
supernatant was analyzed by spectrophotometry at 562 nm to determine the OVA
concentration. The protein content was determined from a standard curve of known
concentrations of OVA over the range 25-250 pg/ml (r = 0.998) contained in an equal

volume of 0.1N NaOH and 0.3N HCI. All measurements were conducted in triplicate.

The OVA content in the microparticles was expressed as mg of OVA in 100 mg of

microparticle. The entrapment efficiency was calculated using Eq. (1).

actual OVAIPolymer ratio

EE(%) =

<100 (1)

initial OVA:Polymer ratio
2.2.2.4. Invitro release assay

20 mg of microparticles was suspended in 5ml of 0.01M phosphate buffered saline
(PBS) pH 7.4, in closed vials and immersed in a thermostatic shaking water bath
(Clifton® NE5-28, United Kingdom) at 37 °C with continuous agitation (50
strokes/min). At specific time intervals, 4 mL of the supernatant were withdrawn and

fresh medium was added. Sink conditions were maintained during the entire assay.

The supernatant was analyzed for protein content using the microBCA protein assay.
The amount of OVA released was determined using a calibration curve constructed over
the range of 0.5-20 pg/ml (r=0.996). Release profiles were expressed in terms of the

cumulative OVA released at the different incubation time.
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Concurrently the polymer degradation during the release assay was observed by SEM.

2.2.2.5. Cell proliferation assay

The assay was performed using PC12 cells, which were maintained as a monolayer in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 7.5% fetal bovine
serum, 7.5 % horse serum, 1 % L-glutamine and 0.1 % penicillin-streptomycin. Cells
were incubated at 37 © C in a humidified chamber in an atmosphere containing 5 % CO2
(Diaz-Prieto et al 2008).

To evaluate the effect of OVA on cell proliferation, cells were seeded in 48-well plates
and treated with OVA 34.19 ug/ml during 1, 2 and 3 days. Later the effect of unloaded

and OVA loaded microparticles on cell proliferation were also evaluated

To assess mitochondrial function of cells, bromide (3-[4, 5-dimethyltiazol-2- yl]-2, 5-
diphenyl) (MTT) reagent was added to each well for 1 h at 37°C, and formazan crystals
were formed; then, dimethylsulfoxide (DMSQO) was added to dissolve the crystals. After
resuspending the content of the wells, optical density (OD) was read using an Elisa
reader at 550 nm (Berthold Detection Systems, Sirius). Phenylarsine oxide (PAO) 10

UM, was used as positive control of cell death.

Cell viability, expressed in percentage of control, was calculated with the following
equation: viability = (OD test/OD control) x100. Each result described is based on 6

different determinations.
3. Results and discussion
3.1. Preparation of OVA microparticles.

Using the initial microencapsulation procedure (batch 1), OVA microparticles with a
mean diameter of 55.9+19.12 um were obtained which is adequate for parenteral
administration; but the process yield was lower than 50% and the amount of protein
microencapsulate was lower than the quantification limit of the analytical method. From
this initial microencapsulation procedure different modifications were made in order to
improve microencapsulation yield and the characteristics of the microparticles obtained.

The values of microencapsulation yield for all the microcapsules batches elaborated are
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represented in figure 1; the values of microparticle size are depicted in figure 2; and the

values of protein loading and encapsulation efficiency are stated in table 2.

3.1.1. Effect of the incorporation of sodium chloride (NaCl) in the external aqueous

phase

The first variable studied was the effect of the incorporation of NaCl in the external
aqueous phase during microparticles preparation (batch 2). When 5% (w/v) of NaCl was
added (batch 2) no significant change in microparticles mean diameter and size
distribution were detected, and spherical microparticles with smooth surfaces were
observed by scanning electron microscopy. However, a highly significant increase in
the process yield and in the encapsulation efficiency was observed, in such a way that
the OVA loading was of 37.13 ug OVA/mg microparticles. Theses results are according
to the literature (Dorati et al 2005, 2008, Chen et al 2002, Jiang et al 2002, Uchida et al
1995) where it is noticed that the incorporation of NaCl to the aqueous phase leads to a
increase in the osmotic presure that prevents protein diffusion to this external aqueous
phase and as consequence the encapsulation efficiency and the protein loading are
increased. According to Chen et al (2002), the microstructure of microparticles prepared
using NaCl was very dense and compact independently to the physical-chemical
properties of the polymer used. This structural characteristic limits the permeations of
protein molecules across the polymeric chains during the solidification process (Dorati
et al 2008).

90
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Figure 1. Yield of the different microencapsulation processes.
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Figure 2. Average particle size, expressed as volume mean diameter (vmd) in pm

Drug loading Encapsulation
(ug OVA/mg Mp) efficiency (%)

Batch 1 <3 <3
Batch 2 37.13 34.27
Batch 3 3.92 3.94
Batch 4 <3 <3
Batch 5 <3 <3
Batch 6 33.13 32.27
Batch 7 <3 <3
Batch 8 <3 <3
Batch 9 59.3 63.03
Batch 10 30.74 31.72
Batch 11 24.09 24.68
Batch 12 <3 <3
Batch 13 55.94 59.26

Table 2. Encapsulation efficiency obtained in the different batches produced.
3.1.2. Effect of the polymer

From protocol 2, the effect of the molecular weight and polarity of the polymer were
analyzed. Batches 2, 3, 4 and 5 were prepared always using a poly lactide-co-glycolide

copolymer but with different characteristics as it are reflected in table 3.

10
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Polymer Composition Molecular  Viscosity  Tg (°C) End group
Weight (dl/g)
Range
RG502 Poly(D,L-lactide- 7,000 - 0.16-0.24  42-46  alkyl ester

co-glycolide) 50:50 17,000

RG504 Poly(D,L-lactide- 38,000~  0.45-0.60 46-50  ester
co-glycolide) 50:50 54,000

RG504H  Poly(D,L-lactide- 38,000  0.45-0.60 46-50  free carboxylic
co-glycolide) 50:50 54,000 acid

RG756S Poly(D,L-lactide- 190,000~ 1.3-1.7 = ---—---- alkyl ether
co-glycolide) 85:15 240,000

Table 3. Main characteristics of the polymers used.

RG504 (batch 2), RG504H (batch 3) and RG502 (batch 4) are PLGA 50:50 copolymers;
whereas RG756S (batch 5) is a PLGA 75:25 copolymer. Besides, they show differences
in the molecular weight so that RG502<RG504 = RG504H<RG756S; and therefore in
the viscosity, being RG502<RG504 = RG504H<RG756S. Lastly, RG504 and RG504H
differ on their hydrophilic degree, being the H series resomer the most hydrophilic due
to the presence of more free carboxylic groups which make that it hydrates faster than

non-H series polymer.

The characteristics of the polymer used did not significantly affect the

microencapsulation yield, always higher than 75%.

Figure 3 shows that when the lowest molecular weight polymer was used (RG502),
broken microparticles were obtained; whereas with the others polymers microparticles
obtained were spherical. It is also appreciated in the figure that the higher the molecular
weight of the polymer, the higher the microparticle size; and the same happened when

the hydrophilic of the polymer was increased.

Other issue related with the molecular weight of the polymer is the setting up of pores

in the surface of the microparticles that is observed when RG756S polymer was used

11
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whereas microparticles elaborated with the other polymers showed a smooth surface
free of pores. The presence of pores in the surface of the microparticles could lead to a

faster release of the protein.

Le Visage et al (2001) obtained similar results with respect to the morphology of the
microparticles when they studied the effect of the molecular weight of poly
(methylidene malonate 2.1.2) on the characteristics of protein microparticles obtained
by water-in oil-in water (W/O/W) solvent evaporation technique. The increase in the
microparticle size and porosity were explained by the increase of the inherent viscosity
of the polymer with higher molecular weight that leads to a more difficult dispersion of

the organic phase into the external aqueous phase.

= |

- %=

Figure 3. SEM images of polymeric microparticles obtained with different polymer
(scale bar = 50 um). Microparticles obtained with RG502 (a), RG504 (b), RG504H (c)
and RG756S (d). Representative microphotographs of the four types of OVA polymeric
microparticles are shown.

Besides, the characteristics of the polymer used highly influence the protein loading into
microparticles and thus in the encapsulation efficiency; in such a way that the higher the

hydrophilic of the polymer and the lower their molecular weight, the lower the

12
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encapsulation efficiency. In terms of protein loading, this decreased from 37.13 pug
OVA/mg of microparticles with RG504, to 3.92 ug OVA/ mg of microparticles when
the hydrophilic of the polymer was increased (RG504H); and to less of 3 ug OVA/ mg
microparticles when the RG502 polymer was used.

3.1.3. Effect of the concentration of PVA in the external aqueous phase

From batch 2, the concentration of the external aqueous phase was increased in order to
increase the stability of the emulsion and improve the characteristics of the
microparticles. The microparticles of batch 6 were obtained using 5% PVA. The
microencapsulation yield was slightly higher than 75%. The microparticles were smaller
than those of batch 2, with 2% PVA. This smaller size as well as a higher tendency to
aggregate can also be seen by SEM (figure 4). In this picture, non spherical
microparticles forming clusters are observed. When the concentration of stabilizing
agent of the emulsion increases, the interfacial tension between the aqueous and the
organic phases decreases, and the breakage of the internal phase in smaller droplets into
the external phase is facilitated, thus obtaining smaller size microparticles, as it is stated
in Cho et al (2000). Furthermore, the PVA also facilitate the fast extraction of the
organic solvent to the external aqueous phase what leads to the deformation of the
microparticles. Only a slight decrease in protein loading (33.13 pg OVA/mg
microparticles) and encapsulation efficiency was observed; maybe because the diffusion
of the protein to the external aqueous phase, facilitated by the higher concentration of
PVA, is partially compensated by the faster solidification of the polymer due to the

extraction of the solvent.

13
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Figure 4. SEM images of OVA polymeric microparticles obtained with 5% PVA (a) and
2% PVA (b) (scale bar = 100 um). Representative microphotographs of the two types of

OVA polymeric microparticles are shown.

Both, the higher aggregation of the microparticles as well as the slightly lower protein
loading were the reasons why batch 6 was discarded, in spite of the small size of the

microparticles obtained.
3.1.4. Effect of the nature of the organic solvent

From batch 2, DCM, used as organic solvent, was substituted by ethyl acetate and batch
7 microparticles were obtained. Firstly, the dissolution of the polymer in this new
solvent was more difficult. In spite of high microencapsulation yield was obtained,
SEM images (figure 5) show that microparticles present high porosity, most are broken
and free polymer is observed. All this justifies the low encapsulation efficiency and the
protein loading lower than the quantification limit of the analytical method of the batch

Figure 5. SEM images of OVA polymeric microparticles obtained with ethyl acetate
(left scale bar = 100 um and right scale bar = 50 um).

Different researchers (Le Visage et al 2001, Cho et al 2000, Kim and Park 1999)
employed ethyl acetate instead dichlorometane to elaborate protein microparticles using
different polymers. The change of solvent is justified due to the environmental and
human toxicity problems of the halogenated alkanes including methylene chloride.
Using RG504 as polymer, Cho et al (2000) obtained microparticles with smaller size
and higher protein loading when DCM was substituted by ethyl acetate. The water
miscibility of ethyl acetate is higher than of DCM, and this is why the microparticles

14



3.5. P5: Development of ovalbumin microparticles and evaluation of their effect on cellular
proliferation 107

elaborated with ethyl acetate show a more porous structure, due the tendency of the
solvent to quickly diffuse to the external aqueous phase. These authors describe the high
porosity of the microparticles obtained with ethyl acetate, but this high porosity did not
affect drug loading. In our study, on the contrary, the high porosity of the microparticles
could facilitate protein diffusion to the external aqueous phase, thus obtaining low

protein loadings.
3.1.5. Effect of the composition of the inner aqueous phase

Different changes in the inner aqueous phase were made aiming increase of its viscosity
or protein solubility and thus to avoid protein migration from the internal to the external
aqueous phase. For this, PBS was used as solvent of the internal phase (batch 8) or PVA
(batch 9), PEG 400 (batch 10) and PEG 4000 (batch 11) were added to the aqueous
internal phase.

When PBS pH 7.4 was used as internal phase, the worst results were obtained, as the
microencapsulation yield was the lowest (near 60%), and it was such a low protein

loading that it could not be determined.

With the others batches microencapsulation yields higher than 70% were always
obtained. The incorporation of PVA and PBS produced no changes in microparticles
morphology, but when PEG was added (batches 10 and 11) more porous microparticles
were obtained, mainly when PEG 400 was used (figure 6). Changes in microparticle
size was also detected in such a way that batches elaborated by adding PEG in the
internal phase present significantly larger mean diameter. With regard to the
encapsulation efficiency, the higher values were obtained with batch 9, with 0.5% PVA
as internal aqueous phase, being the difference with the other batches very significant.
Indeed, drug loading of batches 9, 10 and 11 were 59.3; 30.7 and 24.1 ug OVA/ mg

microparticles respectively.

The use of PEG to increase the viscosity of the internal aqueous phase and thus to avoid
protein migration from the internal to the external phase has been extensively studied
(Dorati et al 2005, 2008, Yeh et al 1995). PEG also limits the penetration of protein in
the interfacial film of the primary w/o emulsion and consequently, it stabilizes the
protein by reducing the contact with the organic phase (Pean et al 1999). Dorati et al

(2005) found that PEG addition in the formulations leads to obtain larger microparticles,

15



108 CAPITULO 3. Resultados: Publicaciones derivadas del trabajo realizado

as we have also observed in our study. This effect maybe due to water retention caused
by PEG, which involves an increase in hydration of the polymer matrix. Dorati et al
(2005) also describe as the simultaneous addition of PEG and NaCl avoids the pore
formation due to the incorporation of PEG, obtaining microparticles with a smooth
surface and compact internal structure (Dorati et al 2005). However, in our study porous
microparticles were obtained when PEG was used in the internal aqueous phase in spite
of the presence of NaCl in the external agueous phase, and neither non improvement in
protein loading was observed. However, the increase of the viscosity of the aqueous
internal phase obtained with PVA was shown as an efficient tool to increase

encapsulation efficiency without modifying microparticle morphology.

Figure 6. SEM images of OVA polymeric microparticles obtained by adding PEG in the
formulation (scale bar = 50 um). Microparticles obtained with (a) PEG 400 in the inner
aqueous phase, (b) PEG 4000 in inner the aqueous phase, (c) PEG 4000 in the organic
phase and (d) PEG 400 in the inner aqueous phase plus PEG 4000 in the organic phase.
Representative microphotographs of the four types of OVA polymeric microparticles

are shown.
3.1.6. Effect of PEG incorporation in the organic phase

The last modification introduced in the microencapsulation procedure was to add PEG

in the organic phase in order to increase its viscosity and therefore to avoid the diffusion
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of the protein from the internal to the external aqueous phase. Batch 12 was obtained.
However, this modification did not lead to the expected results, since highly porous

microparticles were obtained with an undetectable protein loading.

Finally, in batch 13 PEG was added both in the internal aqueous phase (PEG 400) as in
the organic phase (PEG 4000). The microencapsulation yield was low and the
microparticles showed a highly porous surface (figure 6). Beside, as happened in
batches 10, 11 and 12, larger microparticles were obtained. But importantly, the
encapsulation efficiency and the protein loading values were high (55.9 ug OVA/ mg

microparticles), very next to those of batch 9.

Yeh et al (1995), and R. Dorati et al (2005, 2008) analyzed the effect of increasing the
viscosity of the inner water and organic phase by adding PEG: blending of PEG 8000
with PLG results in a dramatic improvement of protein loading relative to poly (d,I-
lactide-co-glicolide) microparticles (Yeh et al 1995). Therefore, it could be concluded
that PEG improves protein loading in PLGA microparticles but only when it is added

both in the internal aqueous phase as in the organic phase.
3.2. Invitro release assay

In vitro release assays were carried out with the two batches with the highest protein
loading that were the batch 9, with PVA in the internal aqueous phase, and the batch 13,
with PEG 400 in the internal aqueous phase plus PEG 4000 in the organic phase.

The results obtained are depicted in figure 7. With the batch 9, about 100% of
microencapsulated OV A were released throughout 130 days. This release was fitted to a
zero order kinetic from day 15 up to day 75 of the assay (r* = 0.981), with a constant
release rate of 69.53 ug OVA/ day. From day 75, the release rate increased up to day 95

of the assay.
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Figure 7. Release profile of OVA from polymeric microparticles obtained from batch 9
and batch 13. For the in vitro release studies, microspheres were incubated in PBS (pH
7.4) and maintained in a shaking incubator at 37 °C. At predetermined time intervals,
supernatants were withdrawn and replaced. The concentration of OVA in the release
medium was quantified by microBCA. Data correspond to the cumulative amount of
protein released at the indicated time points, and are expressed as mean percentage of
OVA released relative to the total amount of OVA in microspheres (n = 3).

Typically, the proteins are released from PLGA microspheres in three phases: an initial
burst, a controlled release by diffusion, and a controlled release by erosion. The initial
burst phase is consequence of a rapid release (within a few days) of the protein located
at or near the surface of the microspheres (Dorati et al 2008). In the controlled release
by diffusion phase, the protein diffuses through pores or channels of the microspheres,
and in the controlled release by erosion phase; the protein is released as consequence of

the gradual degradation of the polymer by hydrolysis (Cho et al 2000).

In the case of microparticles of batch 9, the initial burst phase was negligible, since the
amount of OVA released was less than 10% within the two first days. Later the phase of
constant release could correspond to the phase of controlled release by diffusion; and

the next phase of faster release to the phase of controlled release by erosion.

Indeed, the degradation of the polymer throughout the protein release from batch 9
microspheres was analyzed by SEM and in figure 8 are presented the images obtained.
Initially the microparticles showed a smooth- non porous surface. After 10 days in PBS
the microparticles swelled, increasing their volume. Later some pores started to appear,
which become more and more large and the surface of the microparticles turned

irregular, maybe because short polymer chains were broken off. After 76 days holes
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were clearly seen, as well as remainders polymer around the microparticles, and the
microparticles were smaller and irregulars. These changes coincide with the point in the
release kinetic of OVA where the release turns faster. Finally, after 120 days the
microparticles had lost totally their spherical shape due to the massive degradation of
the polymer.

When the OVA release from microparticles of batch 13 was determined, totally
different results were obtained, in such a way that after of the same time period of 130
days only 30% of microencapsulated OVA were released, in spite of these

microparticles of this batch showed high porosity.

Indeed, as previously it has been established, the incorporation of PEG to microparticles
gives rise to more porous structures. In addition, introducing PEG would increase the
hydrophilicity of the polymeric carriers, and thus their degradation rate, and would
decrease the acidity of degraded products. Hydrophilic PEG segments could also
enhance the diffusivity of water inside the polymeric matrix and consequentially the
diffusivity of the drug molecules in the surrounding medium. This should contribute to
get more linear protein release from microparticles and to reduce the burst effect.
However, in spite of all these hypothesis, OVA release from batch 13 was significantly

slower than from batch 9.
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Figure 8. SEM images of OVA polymeric microparticles throughout the vitro release
studies: time 0(a), 10 days (b), 20 days (c), 30 days (d), 40 days (e), 54 days (f), 64 days
(9), 76 days (h), 86 days (i), 96 days (j), 106 days (k) and 120 days (I) (scale bar = 10
um).

3.3. Cell proliferation assay

OVA polymeric microparticles were studied in terms of cell viability to determine the
effect of the microencapsulation procedure on the stability of the protein, comparing
these effects with those obtained with free OVA. Plasmatic proteins such as albumin are
the main energy and nutrition source for tumor growth. Indeed, some references
describe the stimulating effect on cell proliferation of high doses of BSA and OVA, and
even a protective effect against cell apoptosis (Gallego-Sandin et al 2005). This effect
was used in this work to determine the biological stability of OVA after
microencapsulation. The microencapsulation procedure comprises the use of organic
solvents as well as high shear forces during agitation steps that could lead to the lost of

protein activity that cannot be detected by the methods of quantitative analysis.

The assay was performed throughout three days. A single administration of OVA
polymeric microparticles were compared with daily administrations of free OVA in
solution. An OVA concentration 35 pg/mL was selected to evaluate its effect on cell
proliferation. The amount of OVA microparticles to daily release the same amount of

OVA (35 pg) was calculated from the results of the release study.

As it is shown in Figure 9, both free and microencapsulated OVA produced a rise in
cellular viability of about 50% after 1 day of exposure. When the assay was extended up
to 3 days this rise in cellular viability was less significant. Unloaded microparticles did
not affect cellular viability. These results allowed us to conclude that the integrity and
stability of OVA was not affected by the microencapsulation process developed and

optimized.
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Figure 9. Proliferation assay of OVA solution, unloaded and OVA microparticles from
1 to 3 days. OVA solution and loaded microparticles increased significantly cell
proliferation after 1 day of exposure. Unloaded polymeric microparticles were not affect
the cell viability in the period tested. Data correspond to the means = S.E.M. for 3-6
wells for three different batches of cells. *** P<0.05 with respect to control and

unloaded microparticles cell viability (ANOVA).
4. Conclusions

The water-in oil-in water (W/O/W) solvent evaporation technique has been commonly
used to microencapsulate proteins. But this technique presents three important
limitations: the low loading capacity; the burst effect during release; and the protein
inactivation during microencapsulation, mainly by denaturalization and formation of
aggregates. In our study has analyzed the different strategies to improve the loading, the

release kinetic and the stability of microencapsulated proteins.

The incorporation of sodium chloride (NaCl) in the external agueous phase resulted in a
highly significant increase in the process yield and in the encapsulation efficiency,
without changes in microparticles morphology. Different copolymers of poly lactide-co-
glycolide 50:50 (RG502, RG504 and RG504H) and 85:15 (RG756S) were used,
observing that when the lowest molecular weight polymer was used (RG502) broken

microparticles were obtained and when RG756S (the highest molecular weight) was
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used microparticles showed pores on its surface. Furthermore, the characteristics of the
polymer used highly influence the protein loading into microparticles; in such a way
that the higher the hydrophilic of the polymer and the lower their molecular weight the
lower the encapsulation efficiency, thus obtaining the microparticles with increased
drug loading when RG504 was used.

The increase of the concentration of PVA in the external agueous phase led to
microparticles with smaller size, a higher tendency to aggregate and lower drug loading
and encapsulation efficiency. Dichloromethane was substituted by ethyl acetate as
solvent of the organic phase, but high porosity and broken microparticles were obtained,

showing undetectable protein loading.

But the most interesting strategy studied to increase protein loading was the use of
viscosity agents in the inner aqueous phase and in organic phase. PVA, PEG 400 and
PEG 4000 were used. When PEG was added to the inner aqueous phase, microparticles
with higher size and more pores were obtained. When PVA 0.5% was used no change in
the size and morphology of the microparticles was detected but drug loading and
encapsulation efficiency significantly increased. These microparticles released the
protein in a sustained way over a period of 130 days. Finally, when PEG was added
both in the inner aqueous phase (PEG 400) as in the organic phase (PEG 4000),
microparticles with a high protein loading were obtained. However, only 30% of the

protein was released from these microparticles after 130 days in an in vitro assay.

Last, the activity of the microencapsulated protein was demonstrated by an assay of cell

proliferation.

In conclusion, a procedure to elaborate OVA microparticles with adequate size for
parenteral administration and high protein loading was optimized. This
microencapsulation procedure did not affect the biological stability of the
microencapsulated protein. This protein was released from microparticles in a sustained

way during 130 days.
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El cancer es la segunda causa de mortalidad en los paises desarrollados, después
de las enfermedades cardiovasculares. A nivel mundial, se prevé que la mortalidad
por cancer aumente llegandose a alcanzar en el 2030 los 11,5 millones de defuncio-
nes, debido en parte al crecimiento demografico y al envejecimiento de la poblacion.
Para intentar frenar esta tendencia se sigue investigando en la bisqueda de nuevas
dianas terapéuticas y de nuevas moléculas con actividad antitumoral. Como queda
recogido en el trabajo (P1), paralelamente, se ha desarrollado una intensa actividad
investigadora para el desarrollo de sistemas y estrategias que permitan optimizar
la eficacia de moléculas antitumorales ya conocidas. Las tres principales lineas de
investigacion son: 1) reducir su toxicidad sistémica, 2) mejorar las pautas de admi-
nistracion y 3) evitar la aparicion de resistencias [1]. Los sistemas de de liberacion
prolongada de farmacos y los sistemas de vectorizaciéon nos permiten actuar sobre

estos tres puntos.
1. Reducir la toxicidad sistémica

La quimioterapia implica, principalmente, el uso de farmacos citotéxicos para
matar las células tumorales, pero la diferencia de estas células con el tejido
no tumoral es relativamente pequena, lo que origina manifestaciones toxicas
por exposicion directa de las células no tumorales al farmaco. Estas manifes-
taciones toxicas son mas intensas cuando el agente antitumoral se administra
por via oral en una forma farmacéutica convencional, o por via parenteral en
bolo ya que se obtienen concentraciones plasmaticas a lo largo del tiempo con
perfiles caracteristicos en diente de sierra. Con el fin de reducir esta toxicidad
muchos antitumorales se administran en perfusién durante 1-2 horas. El desa-
rrollo de sistemas de liberacion prolongada de agentes antitumorales para una
administracion parenteral (subcutanea o intramuscular) permitiria obtener ni-
veles plasméaticos constantes del farmaco, evitdndose los perfiles en diente de

sierra y por lo tanto reduciéndose la toxicidad.

Por otro lado, es evidente que si el farmaco pudiera ser dirigido de forma
selectiva al tumor se lograria una mayor eficacia con un menor acceso del
farmaco a los tejidos sanos, dando lugar a menos efectos secundarios y asi la

terapia antitumoral podria mejorar sustancialmente [2].

En los tumores so6lidos, la red vascular es diferente a la del tejido normal; desde
hace muchos anos se sabe que existe una hiperpermeabilidad de la vasculatura

a macromoléculas que se conoce como Efecto de Permeabilidad Aumentada



122

CAPITULO 4. Discusion

y de Retencion (Enhanced Permeability and Retention effect: EPR) [3]. Los
capilares sanguineos que irrigan el tejido tumoral presentan fenestraciones o
poros con un diametro que oscila entre los 100 y 1200 nm, lo que les hace
permeables a las macromoléculas, mientras que los capilares fenestrados loca-
lizados en tejidos sanos (pancreas, higado, bazo, tubo digestivo ...) presentan
poros con un didmetro de 80 a 100 nm y por lo tanto tinicamente permeables

a moléculas sensiblemente menores [4].

El incremento de la localizacién de macromoléculas en el tejido tumoral no
puede explicarse inicamente por un aumento de la permeabilidad del sistema
vascular, sino que también se debe a una reducciéon del aclaramiento en el tu-
mor de moléculas con peso molecular superior a los 40 kDa [5]. Mientras que
las moléculas més pequenas se eliminan rapidamente desde el intersticio del
tumor, las moléculas grandes son retenidas, mostrando asi altas concentracio-
nes intratumorales incluso después de 100 h de su administracion subcuténea
[5]. Esta retencion de las macromoléculas en el tejido tumoral es causada prin-

cipalmente por la disminucién del drenaje linfatico.

En conclusion, es la combinacion de una permeabilidad aumentada y una ma-
yor retencion, por lo que se produce una acumulacion de macromoléculas en
tumores sélidos. Y por ello resulta eficaz la utilizacion de macromoléculas y
nanoparticulas como vectores para localizar de forma selectiva moléculas an-

titumorales a nivel de una masa tumoral.
Mejorar las pautas de administracion

Los sistemas de liberaciéon prolongada proporcionan niveles eficaces del farma-
co durante un periodo prolongado de tiempo tras una tnica administracion.
En el caso de las microparticulas este periodo suele oscilar entre 15 dias y 4
meses; mientras que con los implantes se pueden conseguir distanciar las admi-
nistraciones hasta mas de un ano. Este aumento en el intervalo de dosificacién

repercute en la calidad de vida del paciente.

Los sistemas de vectorizaciéon también pueden resultar una forma eficaz de
mejorar las pautas de dosificacion de agentes antitumorales. Por ejemplo, mu-
chos agentes antitumorales presentan una elevada lipofilia que hace dificil su
formulacion en formas farmacéuticas convencionales a dosis terapéuticas |6,7];
pero pueden ser vehiculizados mediante su formulacién en nanoemulsiones o

micelas estabilizadas con tensioactivos [7], o incorporandolos en micro o na-
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noparticulas poliméricas o lipidicas. Estos transportadores permiten no sélo
vehiculizar el farmaco en formas farmacéuticas liquidas, haciendo posible su
distribucién por el organismo, sino que también protegen y evitan su degrada-
cion durante esta distribucion (funcion especialmente importante en el caso de
moléculas de naturaleza peptidica), e incluso pueden prolongar su liberacion
desde el transportador lo que permite mantener concentraciones eficaces en el

tumor durante un prolongado periodo de tiempo.
3. Evitar la resistencia a los farmacos

Los sistemas de vectorizacion de farmacos pueden disminuir las resistencias
debido a que favorecen la entrada del farmaco en la célula tumoral. Una vez
alcanzado el medio extracelular, el sistema de vectorizaciéon penetra en la cé-
lula, generalmente, por endocitosis y sin emplear proteinas transportadoras,
por lo que una disminucién en la expresion de estas proteinas no afectaria a

la entrada del farmaco.

Otra forma de evitar la aparicion de resistencias puede ser mediante la combi-
nacion de agentes antitumorales. La poliquimioterapia se usa rutinariamente
en clinica ya que mejora el perfil terapéutico de los antitumorales administra-
dos por separado. Los sistemas de liberacion prolongada y los sistemas de vec-
torizacion se utilizan comunmente para la administraciéon de un tnico agente
antineoplasico; pero recientemente se estan desarrollando sistemas que vehicu-
lizan de forma simultanea dos farmacos. Lo que se pretende con estos sistemas
es maximizar el efecto terapéutico y evitar los mecanismos de resistencia [8].
En efecto, la administracion de una combinacion de agentes antitumorales que
muestran actividades citotoxicas diferentes (actian sobre distintos niveles del
ciclo celular, dianas diferentes . ..) puede mejorar el indice terapéutico, ya sea
por un aumento en la eficacia, por una disminucién en las resistencias o por

una eficacia comparable pero con una toxicidad reducida.

En este contexto se encuadra el presente trabajo de investigacion cuyo objetivo
general es desarrollar microparticulas biodegradables que contengan dexametasona
fosfato disodio (dex) como estrategia para aumentar la eficacia de los esquemas de

poliquimioterapia en los que se utiliza este glucocorticoide (GC).

La dex se introduce en los esquemas de tratamiento de diversos tipos de céncer
fundamentalmente para reducir los efectos secundarios de los quimioterapicos. Sin

embargo, recientemente se ha observado que la dex también regula la supervivencia,
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el crecimiento y la diferenciacion celular por ser inductor de la expresiéon genética
mostrando actividad proapoptoética [9]. Aunque el mecanismo molecular por el que
los GC median la apoptosis no esta totalmente dilucidado, resulta muy interesante en

poliquimioterapia ya que contribuye a un mayor efecto del tratamiento antitumoral.

La apoptosis o muerte celular programada es una de las dianas que esta ofreciendo

més oportunidades en los dltimos anos para el tratamiento de los tumores.

La apoptosis es un modo especifico de muerte, que se caracteriza por cambios
morfologicos tales como condensacion de la cromatina, la fragmentacion del nicleo,
la retraccion citoplasmatica y la emision de 'cuerpos apoptoticos’, manteniendo apa-
rentemente intactos los organulos celulares [10,11]. De hecho, la apoptosis regula un
mecanismo de muerte celular que implica la participacion activa de la célula afec-
tada en la ejecucion de su propio programa de muerte. Los eventos morfologicos
y bioquimicos de la apoptosis se conocen desde hace mucho tiempo, y, en algunos
aspectos, difieren de aquellos que llevan a la necrosis [12]|. La apoptosis se produce
en condiciones fisioldgicas como un mecanismo regulador del crecimiento de tejidos,
en equilibrio con la proliferacion celular [13]. La apoptosis se ha convertido en un
foco de interés en oncologia debido a que su desregulacién podria ayudar a explicar

la patogénesis de algunos tumores malignos [14].

En el trabajo (P2) se recoge una revision de las mas recientes investigaciones en
tratamiento antitumoral basadas en el desarrollo de moléculas que actian sobre el
mecanismo de la apoptosis, analizdndose la posibilidad de aparicién de resistencias

y el balance de su aplicaciéon clinica.

Partiendo de estos antecedentes, el objetivo general de esta memoria se desglosa,

como ya se ha indicado, en dos:

1. Desarrollar microparticulas biodegradables de dex como sistemas capaces de
proporcionar un efecto inhibidor de la proliferacion celular prolongado en el
tiempo tras una tnica administracion por via parenteral (subcutanea o intra-

muscular).

2. Evaluar el efecto que diferentes materiales transportadores utilizados en la
elaboracion de microparticulas biodegradables pueden tener sobre la inhibicién

de la proliferaciéon celular inducida por dex.
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4.1. Busqueda y puesta a punto de un modelo celu-
lar que permita evaluar el efecto inhibidor de

la proliferaciéon celular de dex

El trabajo experimental comienza con la bisqueda de un modelo celular que nos
permita evaluar el efecto de dex sobre la proliferacion celular. A pesar de que la dex
ha demostrado ser eficaz en el tratamiento de ciertos tipos de neoplasias hematologi-
cas asi como en osteosarcoma, hepatoma, glioma y tumor mamario [15], reduciendo
la proliferacion de las células tumorales debido a su actividad proapoptoética, este
efecto es tejido especifico [16], lo cual hace que no pueda aplicarse de forma genera-
lizada a los esquemas de poliquimioterapia, sin que se haya dilucidado actualmente

cual es el motivo exacto de dicha resistencia.

Esta especificidad nos llevé a realizar una bisqueda del modelo celular méas ade-
cuado con el que trabajar. Inicialmente se realizaron ensayos en lineas celulares U373
de glioblastoma humano, empleando dex en solucién en concentraciones comprendi-
das entre 1 y 100 M con un periodo de incubacion de 24 h. Tras dicha exposiciéon
se evaluo6 la viabilidad celular y la apoptosis producida por dex mediante ensayos
de funciéon mitocondrial mediante (3-[4, 5-dimetiltiazol-2-il]-2, 5-difenil) bromuro
(MTT) y estudio del ciclo celular mediante citometria de flujo (FACS).
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Figura 1: a) Curva concentracion-respuesta del efecto citotoxico de dex en solucion,
medido como porcentaje de la viabilidad celular, en células expuestas durante 24
h. b) Curva concentracién-respuesta para la induccion de la apoptosis de dex en
soluciéon, expresada como porcentaje de apoptosis, en células expuestas durante 24
h. En ambos casos se utilizan células U373 de glioblastoma humano.
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Como puede observarse en la figura 1, la exposicion a dex no disminuye la viabili-
dad celular con respecto a las células control ni produce un aumento en la apoptosis
de las células U373. Por ese motivo se repitieron los ensayos empleando otras lineas
celulares: PC3 de prostata y células PC12 transformadas de astrocitoma, pero, estas

lineas tampoco mostraron ser sensibles a los tratamientos con dex.

Finalmente, como queda detallado en el trabajo (P4), se probaron las células
PC12 sin transformar. Esta linea celular procede de feocromocitoma de médula
adrenal de rata pero, a diferencia de las células PC12 transformadas utilizadas an-
teriormente, no han sido tratadas con factor de crecimiento nervioso (NGF) o acido
retinoico para diferenciarlas a un modelo neuronal. Con esta linea celular se rea-
lizaron ensayos de dex en solucién en concentraciones desde 3 a 1000 uM durante
periodos de incubacion de 1, 2 y 3 dias. Las células PC12 sin transformar si que se
mostraron sensibles a la dex, y con estas pruebas se pudieron establecer las curvas

dosis respuesta y tiempo respuesta (figura 2).
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Figura 2: Curvas de concentraciéon y tiempo respuesta para el efecto citotéxico de
dex sobre células PC12 sin transformar. A) muestra el efecto citotéxico de concen-
traciones crecientes de dex, medido como porcentaje de viabilidad celular, en células
expuestas durante 1, 2 y 3 dias a dex en solucion. B) muestra el efecto citotoxico de
una concentracion de 10 uM de dex, medido como porcentaje de viabilidad celular,
en células expuestas de 1 a 7 dias. Los datos se corresponden a la media + desvia-
cion estandar de 6-12 pocillos de cuatro lotes de células diferentes. *** p <0,05 con
respecto a la viabilidad celular control (ANOVA).

Como muestra la figura 2, una concentracion de 10 uM de dex en soluciéon induce
una muerte celular aproximadamente del 30 % después de un periodo de incubacion
de 3 dias, siendo este efecto estadisticamente significativo frente al control desde

el primer dia de exposicion. A los 3 dias de tratamiento con 100 y 1000 pM, la
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muerte celular inducida es mayor, cercana al 50%. Sin embargo, se establece la
concentracion de 10 pM como la mas apropiada para evaluar la citotoxicidad de dex
en esta linea celular, debido a que la muerte celular alcanzada con las dosis mas
altas puede resultar una citotoxicidad excesiva para periodos de incubacién mas

prolongados.

Una vez establecida la concentracion de 10 uM como la concentraciéon de trabajo,
los ensayos de proliferacion celular se llevaron a cabo con tiempos de exposicion méas
largos, durante los cuales se observé una correlacion tiempo-respuesta (figura 2 b).
La dex en solucién se administré cada 2 dias con medio fresco durante todo el
ensayo. El ensayo se prolong6 hasta los 7 dias de incubaciéon. También se evalud el
efecto apoptotico de la dex en solucién en esta linea celular. Inicialmente se hicieron
ensayos a tiempos cortos (3-5h) no observandose una induccion de la apoptosis por
lo que dichos tiempos se ampliaron hasta 24-48 horas observandose entonces un
incremento estadistico en la proporcion de células apoptoticas frente al control tras

48 horas de exposicion (figura 3).
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Figura 3: Efecto apoptotico de dex en solucion 10 pM. Los resultados expresados
como porcentaje de apoptosis, son las medias 4+ desviacion estdndar de 6 experi-
mentos de al menos 6 cultivos diferentes. En cada experimento las medidas fueron
tomadas por duplicado. ** p<0,05 con respecto a control.



128

CAPITULO 4. Discusion

Estos resultaron demuestran el efecto citotoxico de la dex (10 M) en células
PC12. Referencias bibliograficas que usaron 1-5 uM como concentraciones de dexa-
metasona [17-19], mostraron una induccién génica que provocod un incremento en
la secrecién de calcio y una inducciéon de la sintesis de catecolaminas y del almace-
namiento de proteinas, sin embargo en los casos descritos no se producia un efecto
citotoxico ni una induccion de la apoptosis. Al emplear dosis superiores, de 10 uM,

estos efectos si que se observan de forma significativa tras 48 h de tratamiento.

Ademas, los analisis mediante citometria de flujo muestran que la dex en solucién
induce una parada del ciclo celular en la fase G2, que practicamente llega a desapa-
recer, como queda recogido en la figura 13, donde también se recogen los resultados
obtenidos a partir de microparticulas poliméricas, que se comentaran posteriormen-
te.

4.2. Desarrollo de microparticulas poliméricas de

dex

Para el desarrollo de las microparticulas poliméricas se partié6 de un protocolo de
microencapsulaciéon inicial sobre el cual se fueron introduciendo diversas modifica-
ciones teniendo en cuenta los puntos criticos del método de elaboracién empleado.
El protocolo inicial esta basado en el método de evaporacién-extraccion del solven-
te mediante emulsion O/A. En la figura 4 se describen de forma esquemética las
diferentes etapas. Se prepara una fase organica formada por 500 mg de polimero
lactico-co-glicolico 50:50 y 0,5 ml de una solucion de dex en metanol (100 mg/ml)
todo disuelto en un solvente organico. Esta fase organica es emulsificada por agita-
cion vigorosa en una fase acuosa formada por alcohol polivinilico (PVA) y cloruro
sodico (NaCl). Una vez formada la emulsion, se mantiene en agitacion durante 2,5h
a 500 rpm hasta lograr la completa evaporaciéon del solvente organico. Finalmente

las microparticulas son recolectadas por filtracion, se liofilizan y se almacenan a 4
°C

En la tabla 1 estan recogidas las modificaciones introducidas en este protocolo ini-
cial. Las microparticulas obtenidas se caracterizan en cuanto a morfologia, tamano,
carga de principio activo, compatibilidad entre excipientes, disposicion del farmaco

en las microparticulas y cinética de cesion in vitro. Se busca que las microparticulas
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Figura 4: Representacién esquemética del protocolo inicial de microencapsula-
cion para la obtencion de microparticulas poliméricas utilizando el método de
evaporacion-extraccion del solvente mediante emulsion O/A.

obtenidas presenten una morfologia regular, con un tamano inferior a 100 pM para

permitir su correcta administracion por via parenteral mediante inyeccion con una

aguja convencional y una baja dispersiéon de tamanos. Estas microparticulas deben

tener una alta carga de principio activo y permitir una liberacién controlada de dex.

Fase organica

Fase acuosa

Velocidad de

Solvente organico Polimero Volumen Composicion agitacion
Protocolo 1 4,5 ml DCM RG502 100 ml 1% PVA, 1 N NaCl 800rpm
Protocolo 2 3 ml DCM RG502 100 ml 1% PVA, 1 N NaCl 800rpm
Protocolo 3 3 ml Cloroformo  RG502 100 ml 1% PVA, 1 N NaCl 800rpm
Protocolo 4 3 ml DCM RG502 50 ml 1% PVA, 1 N NaCl 800rpm
Protocolo 5 3 ml DCM RG502 100 ml 0,5% PVA, 0,5 N NaCl 800rpm
Protocolo 6 3 ml DCM RG502 100 ml  0,25% PVA, 0,25 N NaCl 1200rpm
Protocolo 7 3 ml DCM RG504H 100 ml  0,25% PVA, 0,25 N NaCl 1200rpm

Tabla 1: Condiciones experimentales evaluadas en la optimizacion del procedimiento
de elaboracion de las microparticulas poliméricas.
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Para la cuantificacién de dex microencapsulada, asi como para la determinacion
de la dex liberada en los posteriores ensayos de cesion in vitro se puso a punto un
método analitico por HPLC. Para la validacion de este método se disen6 un protocolo
de validacién que contempla el procedimiento de preparacién de las muestras de
validacion, el procedimiento experimental para determinar la selectividad, linealidad,
exactitud, precision y limite de cuantificacion; y la evaluacion estadistica de los
resultados. Este protocolo de validaciéon del método analitico estd detallado en el
trabajo (P3), dicho protocolo fue disenado de acuerdo con la USP y las directrices
de la ICH pero adapténdolo a las necesidades del método analitico en funcion de su
uso: por un lado se pretende cuantificar el contenido de dex en las microparticulas
(ensayo:contenido) y por otro lado se pretende cuantificar el farmaco liberado desde

las microparticulas (ensayo:disolucion).

La especificidad, linealidad, proporcionalidad, precision y exactitud fue determi-
nada para la dex en el rango de 10 a 50 pug mL-1 en el procedimiento analitico
del ensayo:contenido y de 0,25 a 10 pug mL-1 para el procedimiento analitico del
ensayo:disolucion usando para ello muestras artificiales y muestras reales. Los pro-
cedimientos analiticos propuestos fueron adecuados salvo por la falta de proporcio-

nalidad del procedimiento analitico del ensayo:disolucion.

Los resultados obtenidos en la optimizacién del protocolo de microencapsulacion

estan recogidos en el trabajo (P4).

El procedimiento de microencapsulacién desarrollado fue reproducible, obtenién-
dose rendimientos del proceso en los diferentes protocolos proximos al 82 %, excepto
en el protocolo 3, donde el rendimiento fue més bajo (tabla 2). Las microparticu-
las obtenidas en la mayoria de los casos fueron esféricas, sin agregar, sin poros y

uniformes, con una superficie lisa sin huecos ni deformaciones (figura 5).

En la optimizacion del procedimiento de microencapsulacion, inicialmente el di-
clorometano fue seleccionado como solvente organico. El volumen de dicho solvente
fue ajustado (protocolos 1y 2) para mejorar la extraccion del solvente durante la
formacion de las microparticulas. La extraccion-evaporacion del solvente provoca la
precipitacion del polimero encapsulando el farmaco. Ademaés, cuanto mas rapido se
evapora el solvente, mas rapida se produce la precipitacion del polimero, lo que con-
lleva a una mayor carga de principio activo en las microparticulas [20]. Sin embargo,
en nuestros ensayos la reduccion del volumen del solvente no supuso una mejora

en la carga de las microparticulas, ni produjo ninguna alteracién morfologica en las
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mismas (figura 5).

El diclorometano fue sustituido por cloroformo en el protocolo 3. Numerosos au-
tores describen que el uso de solventes orgénicos con una buena miscibilidad con el
agua mejora la carga de las microparticulas [21-23]. En nuestro estudio este cambio
dio lugar a microparticulas con una superficie méas irregular (figura 5), incrementén-

dose la agregacion y disminuyendo la carga en las microparticulas.

Figura 5: Imagenes de microscopia electronica de microparticulas poliméricas ob-
tenidas bajo diferentes condiciones experimentales (escala de la barra = 200 pm).
Microparticulas obtenidas en el protocolo 1 (a); protocolo 2 (b); protocolo 3 (c);
protocolo 4 (d); protocolo 5 (e); protocolo 6 (f); and protocolo 7 (g).

Con el fin de aumentar la carga de dex en las microparticulas, se redujo el volumen
de la fase acuosa (protocolos 2 y 4), para limitar la difusion del farmaco a la fase

acuosa externa. Sin embargo, la mejora obtenida en la carga no fue significativa.

La disminucion de la concentracion de PVA en la fase acuosa externa (desde el
1% de PVA en el protocolo 2 al 0,5% de PVA en el protocolo 5) provocod un in-
cremento en la carga de las microparticulas pero también en su tamano. En efecto,
el PVA es un tensioactivo que estabiliza la emulsion, reduciendo la tensiéon super-
ficial entre la fase acuosa y organica y facilitando la dispersion de la fase organica
interna en goticulas mas pequenas [21]. Por otro lado, una mayor concentracion de
PVA favorece la difusién de dex a la fase acuosa, lo que provoca un descenso de la
carga y de la eficacia de encapsulaciéon. Por ello, para incrementar la carga de las
microparticulas, manteniendo su tamano por debajo de los 100 pum, fue necesario
reducir la concentracion de PVA hasta el 0,25 % pero de forma paralela se aumento

la velocidad de agitacion durante la formacion de la emulsion (protocolo 6).
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Finalmente, el protocolo 7 es el mismo que el protocolo 6 pero las caracteristicas
del polimero fueron ligeramente diferentes. En ambos casos se usaron copolimeros
poli lactico-glicolico 50:50 pero con diferente peso molecular y viscosidad inherente
(RG504H >RG502). Ademas, el copolimero RG504H contiene més restos carboxili-
cos que les dan una mayor hidrofilia y que son responsables de que estos polimeros
de la serie H presenten una degradacion méas rapida in vitro. Cuando se utilizo el
copolimero RG504H se observo un importante aumento en el tamano de las micro-
particulas, excediendo los 100 pm, probablemente debido a una peor difusion del
polimero en la solucién acuosa externa de PVA por su mayor viscosidad inherente
[23]. Ademés, la carga de dex en las microparticulas se redujo, quizas debido tanto a
un mayor tiempo de contacto entre la dex y la fase externa acuosa, como a la mayor
porosidad de las microparticulas (como se describe en la bibliografia), aunque en
las imégenes de microscopia electronica estas modificaciones en la superficie de las

microparticulas (figura 5) no se observen [24].

Rendimiento Didmetro medio Carga Eficacia de
(%) en volumen (mg DEX / 100 mg MPs) encapsulacion (%)

Protocolo 1 90,06 66,06+32,04 2,98+0,20 30,6242,11
Protocolo 2 92,12 73,31+30,89 2,8940,18 29,79+1,91
Protocolo 3 63,23 83,59+48,95 1,5340,10 15,48+1,05
Protocolo 4 81,88 81,34+37,41 3,25+0,24 33,48+2,51
Protocolo 5 95,68 92,81+41,55 5,79+0,29 61,51£3,18
Protocolo 6 97,08 59,69+22.35 7,30+0,26 78,84+2,86
Protocolo 7 93,05 135,26+£52,53 4,63+0,29 48,19+3,09

Tabla 2: Caracteristicas de las microparticulas obtenidas en los diferentes protocolos
de la tabla 1.

Mediante Calorimetria Diferencial de Barrido (DSC) se estudi6 la disposicion de
dex en las microparticulas y la compatibilidad entre el principio activo y el material
polimérico. Los termogramas obtenidos por DSC de dex pura, del polimero RG502,
de las mezclas fisicas de RG5H02:dex y de las microparticulas obtenidas mediante el
protocolo 6 se muestra en la figura 6. El termograma de dex pura muestra dos picos
proximos a 100 °C, los cuales corresponden a las moléculas de agua ligadas y de
agua libre respectivamente. También se observo un pico exotérmico agudo y grande
a 228,05 °C, el cual se corresponde con el punto de fusién de dex con una entalpia de
fusion de AHm = -77,8 J/g. El polimero RG502 mostré un pico endotérmico a 46,17
°C con un calor de fusion de 4,32 J/g, lo que esta de acuerdo con los datos publicados

por Boehringer Ingelheim. Los termogramas de las mezclas fisicas a proporciones
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reales mostraron dos picos, los cuales corresponden al polimero RG502 y a la dex,
indicando que no existen interacciones quimicas entre ambos componentes. En el
termograma correspondiente a las microparticulas el punto de fusiéon de la dex no
fue detectado, lo que indico que el farmaco estaba disuelto o molecularmente disperso

en la matriz polimérica.

___.--'—'-'--‘l:

A b

| d
=
=
=
=

a

50 100 150 200 250 300

Temperatura (°C)

Figura 6: Termogramas obtenidos por DSC al calentar desde 20 °C a 280 °C a 10
°C/min muestras de dex pura (a), polimero RG502 (b), mezcla fisica (¢) y micro-
particulas del protocolo 6 (d).

En conclusién, a partir del estudio de las diferentes variables descritas se ha opti-
mizado el protocolo de microencapsulacion de dex hasta obtener las microparticulas
del protocolo 6, con un tamano medio de 59,69 ym + 22,35 pm; superficie lisa y re-
gular sin poros ni huecos, y con una carga en dex de 7,30 £ 0,26 mg de Dex / 100 mg
de microparticulas (eficacia de encapsulacion aproximada del 79 %). Ademaés, se des-
cartaron posibles incompatibilidades de los componentes de dichas microparticulas
mediante el analisis de sus termogramas obtenidos por DSC. Este estudio también
permiti6é determinar que el fArmaco se encuentra disuelto o molecularmente disperso

en el interior de las microparticulas.
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Con estas microparticulas se realizé6 un estudio de cesiéon in vitro, obteniéndose
los resultados de la figura 7. Debido al bajo peso molecular de la dex y a la hidrdlisis
de los poliésteres alifaticos de los polimeros como el poli lactico-co-glicolico en medio
acuoso, la liberaciéon del farmaco a partir de las microparticulas puede producirse por
dos mecanismos: la difusion de la dex a través de la matriz polimérica, y la erosion
de las microparticulas. Como se observa en la figura, en la cesion de la dex desde las
microparticulas se diferencias varias etapas. Se detecta un pequeno efecto burst en las
primeras 24 h, que supone una liberacion de menos del 10 % del farmaco. Después, se
observa una fase de liberacion rapida, que probablemente sea consecuencia, en gran
medida, de la difusion de la dex desde las capas externas de la microparticulas, y
con una baja contribucion de la erosion de las mismas. En esta etapa se alcanzé una
liberacion del farmaco del 70 % en 14 dias. Finalmente, se produce una liberacion
lenta de la dex que se debe principalmente a la degradacion de las microparticulas,
de manera que después de 28 dias se libero el 81 % del farmaco. La maxima cantidad

de farmaco liberado se alcanza tras 90 dias con un total de 92 % de dex liberada.

Con el fin de intentar reducir la pendiente de la fase rapida de liberacion, y
conseguir una velocidad de liberaciéon mas homogénea durante toda la cesion, se
elaboraron microparticulas mediante el protocolo 6 pero incorporando vitamina E
y polietilenglicol (PEG) 6000 en la fase organica. Otros trabajos realizados por
nuestro equipo de investigaciéon nos mostraron que la incorporaciéon de vitamina E
a microparticulas de tetrahidrocannabinol resulté eficaz para mejorar la cinética de
liberacion de la molécula activa [25]. La incorporacion de vitamina E permitiria,
ademas de mejorar la cinética de cesion, aumentar la estabilidad de dex frente a la
oxidacion. Como se puede ver en la tabla 3 la incorporaciéon de la vitamina E no
afecté de forma significativa a la carga de las microparticulas obteniendo por tanto
valores altos de eficacia de encapsulacion. Si hay que destacar que la incorporaciéon
de PEG 6000 provocdé un aumento en la viscosidad de la fase interna organica,
lo cual disminuye la difusion del farmaco a la fase acuosa y por tanto aumento

significativamente la carga y la eficacia de encapsulacion.

La incorporacion de vitamina E y de PEG en la formulaciéon también provoco
cambios en la morfologia de las microparticulas (figura 8), de forma que la vitamina E
dio lugar a microparticulas mas porosas, aumentando dicha porosidad al aumentar
la proporciéon de vitamina E en la formulacién. Sin embargo la incorporacion del

PEG 6000 hizo que las microparticulas obtenidas tuvieran menos poros.

Con las microparticulas obtenidas en estos lotes se evalu6 la cesién in vitro de
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Figura 7: Cinética de liberacion de dex desde las microparticulas obtenidas con el
protocolo 6. Para los estudios de cesion in vitro, las microparticulas fueron incubadas
en PBS pH 7,4 en agitacion a 37 °C. A intervalos de tiempo predeterminados, el
sobrenadante fue retirado y reemplazado con PBS atemperado. La concentracion
de dex en el medio de cesién se cuantifico por HPLC. Los datos corresponden a
la cantidad acumulada de farmaco liberado en el periodo de tiempo indicado, y
expresado como el porcentaje medio con respecto a la cantidad total de dex en las

microparticulas (n = 3).

45

Lote Aditivo en la fase Carga Eficacia de
organica (mg DEX/ 100 mg MPs) encapsulacion (%)
6 7,301+0,26 78,84+2.86
8 0,5% vit E 7,11+0,29 76,60+2,89
9 1% vit E 6,67+0,27 65,55£2,67
10 2% vit E 7,21£0,26 77,71£2,60
11 5% vit E 6,76+0,29 72,50+2,91
12 1% vit E + 1% PEG 6000 8,25+0,3 89,97+3,05

Tabla 3: Efecto de la incorporaciéon de vitamina E y PEG 6000 en la fase orga-
nica sobre la carga y eficacia de encapsulaciéon de las microparticulas poliméricas

obtenidas.

dex comparandola con el lote sin vitamina E (figura 9).
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Figura 8: Imégenes por microscopia electréonica de las microparticulas poliméricas
elaboradas con distinta proporcion de vitamina E (escala de la barra = 10 pm).
Microparticulas obtenidas en lote 6 sin vitamina E (a); lote 8 con 0,5% vitamina E
(b); lote 9 con 1% vitamina E (c); lote 10 con 2% vitamina E (d); lote 11 con 5%
vitamina E (e); lote 12 con 1% vitamina E y 1% PEG 6000 (f).

—=Lote &
==L ote 8
==Lote 9
Lote 10
=T ote 11
——Lote 12

% Dex liberado

f T T T T T
0 20 40 ] a0 100

Tiempo (dias)

Figura 9: Perfil de cesion de dex desde las microparticulas poliméricas de los lotes
6, 8-12. Para los estudios in vitro las microparticulas fueron incubadas en PBS pH
7,4 con agitacion a 37 °C. A intervalos de tiempo predeterminados el sobrenadante
fue retirado y reemplazado por PBS atemperado. La concentracion de dex en el
medio de cesion fue determinada por HPLC. Los datos corresponden al porcentaje
acumulado de farmaco liberado al periodo de tiempo indicado, respecto al total de
farmaco microencapsulado (n — 3).
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Llama la atencién que al incorporar vitamina E en la formulacién el porcentaje de
dex liberada desde los 15 hasta los 105 dias del ensayo es siempre significativamente
inferior al obtenido a partir del lote 6. Ademaéas, después de 105 dias de ensayo el
porcentaje total de dex liberada estuvo muy por debajo del 100 %. Mientras que
con el lote 6, sin vitamina E, se alcanza mas de un 90 % de farmaco liberado en 105
dias, con los lotes elaborados con vitamina E, esta cesion no supera el 75 %, con
un valor del 56 % en el caso del lote 8, elaborado con un 0,5% de vitamina E. La
incorporacion del PEG no modifico de forma significativa estos resultados (75 % de

farmaco liberado en 105 dias).

Paralelamente se realiz6 un estudio de estabilidad de dex en PBS a 37 °C, para lo
que se prepar6 una solucion estandar de dex en PBS y otra en la que se anadié un 1 %
de vitamina E. Estas soluciones se envasaron en ampollas de vidrio y se mantuvieron
en un bano termostatizado a 37 °C, simulando las condiciones del ensayo de cesion.
A intervalos de tiempo se extrajeron ampollas y se determiné el contenido en dex por
HPLC. Como queda recogido en la figura 10 la dex disuelta en PBS sin vitamina E se
degrada de forma progresiva en las condiciones del estudio, aumentando la velocidad
de degradacion al ir aumentando el tiempo de almacenamiento de manera que a los
28 dias el porcentaje de dex degradado es del 3% y a los 100 dias del 37 %. En cuanto
a la dex disuelta en PBS con vitamina E, no se detecta degradacion hasta el dia
28 del ensayo momento en el cual se observa una intensa degradacion alcanzéndose
el 35% de farmaco degradado a los 40 dias del ensayo, y manteniéndose esta valor

hasta el final del estudio.

Estos resultados resultaron sorprendentes ya que suponiamos un efecto protector
frente a la oxidacion de dex por parte de la vitamina E, utilizada habitualmente como
antioxidante. Sin embargo, podrian justificar los resultados del ensayo de cesion, de
manera que el bajo porcentaje de dex detectado en el medio de cesion en los lotes
elaborados con vitamina E serfa debido a la degradacion del fArmaco en presencia
de esta vitamina a partir de los 28 dias del ensayo, cuando la mayor parte de dex

permanece dentro de las microparticulas en contacto con la vitamina E.

Con las microparticulas del lote 6, sin vitamina E, se realizaron los ensayos de
proliferacion celular y apoptosis en células PC12. A partir de los ensayos previos con
dex en solucion, en los cuales se fij6 como la concentraciéon de trabajo 10 uM, se cal-
cula la cantidad de microparticulas necesarias para que se produzca una liberacion
diaria de dex equivalente a dicha concentracion. Con ello se realiz6 inicialmente el

ensayo de proliferacion celular. Dicho ensayo no podia prolongarse mas de 6 dias de



138

CAPITULO 4. Discusion

100 i -

90 -

” <S

=== |z xametasona

2% Dexametasona
1
1

y dexametasona
+vitE

i 10 20 30 Ry i &0 T a0 = T] 100

Tiempo {dias)

Figura 10: Degradacion de dex disuelta en PBS con y sin vitamina E. Las soluciones
se envasaron en ampollas de vidrio de 2 ml, y se mantuvieron a 37 °C. Los datos se
expresan como porcentaje de dex remanente a cada tiempo de muestreo.

incubacién debido al crecimiento de las células en los pocillos control que hacian que
estos pudieran llegar a saturarse y las células entraran en una fase de senescencia
o muerte celular que podia llevarnos a unos resultados erréoneos. Por ello paralela-
mente se realizdé un ensayo de cesién in vitro que permitioé la incorporacion de las
microparticulas a los cultivos celulares cuando estas alcanzaban diferentes periodos
de liberacion de dex; de manera que a los cultivos celulares se fueron incorporando
microparticulas extraidas del ensayo de cesion a diferentes tiempos, evaludndose su
capacidad de ceder dex durante un periodo de incubacién de seis dias. Este método
nos permitié determinar la efectividad de las microparticulas hasta los 26 dias de

cesion de dex de las mismas (figura 11).

La citotoxicidad de las microparticulas no cargadas se evalué de forma paralela a
las microparticulas cargadas, no mostrando citotoxicidad en los diferentes tiempos
ensayados. Sin embargo, el equivalente a una tnica administracién de microparti-
culas cargadas produjo el mismo efecto citotéoxico que la administracion cada 48h

de dex en solucion mostrando diferencias significativas con respecto a la viabilidad
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Figura 11: Estudio de citotoxicidad de dex 10 uM en solucién, microparticulas po-
liméricas no cargadas y microparticulas poliméricas cargadas después de ceder in
vitro dex durante 1 - 26 dias. La dex en solucién y la liberada desde las microparti-
culas produjeron una citotoxicidad estadisticamente significativa en todo el periodo
estudiado. Las microparticulas no cargadas no produjeron citotoxicidad. Los datos
corresponden a la media 4+ desviacion estandar de 6 - 12 pocillos de 4 lotes diferentes
de células. *** p <0,05 con respecto a la viabilidad celular control. ### p <0,05
con respecto a las microparticulas no cargadas.

control desde el dia 1 del ensayo y con las microparticulas no cargadas desde el dia
3 de ensayo. Estos resultados pueden corroborarse mediante imagenes tomadas con
microscopia Optica en las que se observa como el nimero de células se reduce signi-
ficativamente cuando son tratadas con las microparticulas cargadas con respecto a
los pocillos control o con respecto a las microparticulas no cargadas (figura 12). En
estas fotografias también puede apreciarse como al ir avanzando el ensayo de cesion
las microparticulas en contacto con las células estan cada vez mas deformadas, como

consecuencia de la progresiva degradacion del polimero.

Al realizar los ensayos de induccion apoptotica se observo como el tratamiento de
las células tanto con dex en solucién como con las microparticulas cargadas provocod
la parada del ciclo celular llegando a desaparecer la fase G2 tras 1 dia de tratamiento

(figura 13). Sin embargo este efecto no se manifiesta con las microparticulas no
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Figura 12: Morfologia de las células PC12 después del tratamiento con microparti-
culas poliméricas. (A) Microfotografia de células control, (B) Células tratadas con
dex en solucion durante 1 dia, (C) Panel izquierdo: células tratadas con micropar-
ticulas no cargadas; panel derecho: células tratadas con microparticulas cargadas, a
diferentes tiempos de cesion: 1 dia (1), 6 dias (2), 16 dias (3) vy 26 dias (4).

cargadas. Como ya se ha indicado, el efecto proapoptotico de la dex ha sido descrito
en la bibliografia, donde se recoge que los GCs tienen la capacidad de detener el
ciclo celular en células de osteosarcoma, hepatoma, glioma y células de tumor de
mama, y son capaces, como consecuencia, de desencadenar la muerte celular [15].
Sin embargo, en otros estudios se hace referencia a una disminucion de la transicion
G1 a la fase S, en el caso de células tumorales de tiroide [15], y una parada en el

ciclo celular entre GO y G1 en lineas celulares T de leucemia linfoblastica aguda [26].

En los ensayos de citometria de flujo desarrollados se detecté que tras 2 dias
de tratamiento se produjo un incremento en la proporcion de células apoptoticas

estadisticamente significativo respecto al control, alcanzandose un 15,8 % y 19,9%
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de células apoptoticas respectivamente.
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Figura 13: Determinaciéon de apoptosis tras el tratamiento con dex en solucién y con
microparticulas poliméricas. La figura muestra los ciclos celulares obtenidos median-
te citometria de flujo en las células control y en las tratadas con dex en solucion (10
pM), microparticulas poliméricas no cargadas y microparticulas poliméricas carga-
das durante 1 dia (a) y 2 dfas (b). Los datos son las medias + desviacion estandar de
6 experimentos de al menos 6 cultivos diferentes. Cada medida y cada experimento
se llevo a cabo por duplicado.

4.3. Desarrollo de microparticulas lipidicas de dex

Para la elaboracion de las microparticulas lipidicas de dex se partié de un proto-
colo inicial basado en el método de atomizacion (spray drying). Dicho protocolo se
basa en la formaciéon de una solucién acuosa de ovoalbtimina y lactosa y otra solucion
etanolica con dex y Lipoid (fosfolipidos de huevo con un 80 % de fosfatidilcolina).
Ambas soluciones se mezclan (30/70 v/v) manteniendo dicha mezcla en agitacion
moderada mientras se atomiza en el spray dryer. El total de sélidos empleados fue
de 2 g/1, de los cuales la dex suponia el 10% y el resto los excipientes. Las micro-
particulas obtenidas se almacenaron entre 4-8 °C. En la figura 14 se describen de

forma esquematica las diferentes etapas del proceso.

Para optimizar el proceso, se estudio el efecto de utilizar diferentes proporciones

de Lipoid y de la incorporacion de distintos tipos de azucares en las caracteristicas
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Figura 14: Esquema del protocolo inicial de elaboracién de microparticulas lipidicas
por atomizacién.

de las microparticulas obtenidas. Para realizar estas modificaciones en la formula-
cion se mantuvo un total de excipientes del 90 % del total de solidos, y la misma
proporcion de ovoalbiimina y de aziicar (tabla 4). Las microparticulas obtenidas se
caracterizaron en cuanto a morfologia, tamano, carga de principio activo, compati-
bilidad entre excipientes, disposicion del farmaco en las microparticulas y cinética
de cesion in vitro. Se busca que las microparticulas obtenidas presenten una morfo-
logia regular, con un tamano superior a 10 uM con el fin de evitar que puedan ser
fagocitadas de los macrofagos. Estas microparticulas, ademés, deben tener una alta

carga de principio activo y permitir una liberacion controlada la dex.

Lote % Lipoid  Aztcar Diametro medio Carga Eficacia de
en volumen (mg Dex / 100 mg MPs) encapsulacion (%)
1 40 Lactosa  29.8+10,8 8,13%+0,2 79.63+2.21
p 60 Lactosa  27,9349,71 9,5+0,41 04,32+44,11
3 70 Lactosa  19,4847,82 8,7440,21 86,2742,06
4 80 Lactosa 30,424+18,81 9,21+0,37 91,344+3.69
5 70 Manitol  23,15411,22 9,0640,20 87.79+1,96
6 70 Trealosa  25,36419,26 9,2340,49 89,6143,79

Tabla 4: Caracteristicas de los distintos lotes de microparticulas lipidicas. Porcenta-

jes de Lipoid expresados con respecto al total de excipientes.

Los resultados obtenidos en la optimizaciéon del protocolo de microencapsulacion

estan recogidos en el trabajo (P4).

Con un 40%, 60% y 70% de Lipoid (lotes 1, 2 y 3) se obtuvo directamente

un producto pulverulento de flujo libre pero cuando se increment6 la proporcion
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de Lipoid al 80% la fluidez del producto obtenido disminuy6 significativamente,
quedandose fuertemente adherido al ciclon y a las paredes del recipiente recolector
del equipo. El tamano de las microparticulas obtenidas en los lotes 1, 2 y 3 fue
determinado por difraccion laser, obteniéndose didmetros medios que oscilaron entre
18 y 31 pm, con una distribucién unimodal (figura 15e). Estos resultados no se
corresponden con las iméagenes obtenidas por microscopia electronica (figura 15a, b,
¢, d), en donde se observo una intensa agregacion en todos los casos, aunque en la
mayoria de los lotes, las microparticulas no habia perdido su forma esférica y podia
distinguirse la morfologia individual de las mismas. Este alto estado de agregacion
observado en las iméagenes de microscopia electronica podria deberse al proceso
de obtencion de las iméagenes, por el cual las muestras fueron sometidas a altas
temperaturas y como consecuencia el Lipiod podria haberse fundido parcialmente

favoreciendo la formaciéon de agregados.

ORECTFTILE
y

Size(Microns)

Figura 15: Imégenes de microscopia electréonica de microparticulas lipidicas elabo-
radas con distintas proporciones de Lipoid: a) 40 % Lipoid, b) 60 % Lipoid, ¢) 70 %
Lipoid y d) 80 % Lipoid. La figura 15 e) muestra la distribucion de tamanos de las
microparticulas del lote 5.

El rendimiento del proceso de microencapsulacion fue aproximadamente del 40 %
para todos los lotes, salvo para el lote 4, donde dicho rendimiento disminuy6 signi-
ficativamente debido al alto estado de agregacion de las microparticulas. Los bajos
rendimientos son una importante desventaja de esta técnica de elaboracion. Sin em-
bargo, una de las principales ventajas, que compensa este bajo rendimiento es la alta
eficacia de encapsulacion (tabla 4), obteniendo una carga de farmaco aproximada

de 9 mg de dex / 100 mg de microparticulas en todos los lotes.
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Para reducir la sensibilidad de las microparticulas lipidicas a la temperatura, de-
bido al bajo punto de fusion del Lipoid, y ademas, para incrementar su estabilidad
fisica, se modifico la naturaleza del azicar utilizado en la microencapsulacion (lac-
tosa, manitol y trealosa en los lotes 4, 5 y 6, respectivamente). En todos los lotes, las
microparticulas obtenidas mantenian su morfologia y forma individual, pero mos-
traron diferentes estados de agregacion. El lote elaborado con trealosa fue el que

menos agregacion mostrd, obteniendo un producto facilmente manejable.

El analisis del tamano de las microparticulas (tabla 4), concluyé que éste no se
vio afectado por la proporciéon de Lipoid ni por la naturaleza del azicar empleado.
Las microparticulas lipidicas mostraron un tamano inferior a las poliméricas pero

superior a 10 pum.

Como puede verse en la figura 16b y 16c, los perfiles de liberacion de dex a partir
de las microparticulas lipidicas fueron significativamente diferentes de los obtenidos
con las microparticulas poliméricas, ya que la cesion de dex fue mucho mas rapida,
alcanzando el 100 % del farmaco liberado tras 24 h de ensayo. La figura 16b muestra
las diferentes cinéticas que se obtuvieron a partir de los lotes con diferente proporcion
de Lipoid. Estos perfiles mostraron que una mayor proporcién de Lipoid provoca un
mejor control de la liberacion del farmaco. Todo el farmaco fue liberado de forma
inmediata desde las microparticulas elaboradas con un 40 % y 60 % de Lipoid, pero,
sin embargo, en las microparticulas con un 70 % de Lipoid, el 70 % del farmaco fue
liberado de forma inmediata durante la primera hora, alcanzando el 100 % de dex
liberada en 24 h. Comparando los diferentes lotes de microparticulas con un 70 %
de Lipoid elaborados con distintos tipos de azucares (figura 16¢), no se detectaron
diferencias en las cinéticas de cesion, siendo el Lipoid el tinico componente que afecta

a la liberaciéon de la dex.

Como conclusion de todos estos ensayos, se seleccioné el lote 6, con un 70 % de

Lipoid y con trealosa para los estudios posteriores.

El anéalisis por DSC de las microparticulas lipidicas fue complejo debido al alto
numero de excipientes que fueron usados en su elaboraciéon. Primero se analizaron
los termogramas de todos los excipientes puros y a continuaciéon se analizaron las
mezclas fisicas (1:1) de todos los componentes, lo que permitio descartar incompa-
tibilidades quimicas entre los componentes. Los termogramas de los componentes
puros, asi como de las microparticulas del lote 6 se muestran en la figura 17. El

termograma del Lipoid puro (figura 17.d) muestra un unico evento térmico a 38,5
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Figura 16: a) Perfiles de liberacion de dex desde las microparticulas lipidicas elabo-
radas con diferentes proporciones de Lipoid. b) Perfiles de liberacion de dex desde
las microparticulas lipidicas obtenidas con distintos tipos de aztcares. Para los es-
tudios de cesion in vitro, las microparticulas fueron incubadas en PBS pH 7,4 en
agitacion a 37 °C. A intervalos de tiempo predeterminados, el sobrenadante fue reti-
rado y reemplazado con PBS fresco. La concentracion de dex en el medio de cesion
fue cuantificada por HPLC. Los datos corresponden a la cantidad acumulada de
farmaco liberado en el periodo de tiempo indicado, expresada como porcentaje con
respecto a la cantidad total de dex en las microparticulas (n — 3).

°C con una entalpia (AH) de 18,99 J/g, lo cual podria corresponder a la tempe-
ratura de fusion de las cadenas alifiticas. Esta temperatura de fusion justifica los
resultados obtenidos en las fotografias de microposcopia electronica anteriormente
comentados. En el termograma de las microparticulas, fue dificil caracterizar los pi-
cos individuales de cada componente, debido a la baja concentracion de los mismos
y a la superposicion de diferentes picos a una misma temperatura. Sin embargo, la
ausencia del pico caracteristico de la dex indica que el farmaco se encuentra disuelto

o molecularmente disperso en la matriz lipidica.

El efecto citotéxico de dex incorporada en microparticulas lipidicas se comparo
con el producido por dex en solucién 10 gM. Como se ha indicado, en los ensayos in
vitro las microparticulas lipidicas liberaron el 100 % del faArmaco microencapsulado
en 24 horas. Este dato junto con la carga de las microparticulas se usaron para
determinar la cantidad de microparticulas que corresponden a 10 M de dex. Esta
cantidad de microparticulas se utilizo, en una tinica administracion, en el ensayo de
proliferacion celular que se prolong6 durante 3 dias, mientras que la dex en solucion

se incorpor6 al medio de cultivo celular cada 48 h.

Como muestra la figura 18, las microparticulas lipidicas no cargadas no se mos-
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Figura 17: Termogramas obtenidos por DSC, mediante el calentamiento de las mues-
tras a 5 °C/min. dex pura (a), trealosa (b), ovoalbtimina (c), Lipoid (d) y micro-
particulas del lote 6 (e).

traron citotoxicas, ya que no se detectaron diferencias estadisticamente significativas
entre la viabilidad celular tras el tratamiento con dichas microparticulas y el control,
durante todo el periodo de incubacién. Por otro lado, la muerte celular observada
tras un dia de tratamiento tanto con dex en solucién como con las microparticu-
las cargadas fue estadisticamente significativa con respecto a las células control; y
la citotoxicidad producida por ambos tratamientos tras 3 dias de ensayo también
mostré diferencias estadisticamente significativas con respecto a las células tratadas
con microparticulas no cargadas. También se observa en la figura 18 que las micro-
particulas lipidicas cargadas con dex presentaron el mismo efecto citotoxico que la
dex en disolucién, de manera que la incorporaciéon de dex en el transportador lipi-
dico no afect6 a su actividad antiproliferativa. A pesar de que el farmaco se libera
de las microparticulas en un dia, después de tres dias de incubacién se obtuvieron
los mismos resultados con la administraciéon tnica de las microparticulas lipidicas

cargadas que con la dex en soluciéon administrada cada 48 h.
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Figura 18: Curva tiempo-respuesta del efecto citotoxico de las microparticulas lipidi-
cas. La figura muestra el efecto citotoxico de dex en solucion 10 M, microparticulas
lipidicas no cargadas y microparticulas lipidicas cargadas, medido como porcentaje
de la viabilidad celular, en células expuestas durante 7 horas, 1, 2 y 3 dias. Los datos
corresponden a la media £ desviacion estandar de 6 - 12 pocillos de cuatro lotes
diferentes de células. *** p<0,05 con respecto al control. ##+# p<0,05 con respecto
a las microparticulas no cargadas.

Durante el ensayo de citotoxicidad se observé la morfologia celular utilizando un
microscopio 6ptico. Las células control mostraron la morfologia clasica poligonal de
las células PC12. Esta morfologia también se observo en las células tratadas con dex
en solucion. Sin embargo, cuando las células fueron tratadas con microparticulas

lipidicas (cargadas o no cargadas) perdieron su morfologia clasica (Figura 19).

Esta alteracion de la morfologia celular se cree debida a una interaccion fisica
entre las microparticulas lipidicas y las células; que podria estar facilitada por el
constituyente fosfolipidico de las microparticulas lipidicas (Lipoid). Para confirmar-
lo, el ensayo se repitié6 usando un sistema que permite separar las células de las
microparticulas, pero compartiendo el mismo medio y, ademas, que permite que la
dex liberada desde las microparticulas afecte a las células. Este nuevo ensayo fue

llevado a cabo durante 3 dias de tratamiento, observando que las células no mos-
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Figura 19: Morfologia de las células PC12 tras 3 dias de tratamiento con dex en
solucion, microparticulas lipidicas no cargadas y microparticulas lipidicas cargadas.

traron ninguna alteracion morfologica después de este periodo. Al mismo tiempo,
la viabilidad celular no mostr6 diferencias con respecto a los datos mostrados en la
figura 17, confirmando que la citotoxicidad no fue causada por una interaccion fisica

directa entre las microcapsulas lipidicas y las células.

A partir de los resultados de la figura 13, se estableci6 un tiempo de 48 h como
el tiempo 6ptimo de estudio de la induccién de la apoptosis para la dex en solucion
v las microparticulas poliméricas cargadas. Por esta razon se usé el mismo periodo
de incubacién para los analisis con las microparticulas lipidicas. Los anéalisis FACS
se muestran en la figura 20 para el control, dex en solucion, las microparticulas li-
pidicas no cargadas y las microparticulas lipidicas cargadas, respectivamente. Las
microparticulas lipidicas no cargadas no produjeron un incremento en la apopto-
sis. Sin embargo, en las células tratadas con dex en solucién y con microparticulas
lipidicas cargadas se observo la desaparicion de la mayorfa de la fase G2. La apop-
tosis inducida por la dex en soluciéon y las microparticulas lipidicas cargada fue
estadisticamente significativa frente al control pero atin mas interesante fue que las
microparticulas lipidicas cargadas produjeron una apoptosis aproximadamente un
17,9 %, mayor (estadisticamente significativo) que la obtenida con dex en solucion.
Estos resultados podrian justificarse por la liberacion de los fosfolipidos desde las
microparticulas, los cuales podrian modificar la permeabilidad celular, facilitando la
internalizacion de dex en la célula o su interacciéon a nivel mitocondrial. La altera-
cion de la mitocondria se ha relacionado con la apoptosis producida por los GCs,
aunque el mecanismo no estd muy claro. La dex induce cambios en las propiedades
de la membrana mitocondrial que junto con la disminucién de expresion de trans-
portadores mitocondriales de sustratos y proteinas puede conducir a la represion de

la actividad respiratoria mitocondrial, y los bajos niveles de ATP contribuirian a la
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apoptosis inducida por GCs [26].
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Figura 20: Inducciéon apoptotica producida por dex. Resultados obtenidos por ci-
tometria de flujo de células control, células tratadas con dex en solucion 10 puM,
células tratadas con microparticulas cargadas y células tratadas con microparticulas
no cargadas tras 2 dias de ensayo.

Con la hipotesis de que los fosfolipidos presentes en las microparticulas lipidicas
son los responsables de favorecer la internalizacion de dex en la célula y potenciar
su efecto apotodtico, se procedio a evaluar el efecto de las microparticulas lipidicas
cargadas en células PC3 y U373. En los estudios previamente descritos con dex
en solucion, estas células fueron resistentes, es decir, que no fue detectado ningtn
efecto citotoxico cuando las células PC3 y U373 fueron tratadas con diferentes con-
centraciones de dex en solucién. El mecanismo en que se basa el desarrollo de la
resistencia a GCs es complejo y no esta totalmente aclarado. Los datos actualmente
disponibles sugieren que no hay un mecanismo principal responsable de dicha resis-
tencia, sino varios que actiian solos o en combinaciéon. Por ejemplo, la resistencia a
los GCs puede ocurrir si isoformas inactivas del receptor de GCs estan presentes de
forma mayoritaria o si miembros de la familia de transportadores ABC estan sobre-
expresados, o si los mecanismos de apoptosis estan inhibidos. Un alto nimero de
articulos indican que la activacion de mTOR (diana de la rapamicina en mamiferos)
desencadena mecanismos que contribuyen a la resistencia por GCs en enfermedades
hematologicas, por lo que se ha investigado el empleo de un inhibidor selectivo de

mTOR para sensibilizar a células resistentes al tratamiento con dex [27].

Cuando se trataron las células resistentes a dex PC3 y U373 se obtuvieron los
resultados recogidos en la figura 21. Como muestra la figura 21.a, las microparti-
culas lipidicas cargadas inducen citotoxicidad estadisticamente significativa en las
células PC3, mientras que con dex en solucién y con las microparticulas lipidicas

no cargadas no se detect6 citotoxicidad tras 48 h de incubaciéon. Por el contrario,
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en las células U373 de glioblastoma humano (figura 21.b), el efecto citotoxico de
las microparticulas lipidicas cargadas no fue significativo respecto al control. Con
estas células llamo la atencion el aumento de la viabilidad celular observada cuando
fueron tratadas con microparticulas lipidicas no cargadas. Esto nos hizo pensar que
quizas algiin componente de las microparticulas lipidicas pudiera tener un efecto
estimulante de la proliferacion celular que pudiera contrarrestar, en parte, el efecto

de dex potenciado por los fosfolipidos.
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Figura 21: Efecto citotoxico de microparticulas lipidicas en células PC3 (a) y U373
(b). La figura muestra el efecto citotoxico de dex en solucion (10 M), microparticu-
las lipidicas no cargadas y microparticulas lipidicas cargadas tras 48 h de incubacion.
Los datos se expresan como porcentaje de la viabilidad celular.

En efecto, uno de los componentes de las microparticulas lipidicas es la ovoal-
bimina. Dadas las referencias encontradas en la bibliografia sobre el efecto de la
albumina y de la ovoalbtimina sobre la proliferacion celular se decidié elaborar mi-
croparticulas de ovoalbtimina, libres de fosfolipidos y determinar este efecto sobre

la proliferacion celular.

4.4. Desarrollo de microparticulas poliméricas de

ovoalbtimina

Las proteinas plasmaticas como la albimina son la principal fuente de energia y
nutrientes para el crecimiento de las células tumorales [28,29]. El transporte de la
albumina desde la sangre al intersticio tumoral estd mediado, como esté descrito en

el trabajo (P1), por la glicoproteina de 60 kDa, gp60, también llamada albondin,
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que se encuentra localizada en la superficie del endotelio vascular y que parece ser
responsable de la transcitosis de la albimina al favorecer su unién a la caveolina
y la posterior formacion de caveolas que transportan la proteina al espacio inters-
ticial. Mediante este mecanismo se produce una mayor localizacién de la albimina
a nivel de los tejidos tumorales, y por ello se ha utilizado en los tltimos anos pa-
ra desarrollar diferentes complejos farmaco-albtimina con el fin vectorizar agentes
antitumorales a nivel de las masas tumorales. Una vez en el intersticio tumoral el
complejo farmaco-albimina se une a la proteina SPARC (proteina secretada acida
y rica en cisteina), y es rapidamente internalizada en la célula tumoral. Esta protei-
na SPARC se encuentra sobreexpersada en diferentes tipos de tumores como el de
mama, prostata, eséfago, gastrico, colorrectal, higado, pulmoén, rinén, vejiga, gar-
ganta, tiroides, melanoma y diferentes tumores cerebrales, y se asocia con un mal

pronoéstico.

Esta utilizacién de la albimina como vector de farmacos antitumorales resulta
paraddjica si se tiene en cuenta que, por otro lado, se ha demostrado que la albiimina
sérica protege contra la muerte celular provocados por diferentes agentes citotoxicos,
aunque existen puntos de vista contradictorios sobre el mecanismo de proteccién.
Moran et al. [30] muestran en cultivos que la albumina protege contra la apoptosis
espontanea de las células de leucemia linfatica cronica; Tabernero et al. [31] mues-
tran que previene la apoptosis y promueve la supervivencia neuronal, y Matsui et
al. [32] y Belayev et al. [33] muestran que la albimina causa neuroproteccion en ac-
cidente cerebrovascular isquémico agudo. Al igual que la albimina, Gallego-Sandin
et al. [34] han observado que la ovoalbtimina protege a células de neuroblastoma
contra la apoptosis, proporcionando neuroprotecciéon a partir de una concentracion
de 30 mg/ml, una concentracién aproximadamente 10 veces mayor que la albumina.
Aunque el mecanismo de los efectos citoprotectores de la albimina no esta claro,
se ha demostrado que la albumina es capaz de unirse a radicales libres previniendo
su acumulacién en las células, demostrando ser un antioxidante més eficaz que la
vitamina E. Esta propiedad antioxidante de la albumina podria explicar su efecto

citoprotector [34].

Para la elaboraciéon de microparticulas de ovoalbtiminas libres de fosfolipidos
se utiliza el acido poli lactico-co-glicdlico, y la técnica de evaporacion del solvente
basada en la formacién de una emulsion doble (A/O/A) [35]. Sin embargo, esta
técnica presenta tres importantes limitaciones para microencapsular proteinas: baja

capacidad de carga, intenso efecto burst durante la liberaciéon de la proteina, e
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inactivacion de la proteina durante el proceso de microencapsulacion, principalmente

por desnaturalizacion y formacion de agregados.

En el trabajo P5 se recogen las diferentes estrategias de formulacion utilizadas
para optimizar un protocolo de obtencion de microparticulas cargadas con ovoalbi-

mina en cuanto a carga y liberacion de la misma.

Se partio de un protocolo de microencapsulacion inicial [36] (figura 22) en el que
se forma una primera emulsion A/O con 1 ml de una solucion acuosa de ovoalbimi-
na (30 mg/ml) y 5 ml de diclorometano (DCM) que contienen 300 mg de polimero
lactico-co-glicolico. Después de su homogeneizacion (8000 rpm por 2 min), la emul-
si6n resultante se anade a 1000 rpm sobre 30 ml de soluciéon acuosa con un 5%
p/v de alcohol polivinilico (PVA). La doble emulsion obtenida (A/O/A) se somete
a agitacion magnética durante 18h a temperatura ambiente para extraer el DCM.
Finalmente, las microparticulas fueron recolectadas por centrifugacion a 2000 rpm
durante 5 min, resuspendidas con agua y nuevamente centrifugadas. Este proceso se
repitié 3 veces para eliminar posibles restos de PVA. Por ultimo, las microparticulas

fueron liofilizadas y se almacenaron a 4-8 °C.

1ml aguat 0.2% PVA Sml DCH+ 300 mg
+ 30 mg ovoalbumina polimero

A gitar con Polytron 8000 rpm 2 min

Emulsidn A/O Xﬁ_f 30l agua+ 2% PVA

Amtar con turbina 1000 rpm 20 min

Emulsién AFOFA

A gitacidn magnética 18h 25°%C

Centrifugar (2000 rpm Smin)

Lavar 3x50 ml agua

| Liofilizar v almacenar (4°C) |

Figura 22: Esquema del protocolo inicial de elaboraciéon de microparticulas poli-
méricas de ovoalbimina mediante evaporacién del solvente a partir de una doble

emulsion A/O/A.

Para la optimizaciéon de este protocolo se analiz6 el efecto de la incorporacion de
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NaCl en la fase externa acuosa, el efecto de la naturaleza del polimero, el efecto de
la concentracion de PVA en la fase externa acuosa, el efecto de la modificaciéon del
solvente organico y el efecto de incorporar agentes viscosizantes en la fase interna
acuosa y/o en la fase organica. Estas modificaciones realizadas sobre el protocolo
inicial aparecen recogidas en la tabla 5.
. Solvente Fase externa Solvente fase
Lote Polimero L. .
fase organica acuosa interna acuosa
1 RG504 DCM 2% PVA 1 ml Agua
2 RG504 DCM 2% PVA 5% NaCl 1 ml Agua
3 RG504H DCM 2% PVA 5% NaCl 1 ml Agua
4 RG502 DCM 2% PVA 5% NaCl 1 ml Agua
5  RGT56S DCM 2% PVA 5% NaCl 1 ml Agua
6 RG504 DCM 5% PVA 5% NaCl 1 ml Agua
7 RG504 Acetato de etilo 2% PVA 5% NaCl 1 ml Agua
8 RG504 DCM 2% PVA 5% NaCl 1 ml PBS pH 74
9 RG504 DCM 2% PVA 5% NaCl 1 ml Agua 0,5% PVA
10 RG504 DCM 2% PVA 5% NaCl 1 ml Agua+500 ul PEG 400
11 RG504 DCM 2% PVA 5% NaCl 1 ml Agua+100 mg PEG 4000
12 RG504 DCM+100 mg PEG 4000 2% PVA 5% NaCl 1 ml Agua
13 RG504 DCM+100 mg PEG 4000 2% PVA 5% NaCl 1 ml Agua+500 ul PEG 400

Tabla 5: Condiciones experimentales evaluadas en la optimizacion de microparticulas
poliméricas de ovoalbiimina.

El contenido en OVA de las microparticulas se determin6é mediante un ensayo
de determinacién de proteinas con acido bicinconinico (BCA). Una vez rotas las
microparticulas con hidroxido s6dico durante 24 h en un bano termostatizado a 37
°C, la solucion se neutraliza con acido clorhidrico y se centrifuga. El sobrenadante
se analiza espectrofotométricamente a 562 nm para determinar la concentraciéon de
ovoalbtimina. La cantidad de proteina se determin6 a partir de una curva de ca-
librado en un intervalo de 25-250 ug/ml (r = 0,998). La cantidad de ovoalbiimina
liberada desde las microparticulas al medio de cesiéon también fue determinada usan-
do un ensayo de determinacion de proteinas con acido bicinconinico, en este caso
microBCA, utilizando una curva de calibrado en un intervalo de 0,5-20 ug/ml (r =
0,996).

Usando el protocolo inicial (lote 1), se obtuvieron microparticulas de ovoalbiimina
con un didametro medio de 55,9 £+ 19,12 pum; pero el rendimiento del proceso fue
inferior al 50 % y la cantidad de proteina microencapsulada fue menor que el limite

de cuantificaciéon del método analitico. Los valores del rendimiento del proceso de
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elaboracion de todos los lotes que fueron obtenidos se representan en la figura 23,

los valores de tamano de las microparticulas se recogen en la figura 24, y los valores

de carga y eficacia de encapsulacion se resumen en la tabla 6.
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Figura 23:

Rendimientos obtenidos en los diferentes procesos de microencapsulacion.
Lote Carga Eficacia de
(ug OVA /mg Mp) encapsulacion (%)
1 <3 <3
2 37,13 34,27
3 3,92 3,94
4 <3 <3
5 <3 <3
6 33,13 32,27
7 <3 <3
8 <3 <3
9 59,3 63,03
10 30,74 31,72
11 24,09 24,68
12 <3 <3
13 55,94 59,26

Tabla 6: Valores de carga y eficacia de encapsulacion que fueron obtenidos en los
diferentes lotes elaborados.

La incorporacién de NaCl en la fase externa acuosa produjo un incremento sig-
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Figura 24: Tamano medio de las microparticulas, expresado como el diAmetro medio
en volumen (vind) en pm.

nificativo del rendimiento del proceso y de la eficacia de encapsulacion, sin afectar
a la morfologia de las microparticulas [37-39]. Se utilizaron diferentes copolimeros
de poli lactico-co-glicolico 50:50 (RG502, RG504 y RG504H) y 85:15 (RGT756S), ob-
servandose que con el polimero de menor peso molecular (RG502) se obtuvieron
microparticulas rotas y que con el resomero RG756S (el polimero de mayor peso
molecular) se obtuvieron microparticulas con poros en su superficie [40]. Ademaés, el
polimero empleado influy6 significativamente en la carga de las microparticulas, de
forma que cuanto mayor fue la hidrofilia del polimero y menor su peso molecular, la
eficacia de encapsulacion obtenida fue menor, de manera que con el resomero RG504

se obtuvieron microparticulas con una alta carga.

El incremento en la concentracion de PVA en la fase externa acuosa dio lugar a
microparticulas con menor tamano, mayor tendencia a la agregaciéon y baja carga
[41]. Cuando el diclorometano fue sustituido por acetato de etilo como solvente
[40,41] de la fase organica se obtuvieron microparticulas con una alta porosidad,

rotas y con niveles de carga de la ovoalbiimina indetectables.

Sin embargo, la estrategia mas interesante estudiada para incrementar la carga

en las microparticulas fue la incorporacion de agentes viscosizantes en la fase interna
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acuosa y en la fase organica [38,39,42]. Se utilizaron PVA, PEG 400 y PEG 4000.
Cuando se anadi6 PEG a la fase interna acuosa, se obtuvieron microparticulas de
mayor tamano y mas porosas. Sin embargo, cuando se us6 PVA 0,5% no se obser-
varon cambios en el tamano ni en la morfologia de las microparticulas pero si hubo
un significativo incremento de la carga y eficacia de encapsulacion. Estas micropar-
ticulas liberaron la proteina in vitro de forma sostenida durante un periodo de 130
dias (figura 25). Finalmente, cuando se afiadio PEG en la fase interna acuosa (PEG
400) y en la fase organica (PEG 4000), también se obtuvieron microparticulas con
una alta carga, pero, sin embargo, sélo el 30 % de la proteina fue liberada in vitro

desde las microparticulas después de 130 dias.
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Figura 25: Perfiles de liberacion de la ovoalbtimina desde las microparticulas poli-
méricas obtenidas en el lote 9 y en el lote 13. Para los ensayos in vitro, las micro-
particulas fueron incubadas en PBS (pH 7,4) y mantenidas en agitacion a 37 °C.
A periodos de tiempo predeterminados, el sobrenadante se retira y se reemplaza
por PBS atemperado. La concentracion de la ovoalbimina en el medio de cesion
fue cuantificada por microBCA. Los datos corresponden a la cantidad de proteina
liberada acumulada al periodo de tiempo ensayado y expresada como porcentaje
medio con respecto al total de ovoalbtimina en las microparticulas (n = 3).

Las microparticulas poliméricas de ovoalbiimina del lote 9 se utilizaron para de-
terminar el efecto sobre la viabilidad celular de la ovoalbimina. La microencapsu-
lacién es un proceso muy agresivo para las proteinas, ya que entran en contacto con
disolventes organicos y son sometidas a altas fuerzas de cizalla durante las etapas
de agitacion, lo que podria conducir a una pérdida de actividad de la proteina que

no podria ser detectada por los métodos de anélisis cuantitativo.

El ensayo de viabilidad celular se llevé a cabo durante 3 dias. Se compar6 el
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efecto de una tinica administracién de microparticulas de ovoalbiimina con la admi-
nistracion diaria de ovoalbimina en solucion a una concentracion de 35 pg/mL. La
cantidad de microparticulas que liberaban dicha cantidad diaria de ovoalbumina (35
pg) se calculo a partir de los resultados del ensayo de cesion, y fue la que se utilizo

en el ensayo de viabilidad celular.
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Figura 26: Ensayo de proliferacion celular de la ovoalbiimina en soluciéon y de mi-
croparticulas poliméricas no cargadas y cargadas durante 1, 2 y 3 dias. La ovoal-
biimina en solucién y las microparticulas cargadas incrementaron significativamente
la proliferacion celular tras 1 dia de exposicién. Las microparticulas poliméricas no
cargadas no afectaron a la viabilidad celular en el periodo de tiempo ensayado. Los
datos corresponden a las medias + desviacidon estandar de 3-6 pocillos de 3 lotes
diferentes de células. *** P<0,05 con respecto a la viabilidad celular control y de
las microparticulas no cargadas (ANOVA).

Como muestra la figura 26, tanto la ovoalbiimina en solucién como la liberada a
partir de las microparticulas produjo un aumento de la viabilidad celular proximo
a un 50 % después de un dia de exposicion. Al alargar el ensayo a 3 dias este incre-
mento en la viabilidad celular fue menos significativo. Estos resultados mostraron
que, en efecto, la ovoalbtimina presenta un efecto estimulante de la proliferacion ce-
lular, pero que se manifiesta de manera especialmente significativa durante el primer
dia de incubacion, y que la administracion continua de ovoalbtimina no mantiene
esta intensa estimulacion de la proliferacion celular. Ademaés, el ensayo sirvié para

verificar que la integridad y estabilidad de la proteina no estuvo afectada por el
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procedimiento de microencapsulacién desarrollado y optimizado.

También se llevaron a cabo ensayos de proliferacion celular con albiimina sérica
bovina (BSA) en solucion para comparar su efecto citoprotector con el de la ovoalbu-
mina, ya que como se indicaba anteriormente, Gallego-Sandin et [34] al observaron
que la BSA era unas 10 veces més potente que la ovoalbiimina en células de neu-
roblastoma. Para ello, se realizo el ensayo con células PC12 incubadas durante 1y
2 dias con distintas concentraciones de BSA. Sin embargo, como muestra la figura
27, fue necesaria una concentracion de BSA 7 veces mayor que la empleada con la

ovoalbumina para obtener el mismo efecto sobre la viabilidad celular en estas células.
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Figura 27: Ensayo de proliferacién celular de BSA en solucién durante 1-2 dias.
BSA en solucién incremento significativamente la proliferacion celular tras un dia
de exposicién con una concentracion de 252 pg/ml. Los datos corresponden a las
medias + desviacion estandar de 3-6 pocillos de 3 lotes diferentes de células. *
P<0,05 con respecto a la viabilidad celular control (ANOVA).

Todos estos resultados nos llevan a plantear la continuaciéon de esta interesante
linea de investigacion con: el desarrollo de microparticulas lipidicas de dex libres de
albiimina, el estudio en profundidad del mecanismo por el cual inducen apoptosis en
diferentes lineas celulares y su capacidad de revertir la resistencia de algunas lineas

celulares a este GC.
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1. Se ha disenado un protocolo de validaciéon de métodos analiticos para la cuanti-
ficacion de farmacos en microparticulas de administracion parenteral conforme
a las directrices ICH y de la USP, pero adaptado al uso previsto de estos méto-
dos: la cuantificacion del contenido en farmaco en las microparticulas (ensayo
de contenido); y la cuantificacion del farmaco liberado a partir de las micro-

particulas (ensayo de liberacion in vitro).

En este protocolo se definen las caracteristicas de las muestras reales y artificia-
les utilizadas para evaluar la selectividad, linealidad, precision (repetibilidad y
precision intermedia), exactitud y limite de cuantificacion del método analitico

y el tratamiento estadistico de los resultados obtenidos.

2. Se ha puesto a punto y validado, de acuerdo al protocolo previamente disenado,
un método analitico por HPLC para la cuantificacion de dexametasona fosfato
disodio formulada en microparticulas de &acido poli lactico-co-glicélico para
administracion parenteral. El método analitico propuesto result6 valido para la
cuantificacion del farmaco incorporado en las microparticulas al demostrase su
selectividad, linealidad, proporcionalidad, precision y exactitud en un intervalo
de 10 a 50pug mL-1. El método analitico propuesto también resulté valido para
la cuantificacion del farmaco liberado de las microparticulas en ensayos in vitro
al demostrarse su selectividad, linealidad, precision y exactitud en un intervalo
de 0,25 a 10ug mL-1, quedando validado el limite inferior del intervalo como

el limite de cuantificacion del método.

3. Se ha desarrollado y optimizado un protocolo de elaboracién de micropar-
ticulas poliméricas de dexametasona fosfato disodio mediante la técnica de
evaporacion-extraccion del solvente en emulsiones O /A, utilizando acido poli-
lactico-co-glicolico 50:50 como transportador. Las microparticulas obtenidas
presentan un tamafio medio de 59,69um; superficie lisa y regular, sin poros ni
fisuras, una carga en dexametasona fosfato disodio de 7,30 mg / 100 mg de
microparticulas y una eficacia de encapsulacion aproximada del 79 %. Median-
te Calorimetria Diferencial de Barrido se verific6 la compatibilidad entre los

constituyentes de la formulacion.

4. FEstas microparticulas poliméricas permitieron una liberacion prolongada de
dexametasona fosfato disodio in vitro durante méas de un mes sin efecto burst
significativo. La incorporacion de vitamina E a la formulacion enlenteci6 sig-

nificativamente la liberacion del farmaco.
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. Una tnica administracion de microparticulas poliméricas cargadas produjo el

mismo efecto citotoxico sobre células PC12 durante 26 dias que la administra-
cion cada 48h de dexametasona fosfato disodio en solucion, mientras que las
microparticulas no cargadas no mostraron citotoxicidad alguna. Ademés, tras
2 dias de tratamiento de las células PC12 con dexametasona fosfato disodio en
solucion y con microparticulas poliméricas cargadas se detecté una inducciéon
de la apoptosis del 15,8 % y 19,9 % respectivamente, con la detencion del ciclo

celular en la fase G2.

. Los resultados obtenidos con las microparticulas poliméricas de dexametasona

fosfato disodio desarrolladas nos animan a continuar los estudios in vivo con el
fin de proponerlas como una alternativa a los actuales sistemas de administra-
cion de dexametasona en poliquimioterapia. En efecto, estas microparticulas
permitirian prolongar los niveles plasmaticos de dexametasona evitando las
fluctuaciones caracteristicas de las formulaciones convencionales, mejorando
la eficacia del tratamiento, disminuyendo los efectos secundarios asociados al

uso de glucocorticoides y mejorando el cumplimiento por parte del paciente.

. Se ha desarrollado y optimizado un protocolo de elaboraciéon de microparti-

culas lipidicas de dexametasona fosfato disodio mediante la técnica de spray
drying utilizando una mezcla de fosfolipidos, ovoalbiimina y trealosa como
transportador. Las microparticulas obtenidas presentan un aspecto pulveru-
lento, con flujo libre, un tamano medio tamano medio de 25,36 um, una carga
en dexametasona fosfato disodio de 9,23 mg / 100 mg de microparticulas, y
una eficacia de encapsulacion aproximada del 90 %. Mediante Calorimetria Di-
ferencial de Barrido se verifico la compatibilidad entre los constituyentes de la
formulacion. Estas microparticulas liberaron el 100 % de farmaco encapsulado
en 24 h, siendo el porcentaje el fosfolipidos el tinico factor de la formulaciéon

de modifico la velocidad de liberacién.

. Las microparticulas lipidicas cargadas con dexametasona fosfato disodio indu-

jeron sobre células PC12 una apoptosis aproximadamente un 7,7 % mayor que
la dexametasona fosfato disodio en solucion; mientras que las microparticulas
lipidicas no cargadas no fueron citotoxicas. Este efecto puede ser debido a los
fosfolipidos liberados desde las microparticulas, que podrian modificar la per-
meabilidad de la membrana celular o mitocondrial facilitando de este modo la
internalizaciéon del fairmaco en la célula o su actuaciéon a nivel de mitocondria.

Esta hipotesis estaria respaldada por los resultados obtenidos con la linea ce-
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10.

lular PC3, resistente a glucocorticoides, en la que las microparticulas lipidicas
cargadas mostraron efectos citotoxicos y no la dexametasona fosfato disodio

en solucion.

Se ha desarrollado y optimizado un protocolo de elaboracién de microparticu-
las de ovoalbtimina libres de fosfolipidos mediante la técnica de evaporacion-
extraccion del solvente en emulsiones A/O/A utilizando acido poli lactico-co-
glicolico 50:50 como transportador. Las microparticulas obtenidas presentan
un tamafnio medio de 42,28 pm; superficie lisa y regular, sin poros, con una
carga en ovoalbumina de 59,3 pug / 100 mg de microparticulas y una eficacia
de encapsulacion aproximada del 63 %. Estas microparticulas de ovoalbtimina,
al igual que la ovoalbiimina en soluciéon mostraron un claro efecto inductor
de la proliferacién sobre células PC12, principalmente a cortos periodos de

incubacién.

Los resultados obtenidos con las microparticula lipidicas y con las micropar-
ticulas de ovoalbimina desarrolladas nos permiten plantear el desarrollo y
evaluacion de microparticulas lipidicas de dexametasona fosfato disodio sin
ovoalbiimina en su composiciéon, como una posible estrategia para revertir la
resistencia a glucocorticoides, causa del fracaso en algunos pacientes y en al-

gunos tipos de céncer de la poliquimioterapia con glucocorticoides.
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Glucocorticoids (GCs) and dexamethasone play a central role in the treatment of
lymphoid malignancies, particularly acute lymphoblastic leukaemia (ALL). Precli-
nical studies have shown that GCs also affect cell differentiation, proliferation and
apoptosis of osteosarcoma cells, hepatoma cells, mammary tumor cells, glioma cells,
melanoma cells and thyroid cancer cells. The proliferation and apoptotic effects of
GCs are cell type-specific as well as time and concentration dependent. In spite of
the high effectiveness of dexamethasone treatment in ALL, mainly in children, GC
resistance occurs in 10-30 % of untreated patients, being more frequent in T-lineage
than B-precursor acute lymphoblastic leukaemia. Furthermore, systemic administra-
tion of high doses of dexamethasone are required for inducing tumor cell apoptosis
but causes severe side effects such as osteoporosis, Cushing “s syndrome or an increa-
sed risk of infections. Even though most combined chemotherapy protocols currently
used in clinics include dexamethasone at high doses, recent clinical investigations on
the efficacy of dexamethasone in refractory multiple myeloma have shown synergic

effects of low doses of this GC combined with pomalidomide or lenalidomide.

The aim of this work is to improve chemotherapy protocols with dexamethasone
by developing biodegradable microparticles as controlled delivery systems of the

drug. This general objective is divided in two specific ones:

1. Developing of biodegradable microparticles of dexamethasone as systems ca-
pable to inhibit cell proliferation along the time after a unique parenteral ad-
ministration (subcutaneous or intramuscular). These microparticles not only
could avoid dexamethasone degradation by protecting it from light and oxi-
genous, but also could improve the dosage of dexamethasone, reducing the
number of administrations and improving patient compliance. But more im-
portantly, microparticles could also improve treatment effectiveness and reduce

GC side effects by providing a suitable pharmacokinetic drug release profile.

2. Evaluating the effect that the different carrier materials used in the elaboration
of the microparticles could have on the inhibition of cell proliferation inducted
by dexamethasone. It starts from the hypothesis that the lipid carriers, at
difference of polymeric carriers, could increase the effect of dexamethasone

favoring its internalization into the tumor cell.

Thus, two types of microparticles, by using polymeric or lipid carriers, for paren-
teral administration of dexamethasone have been developed and their effect on cell

proliferation and apoptosis has been evaluated.
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Initially, a validation protocol of analytical procedures for the quantification of
drug substances formulated in polymeric systems for parenteral administration was
designed. This protocol comprises the analysis of both drug entrapped into poly-
meric microparticles (assay: content test) and drug released from microparticles
(assay:dissolution test). Next, a HPLC analytical procedure for the quantitation
of dexamethasone phosphate disodium formulated in poly lactide-co-glycolide mi-
croparticles for parenteral administration was developed and validated using the

validation protocol previously designed.

Two types of microparticles of dexamethasone were developed using different ty-
pes of carriers: a synthetic lactic-glycolic copolymer was used to develop polymeric
microparticles, and a mix of egg phospholipids with 80 % phosphatidylcholine, oval-
bumin and threalose were used to obtain lipid microparticles. Optimization of the
microencapsulation procedures was carried out in both cases to achieve an optimal
size for parenteral administration, high encapsulation efficiency and, therefore, high
drug loading of the systems. Moreover, incompatibilities between drug and excipients

were discarded in the optimized formulations.

The in vitro release kinetics of dexamethasone from polymeric microparticles
showed an efficient dexamethasone release control, allowing a prolonged release for
more than one month without showing a significant burst effect. Unloaded polymeric
microparticles were not cytotoxic to PC12 cells, but after a single administration
of loaded microparticles, the cellular death rate for 26 days was similar to that
obtained with the dexamethasone solution administered for 48 h. Dexamethasone
solution and loaded polymeric microparticles induced apoptosis around 15.8 % and
19.9 %, respectively, after 2 days of incubation; and cell cycle arrest at G2 phase was
detected. These results allow us to propose loaded polymeric microparticles as an
alternative to the current dexamethasone administration systems in combined che-
motherapy. Loaded polymeric microparticles developed in this work would provide
prolonged drug plasmatic levels avoiding the pharmacokinetic peak trough fluctua-
tions characteristic of conventional formulations, improving treatment effectiveness,

decreasing GC side effects and improving patient compliance.

With respect to lipid microparticles, dexamethasone release was faster, reaching
100% of drug released within 24 h. Dexamethasone lipid microparticles showed
comparable results in terms of proliferation inhibition of PC12 cells to dexametha-
sone solution administered every 48 h in assays up to 3 days; however, there was

a statistically significant increase in apoptosis induction compared with the dexa-
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methasone solution. This effect could be due to the phospholipids released from the
lipid microparticles, which could modify cell membrane permeability, thus, facilita-
ting dexamethasone internalization into the cell. This hypothesis is supported by the
results obtained on GC resistant PC3 cells, where dexamethasone lipid micropar-
ticles showed significant antiproliferative effects in contrast to the dexamethasone

solution.

On the other hand, phospholipids-free ovalbumin microparticles were developed
by the solvent evaporation technique in water-in oil-in water (W/O/W) emulsions
using poly-lactic-co-glycolic 50:50 as carrier. These ovalbumin microparticles, as
ovalbumin in solution, showed a clear inducting effect of PC12 cell proliferation,
mainly at short periods of incubation. These results allow us to propose lipid mi-
croparticles of dexamethasone free of ovalbumin as a possible tool to revert cell

resistance to GCs.
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