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Introduccion

1. MICROENCAPSULACION DE FARMACOS

1.1. Antecedentes

Las primeras investigaciones para el desarrollo de los procedimientos de
microencapsulacion fueron publicadas en 1931 por Bungerburg de Jong y
Kaas. En ellas se describia la formacion de microcapsulas de gelatina
segun un procedimiento que recibia el nombre de coacervacion.

Los procesos de encapsulaciéon siguieron evolucionando y en los afios 40,
Green y cols. procedentes de The National Cash Register Co. (Dayton,
Ohio) perfeccionaron el proceso de coacervacién con gelatina para
encapsular colorantes y dar lugar asi a la elaboracién del papel de calco
(Schleicher, 1956). Dicho producto consistia en una fina pelicula de
microcapsulas adherida a una hoja de papel, de tal modo que la presion
ejercida por el boligrafo sobre él provocaba la fractura de dichas
microcapsulas y la consiguiente liberacion del marcador, dejando patente la
impresion en la hoja de copia (Yarfiez y cols., 2002).

Afos después, la microencapsulacion encontré aplicaciones interesantes
en el campo de la alimentacién, por ejemplo para la encapsulacion de
aromas, vitaminas, etc., y de la agricultura, especialmente para la
encapsulacion de pesticidas y fertilizantes.

La idea de microencapsular farmacos no surgi6 hasta mediados de la
década de los 50, cuando una compafiia farmacéutica, Smith Kline and
French introdujo esta tecnologia con la finalidad de conseguir una
liberacion sostenida o prolongada de diversos farmacos. Con esa intencién
y la de prevenir la irritacion gastrica fue microencapsulado el AAS,
denominado Measurin®, por los laboratorios Breon; asi el AAS aparece
citado en la bibliografia como uno de los primeros farmacos
microencapsulados (Nokhodchi y Farid, 1992; Yang y cols., 2001). A pesar
de la aplicacion algo tardia de la microencapsulaciéon al campo
farmacéutico, lo cierto es que su difusion fue muy rapida, llegando a ser, en
un corto periodo de tiempo, una tecnologia ampliamente extendida en la
industria farmacéutica.

En la actualidad, la técnica de microencapsulacién presenta mdltiples
aplicaciones, empledndose en el campo farmacéutico, agricola, cosmético
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y alimentario (Popplewell y cols., 1995; Dahms y cols., 2002; Yanez y cols.,
2002; Kanga, 2004).

1.2. Concepto y clasificacion

La microencapsulacion de farmacos se define desde un punto de vista
tecnolégico como el proceso de recubrimiento de éstos bajo (1) forma
molecular, (2) particulas sélidas o (3) glébulos liquidos, utilizando
materiales de distinta naturaleza, para dar lugar a particulas de tamafio
micrométrico (1 - 1000 um).

El producto tecnolégico obtenido de este proceso se denomina
microparticulas, que segin su morfologia y estructura interna se clasifican
en microcgpsulas o microesferas.

Sin embargo, no siempre es posible diferenciar del todo entre
microcapsulas y microesferas, aunque la mayoria de autores admiten las
siguientes definiciones:

e Microcapsulas: particulas sélidas consistentes en un nicleo sdélido,
liguido o pastoso, rodeado por una membrana de naturaleza
polimérica que constituye el elemento controlador de la liberacion.
El principio activo se encuentra incluido en una especie de
reservorio, que se haya envuelto por una fina pelicula del material
de recubrimiento.

e Microesferas: El principio activo se encuentra altamente disperso,
bajo la forma de diminutas particulas o moléculas, en un entramado
polimérico tipo matricial.

En ambos casos, la membrana o el soporte polimérico, puede estar
constituido por uno o mas polimeros (Fernandez- Hervas y Holgado, 1997;
Remufian y Alonso, 2001).

La obtencién de un tipo de estructura u otro depende de las propiedades
fisicoquimicas del principio activo y del material de recubrimiento, asi como
del proceso tecnoldgico elegido (Remufian y Alonso, 2001).

Cuando las particulas poseen un tamafio inferior a 1 um, el producto
resultante del proceso de microencapsulacion recibe la denominacion de
“nanoesferas” o “nanocapsulas”.
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En la figura 1 se muestran los diferentes tipos de particulas que se pueden
obtener en funcién del método seleccionado.

Microcapsulas Microesferas
< l)-.
— h SR
):,&"‘ ~/' .:\\:T *:.
= a® B gt 30 Y v 3 ) g
- . [ '\“_-_l':' ;.1;' r":‘-:'_Fv'f."»'n
a'® LT Wy
a) Monovesicular b) Multivesicular  ¢) Multicapa d) Matriz

Figura 1. Clasificacion de las microparticulas en funciéon de su morfologia: a)
Microcapsula tipo mono-vesicular, b) Microcapsula tipo multi-vesicular, c) Microesfera
tipo multi-capa, d) microsfera tipo matriz

1.3. Aplicaciones de la microencapsulacién

En el campo farmacéutico, una vez obtenidas las microparticulas, éstas
deberan ser acondicionadas en una forma farmacéutica secundaria. Asi,
las microparticulas pueden administrarse bajo la forma de suspension o
incluidas en una capsula o en un comprimido. Obviamente, la forma
farmacéutica final estara condicionada por la via de administracion del
producto microencapsulado. En este sentido, es importante resaltar que la
mayoria de las microparticulas presentes actualmente en el mercado estan
destinadas a su administracion por via oral. No obstante, existe un nimero
limitado pero previsiblemente creciente, administrables por via parenteral,
intramuscular o subcutanea (Ramos y cols., 2000). Como ya se ha
comentado, el AAS fue microencapsulado y procesado hacia la forma de
comprimido con el fin de enmascarar su sabor, reducir la irritaciéon gastrica
y controlar su liberacién. Ademas del AAS, se han microencapsulado
diversos farmacos bajo distintas formas farmacéuticas como bromocriptina,
leuprorelina, nitroglicerina y progesterona, con el fin de controlar la
liberacion.
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Las ventajas de la microencapsulacion en la formulacién de medicamentos
se pueden resumir en los siguientes puntos:

1.

Reduccioén del efecto directo irritante causado por algunos farmacos en
la mucosa gastrica. Ejemplos de esto son los principios activos de
caracter acido, entre cuales cabe citar el ya mencionado AAS.

Enmascarar caracteristicas organolépticas desagradables. El
recubrimiento de una sustancia de caracteristicas organolépticas
indeseables con un material que hace imperceptibles dichos matices
aporta, sin lugar a dudas, importantes ventajas desde el punto de vista
de la aceptabilidad por parte del paciente (Chiappetta y cols., 2004).

Conseguir una liberacién sostenida o controlada del principio activo a
partir de la forma farmacéutica. Esta es, en la actualidad, la aplicacion
mas frecuente de la microencapsulacién. Gracias al recubrimiento
eficaz del farmaco con un material adecuado es posible conseguir, no
Unicamente una cesidn gradual y sostenida del mismo, sino también
gue la liberacion se produzca a modo de pulsos o a un determinado pH
en virtud de las caracteristicas del material polimérico (Remufian y
Alonso, 2001; Freiberg y Zhu, 2004; Martin-Banderas, 2008; Holgado y
cols., 2009).

Asegurar la proteccion del principio activo frente a los agentes
atmosféricos que comportarian su degradacion, como es el caso de las
vitaminas A y K, sensibles a la luz.

Inmovilizacion de células o enzimas (Chang y Prakahs, 2001; Tagieddin
y Amiji, 2004; Orive y cols., 2006).

Modificar la solubilidad de un farmaco.

Proteger principios activos incompatibles entre si.

Prevenir la evaporaciéon de productos volatiles, como esencias y
aromas.

En la industria alimentaria, la microencapsulacion esta transformando los
productos, llegando incluso a intervenir en las tendencias de salud del
consumidor mediante la encapsulacion de probidticos (Shah y Ravula,
2000) o con la incorporacion de otros ingredientes que mejoren la salud.
Ademas, se han creado nuevas texturas, se han diferenciado y revalorizado
algunos productos, etc. Uno de los sectores con mayor potencial es la
alimentacion infantil con la incorporacién de vitaminas, minerales, etc.
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En la industria textil, la microencapsulacion también ha supuesto una
revolucién dando lugar a los llamados ‘“tejidos inteligentes”. Estos
incorporan en sus fibras particulas con determinadas caracteristicas que
pueden hacer que las prendas cambien de color en funcién de la luz o de la
humedad, pueden llevar incorporadas sustancias desodorantes, fragancias,
repelentes de insectos o sustancias cosméticas como aloe vera (Nelson,
2002; Rodrigues y cols., 2009).

Las microparticulas también han sido empleadas como sistemas modelos
en medicina, bioquimica, quimica coloidal, tecnologia de aerosoles, etc. Se
utilizan como soporte para la sintesis de péptidos, para separacion celular o
incluso de metales pesados contaminantes (Kaminiski y Nufiez, 1999;
Phanapavudhikul y cols., 2002; Ngomsik y cols., 2005;).

También tiene gran interés su empleo como patrones de calibracién en
equipos como citémetros de flujo, analizadores de particulas, microscopia
confocal, etc. Otras aplicaciones son la medicién de flujo en gases y
liquidos (Laser Doppler Anemometry (LDA); Particle Dynamics Analysis
(PDA); Particle Image Velocimetry (PIV)).

En el campo de la informacion y la imagen el primer éxito comercial fue el
papel calco sin carbén desarrollado en los afios 50 por National Cash
Register Company, para evitar los problemas de evaporacion y difusion de
la tinta en el papel. Hoy dia se sigue comercializando y el interés por
desarrollar nuevos tipos de papel o displays va en aumento por sus
propiedades Opticas y electrénicas. Actualmente existen productos
desarrollados por Sony Corporation en los que se ha incorporado la
tecnologia de la tinta electroforética de E-ink Corp (Ozin y Arsenault, 2008).

Las microparticulas han supuesto un gran avance en el uso sistemas de
diagnostico médico, sistemas multiplex, mejorando enormemente la
eficacia y la resolucion de los tradicionales (Vignali, 2000).

1.4. Métodos de microencapsulacion

En la actualidad existen gran variedad de métodos para microencapsular
farmacos y, a medida que aparecen nuevos materiales y nuevos farmacos,
el numero de técnicas aumenta. Los métodos méas usados industrialmente
se recogen en la tabla 1.
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. ; TAMARNO DE
METODO FARMACO PARTICULA
Extraccion — Evaporacion del Sélido - Liquido O LLI00Y
disolvente
Polimerizacion interfacial Solido - Liquido 1-1.000 pm
Coacervacion (Separacion de fases) | Sélido - Liquido 1-1.000 pm
Atomizacion y atomizacion- Solido - Liquido 1-1.000 pm
congelacion
Suspension en aire solido ~1.000 um
Gelificacion ionica Sélido 50 — 5.000 um

La eleccion del

Tabla 1. Métodos de microencapsulacion de farmacos

método se hace, principalmente, en base a las

caracteristicas fisico-quimicas del polimero y del principio activo a
encapsular, ademas de tener en cuenta los siguientes requerimientos
(Ramos y cols., 2001):

El rendimiento de obtencidon de microesferas con el intervalo de

tamafios deseado debe ser alto.
La eficacia de encapsulacién del principio activo debe ser elevada.

La actividad biol6gica del principio activo debe mantenerse durante el
proceso de encapsulacion.

La produccién de los distintos lotes debe ser reproducible lote a lote en
términos de un perfil cualitativo y de liberacion del principio activo.

El perfil de liberacion debe poder ajustarse mediante el control de la
composicion y las variables del proceso.

Las microesferas no deben agregarse y deben presentarse como un
polvo fino que fluya libremente.

Ademas, deben optimizarse otras propiedades como:

Tamafio y distribucién de tamarios.

Propiedades de superficie.
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e Carga de principio activo.
e Velocidad de liberacion del principio activo.
e Velocidad de degradacion de la matriz.

Légicamente, aspectos como esterilidad, apirogenicidad o contenido de
disolvente orgénico residual tienen que ser también satisfactorios.

1.4.1. Clasificacién

Existe gran divergencia de opiniones entre los distintos autores en cuanto a
la clasificacion de los métodos de microencapsulacion, sin embargo, las
clasificaciones mas aceptadas son las propuestas por Kondo (1979) y
Merkle (1984) los cuales dividen los métodos en tres grandes grupos:
fisicoquimicos, quimicos y mecanicos. En la figura 2 quedan resumidos los
métodos y/o técnicas de microencapsulacién en funcién de cémo vaya
vehiculizado el material a encapsular, asi como, los pasos necesarios para
obtener finalmente microparticulas.

INCORPORACION DEL MATERIAL
LIQUIDO SOLIDO

Liquido en aire Liquido en liquido l
Secado/Congelacién m

ESTABILIZACION

Métodos quimicosy fisicoquimicos

Recubrimiento/
Aglomeracién

ESTABILIZACION
Métodosfisicos

«Solidificacién

*Gelacién
*Coacervacion
*Evaporacién
*Polimerizacién

«Solidificacién
*Coalescencia
*Evaporacién

Figura 2. Clasificacion de los métodos y técnicas de microencapsulacion en funcion del
estado del material a encapsular
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A continuacion en las tablas 2, 3 y 4 se recoge una clasificacién de los
métodos de preparacion de microparticulas en funcion del procedimiento
tecnolégico seguido (Palomo y cols., 1997a; 1997b; 1997¢):

Métodos quimicos/fisicos

; Estado Tamafio . ) .
Método . ; Ventajas Inconvenientes Referencia
farmaco particula
Farmaco Material reactivo
Polimerizacion Soélido / 1- 1000 lipo en Liy cols.,
interfacial Liquido pm 6 contacto con el 2008
hidrosoluble farmaco
Formacion pre —
Material polimero, control
i . . - reactivo no pH, T3, farmaco Kim y cols.,
Polimerizacion Sélido / 1-500 B . i
. o esté en liposoluble, ajuste 2002; Suny
in situ Liquido pum )
contacto con proporciones Deng, 2005
el farmaco reactivos, multiples
pasos
McDonald y
Devon, 2002;
. . Ding y cols.,
Emulsion Solido /
. X . o 50 — 300 2004; Tany
polimerizacion Liquido
pm cols., 2009;
Zhao y cols.,
2009
Insolubilizacion - Condiciones
L Solido / Guo y cols.,
rapida del o suaves y
) Liquido ) 2006
polimero sencillas
- L Control pH, T2, .
Coacervacion o . Proteccion a Salaiin y
» Solido / 1-500 . L, ajuste
separacion de o oxidacion y h cols.,
Liquido pm - proporciones
fases Volatilidad q ) 2009
e reactivo
Eus0- . Baja eficacia de
extraccion Sélido / 01—
/ .. o Coste encapsulacion,
evaporacion del Liquido 1000 pm

solvente

mlltiples pasos

Tabla 2. Métodos quimicos o F/Q de microencapsulacion

10
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Métodos fisicos o0 mecanicos

; Tamario . . .
Método Estado ; Ventajas Inconvenientes Referencia
farmaco  particula
. Cuiy cols.,
. » Sélido / 1- 1000 Escalable, Alto consumo de .
Atomizacion o ) 3 2001; Chiriaca
Liquido pum sencillo energia
y cols., 2005
) - 50 — 10000 Lubarsky y
Lecho fluido Sélido Escalable
pm cols., 2004
Poco control de
X Alta tamafio
Pan coating > 50 um » ,
produccion dependiente del
Operario
Tabla 3. Métodos mecéanicos de microencapsulacion.
Otros Métodos
Método Ventajas Inconvenientes Referencia
i ) Evita formacién de Miiltiples etapas Bradley y
inchamiento ) -
agregados Baja encapsulacion cols., 2005
Control de morfologia Posible desnaturalizacion de i
Martin y cols.,

Fluidos
Supercriticos

Reduccioén disolventes

biomoléculas
) . - 2002
Numero de disolvente limitado

organicos
Control del
tamafio No produccién en
Membranas N . .
Tamafo continuo. Baja May cols., 2004
porosas ) -
dependiente del Productividad
didmetro de poro.
Mdltiples pasos.
i Coste, procesos
Sencillo, i Zhang y
Capa a capa 5 muy precisos y
control tamafio i cols., 2003
exactos, sin

margen de error

Tabla 4. Otros métodos de microencapsulacion
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A continuacion, se describen muy brevemente los métodos indicados,
centrandonos fundamentalmente en los dos seleccionados para llevar a
cabo el presente trabajo de investigacion.

A. Procedimientos Quimicos:
e Polimerizacion Interfacial

Este proceso se basa en la reaccion de Schotten-Baumann, por la cual, dos
monémeros, uno lipdfilo (acido dihaluro), contenido en una solucion
organica, y el otro hidréfilo (diamina), contenido en una solucidn acuosa
inmiscible con la anterior, forman una pelicula polimérica en la interfaz de
los dos liquidos inmiscibles que constituyen la emulsion donde se
desarrolla un proceso de polimerizacion que da lugar a la formacién de las
microcapsulas.

En la industria farmacéutica, la utilizacion de este método ha sido escasa.
Merece la pena destacar Unicamente el método propuesto por Chang para
la formacién de microcapsulas de poliamida (nylon) basado en la reaccion
interfacial de los mondémeros hexametilenodiamina y cloruro de sebacoilo
(Palomo y cols., 1997a; Scher y cols., 1998; Remufan y Alonso, 2001; Cho
y cols., 2002).

e Polimerizacién in situ

Este proceso se basa en que polimeros de bajo peso molecular o
precondensados, se polimerizan sobre la superficie de los nucleos
formando la pelicula polimérica. En este caso, el material reactivo no esta
en contacto con el material a encapsular. La polimerizacion ocurre
exclusivamente en la fase continua y en el lado de la interfase de ésta,
originandose un pre-polimero de bajo peso molecular de forma que el
tamafio de particula aumenta por adicion de un agente reticulante (Lee y
cols., 2002; Brown y cols., 2003; Kim y cols., 2005).

e Insolubilizacion rpida del polimero o gelificacion iénica
El polimero se solubiliza y cuando se afiade a un medio donde existen
iones inorganicos, aldehidos, acido nitrico, isocianato, etc., se produce la
insolubilizacion del mismo, formandose una pelicula. Esta insolubilizacién

12



Introduccion

puede estar causada por neutralizacion del punto isoeléctrico (Palomo y
cols., 1997a).

Generalmente se recurre a la gelificacion de alginato sédico (polianion) con
cloruro célcico (cation). EI método consiste en solubilizar o suspender el
compuesto que se va a encapsular en una solucion acuosa de alginato
sédico, adicionando la mezcla, mediante goteo, sobre una solucién acuosa
de Cl,Ca que se encuentra sometida a una velocidad de agitaciéon
adecuada. Al entrar la gota de alginato sédico en contacto con Ca?*, se
produce la gelificacion de la misma, obteniéndose una membrana o
cubierta de alginato célcico que es insoluble en agua pero permeable. La
reaccion que tiene lugar es (Remufidn y Alonso, 2001):

2Na — Alginato + Ca®* — Ca — Alginato + 2Na"

La gran ventaja es que se lleva a cabo en condiciones muy suaves al no
requerir el uso de disolventes organicos, calor, agitacion enérgica ni
agentes reticulantes perjudiciales. Por todo esto es el método de eleccién
para la inmovilizacién de células (Orive y cols., 2002; Pereira y cols., 2005;
Maguire, y cols. 2006; Wang y cols., 2006).

Se trata de un método rapido y sencillo que permite combinar otros tipos de
insolubilizacion como puede ser la térmica. En este caso el polimero de
eleccion suele ser la agarosa la cual funde a 90 °C, manteniéndose fundida
a temperatura ambiente (Orive y cols. 2003; Cellesi y cols., 2004).

e Emulsién-polimerizacién

Consiste en una polimerizacion anionica iniciada por bases covalentes, por
ejemplo, grupos OH" provenientes de la disociacion de H,O. Ocurre en
medio acuoso y finaliza con la adicion de cationes que neutralizan las
cadenas. Se lleva acabo mediante el goteo del monémero en una solucion
acuosa acidificada con HCI (pH 1.0 — 3.5) conteniendo un surfactante y un
estabilizador. La acidificacion del medio produce polimeros de mayor peso
molecular y por tanto microparticulas mas estables lo que retarda la
degradacién de éstas (Soppimath y cols. 2001).

Permite la producciéon de particulas huecas para diferentes aplicaciones

(McDonald y Devon, 2002), por ejemplo, para mejorar la calidad y
resolucion de pinturas ya que tienen menor densidad que los pigmentos
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inorganicos y son capaces de dispersar la luz. También se emplean para
recubrimientos de papel.

B. Procedimientos Fisico-Quimicos:
e Coacervacion o separacion de fases

Bajo la denominacién de “coacervacién” o “separacion de fases” se
agrupan una serie de técnicas de microencapsulacion que se basan en la
induccién, por algun procedimiento, de la desolvatacién del polimero que, a
continuacién, se deposita en forma de goticulas de coacervado alrededor
de la sustancia que se va a encapsular.

El término “coacervacion” fue introducido en la quimica coloidal por Kruyt y
Burgenberger de Jong en 1929 para describir la floculacion o separacion
espontanea de dos fases liquidas que ocurre cuando dos polielectrolitos de
carga opuesta se mezclan en medio acuoso. Este fendmeno se limita a las
mezclas de polielectrolitos que tienen una densidad de carga y una longitud
de cadena adecuadas. Asi, la coacervacion es un fendmeno asociado a
soluciones coloidales.

El proceso de coacervacion comprende tres etapas realizadas bajo
agitacién continua:

1. Formacién de tres fases quimicas inmiscibles: solvente
polimérico, nucleo y polimero. En esta fase el sistema fisico-quimico
final es una dispersion del ndcleo en la solucién polimérica.

2. Sedimentacion del polimero sobre el nucleo. Aqui, la tension
interfacial juega un papel importante en el tamafio de las gotas de
coacervado, de forma que mediante el control de esta propiedad se
puede regular el tamafio de las microcapsulas.

3. Endurecimiento de la cubierta polimérica mediante la total
desolvatacion del polimero (eliminacién del solvente).

Segun el caracter del medio donde se lleva a cabo el procedimiento de
microencapsulacion se distinguen distintos métodos:

e Separacion de fases en medio acuoso.
o Coacervacion simple donde existe un soluto coloidal.

o Coacervacion compleja con un sistema de dos o mas
solutos.
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e Separacion de fases en medio organico. En este caso el material a
encapsular se dispersa en una fase organica que constituye la
solucion polimérica (Palomo y cols., 1997hb).

En la tabla 5, se resumen los distintos métodos de separacion de fases en

medio acuoso:

Diferencias entre coacervacién simple y coacervacion compleja

CARACTERISTICAS

COACERVACION SIMPLE

COACERVACION COMPLEJA

COMPONENTES

Al menos uno debe ser una
macromolécula

Necesita dos macromoléculas
capaces de transportar cargas
opuestas

PRESENCIA DE CARGAS EN LAS

MACROMOLECULAS

Sin consecuencia en la
induccion de la coacervacion

Determina si hay o no
coacervacion

CONDICION PRINCIPAL

Carencia total de agua en
una parte del sistema

Adecuada oposicién de cargas

EFECTO DE LA DILUCION

Impide la coacervacion

No afecta a la coacervacion

PRESENCIA DE SALES

Promueven la coacervacion:
la efectividad sigue la serie
liotrépica

Suprimen la coacervacion: la
posicién de iones en series
liotrépicas es de menor
significacion

INFLUENCIA DEL PH

Independiente del pH

Dependiente de pH

Tabla 5. Principales diferencias entre la coacervacion simple y la compleja

La coacervacion presenta algunos inconvenientes, como son:
e Frecuente aglomeracién, porque no hay un estabilizador.

e La variacion lote a lote ha causado problemas tanto en el proceso
de coacervacion como en el perfil de liberacién de farmaco.

e Alto coste dada la gran cantidad de disolventes que se necesitan,
aumentando la contaminacién ambiental en el caso de los
organicos (Ramos y cols., 2001).

Ruiz y cols. (1989) estudiaron el proceso de separacion de fases usando
acido polilacticocoglicélico (PLGA) para formar microesferas que contenian
triptorelina concluyendo que la naturaleza fisico-quimica del polimero, la
concentracion del polimero, la viscosidad del aceite de silicona y la relacion
polimero-aceite de silicona afectaban la estabilidad del sistema emulsién en
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el proceso de separacion de fases y, por tanto, la formacién y calidad de la
microesfera.

e Recubrimiento con ceras

Este método so6lo puede usarse con principios activos insolubles o casi
insolubles en agua. Existen dos procesos que se diferencian en la
temperatura que se aplica al sistema:

I) Dispersion fundible. Consiste en suspender la sustancia activa en agua y
calentar el sistema hasta la temperatura de fusion de una segunda fase
compuesta de una dispersion acuosa de la sustancia cérea.
Posteriormente, se mezclan ambas fases con agitacién constante durante
un tiempo determinado, tras lo cual se enfria rapidamente hasta
temperatura ambiente o inferior. Las microcipsulas asi formadas se
separan del agua mediante filtracion.

II) Congelacion de la fase dispersa hidrofébica. En este caso la sustancia
activa se disuelve en la sustancia cérea a una temperatura de 10 °C por
encima de la temperatura de fusion de dicha cera. Sobre este sistema se
incorpora una fase acuosa, previamente calentada a 5 °C por encima de la
temperatura de fusion de la cera, formandose asi una emulsion de fase
interna oleosa. A continuaciéon se baja la temperatura de forma brusca
hasta 4 °C, formandose asi las microparticulas (Palomo y cols., 1997hb).

C. Procedimientos mecanicos:
e Atomizacion o nebulizacién

Consiste en la atomizacion de la sustancia activa, previamente dispersada
o disuelta en una solucion constituida por el material de recubrimiento, en el
seno de una corriente de aire. Se distinguen dos procesos: spray drying
(atomizacion y secado) y spray congealing (atomizacion y congelacion). La
diferencia entre ambos estriba en la temperatura del aire de entrada.

e Lecho Fluido

En este caso se atomiza la solucién polimérica sobre la sustancia activa
gue se encuentra suspendida en una corriente de aire caliente y a medida
qgue el disolvente del polimero se evapora, éste se deposita alrededor de
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las particulas que han de ser porosas o sélidas (Palomo y cols., 1997c;
Remuféan y Alonso, 2001).

D. Otros métodos:
e Capaacapa (lyer-by-lyer, LBL)

Mediante este método, las microcapsulas se forman en varios etapas, cada
una de las cuales consiste en el ensamblaje de un polielectrolito cargado
positiva 0 negativamente en el que va disuelto la sustancia que se va a
encapsular formando una fina pelicula alrededor de una particula que actia
como nucleo, generalmente nanoesferas de silice o poliestireno (Yang y
cols., 2001); en otras ocasiones es la propia sustancia a encapsular la que
actia como nucleo (Ye y cols.,, 2005). En la siguiente etapa otro
polielectrolito, de carga opuesta al anterior, interacciona
electrostaticamente formando un complejo.

Por otro lado, el nucleo de la microparticula puede ser modificado, puede
disolverse obteniendo particulas huecas y/o rellenarse con moléculas
funcionalizadas (Zhang y cols., 2005).

Con este método se consigue controlar el espesor de la pared y el tamafio
de particula. Sin embargo, se requieren materiales de muy alta calidad y
varias etapas en la formacién de las particulas, obteniendo una baja
eficacia de encapsulaciéon, lo que nos lleva a un encarecimiento del
proceso.

. Hinchamiento

El material a encapsular se incorpora a microparticulas previamente
producidas, generalmente de poliestireno. Para ello las microparticulas han
de ser tratadas con disolventes organicos, de esta forma se provoca un
hinchamiento de la matriz polimérica permitiendo la entrada del material
deseado. A continuacion, se procede al secado de las particulas, retirando
los disolventes con liquidos extractores (Mulvaney y cols., 2004) o
simplemente calentando (Bradley y cols., 2005).

Los principales inconvenientes son las multiples etapas necesarias; la
encapsulacion poco eficiente y el proceso es dependiente de los materiales
de partida; sin embargo, puede ser ventajosa frente a otras técnicas en
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determinados casos, por ejemplo, en la encapsulaciéon de “quantum dots”
frente al método de polimerizacion in situ ya que se evita la formacion de
agregados (Bradley y cols., 2005).

e Emulsificacion mediante membranas porosas

Se trata de una técnica relativamente reciente para la produccién
controlada de particulas. El origen de esta técnica radica en 1986 cuando
Nakashima y Shimizu fabricaron unas particulares membranas de vidrio
llamadas “Shirasu Porous Glass” (SPG) (Vladisavljevic y Williams, 2005).

Esta técnica, permite la produccién de emulsiones simples de los dos
signos A/O y O/A y de emulsiones dobles tipo A/O/A (May cols., 2004).

El funcionamiento de estos sistemas consiste en hacer pasar la fase
dispersa a través de la membrana la cual se encuentra rodeada de fase
continua circulando de forma constante. Es importante que la membrana no
sea mojada por la fase dispersa por lo que antes de su uso debe ser
mojada por la fase continua asi, por ejemplo, para la produccién de
emulsiones O/A utilizariamos una membrana hidrofilica que mojariamos
con agua (Charcosset y cols., 2004). Hoy dia, el material de la membrana
puede ser: vidrio, ceramica, acero inoxidable y celulosas.

Seleccionando adecuadamente la membrana, es posible controlar el
tamafio de gota. Ademas, requiere poca energia en comparacion con los
métodos mecdénicos convencionales y es facil de escalar utilizando varias
membranas por médulo. Los principales inconvenientes son que no permite
la produccion de forma continua, ha de ser lote a lote, el tamafio de gota
depende del tamafio de poro y los caudales de la fase dispersa son muy
bajos por lo que la capacidad de produccion es pequefia.

e Fluidos supercriticos (Supercritical fluids, SCFs)

Se trata de una técnica de micronizacion usada ampliamente en la industria
basada en la utilizacion de dos disolventes liquidos completamente
miscibles, de forma que el soluto a micronizar sélo es soluble en uno de
ellos. Asi, la adicion del antisolvente induce la formacién de una solucién de
dos liquidos y la supersaturaciéon y precipitacion del soluto (Martin y cols.,
2002). La propiedad que caracteriza a los SFCs es que son una fase
intermedia entre liquido y gas.

18



Introduccion

Esta Unica fase se consigue al someter al fluido a presiones y temperaturas
cercanas a su punto critico. Cerca de este punto critico, pequefios cambios
de presion o temperatura provocan cambios significativos en sus
propiedades fisicoguimicas (por ejemplo: densidad, solubilidad, difusividad,
etc.). Esta caracteristica los hace especialmente (tiles en procesos de
sintesis, cromatografia, catalisis, etc. de forma que han desplazado a
algunos disolventes organicos como los hidrocarburos halogenados por su
alta toxicidad, siendo el di6xido de carbono supercritico (sc-CO2) una
buena alternativa ya que no presenta toxicidad para el medioambiente ni
para la salud (http://pubs.acs.org/subscribe/journals/tcaw/11/i02/html/
02regs.html, junio 2007).

Su principal ventaja es que permite controlar la morfologia de las particulas
y reducir el uso de disolventes organicos. Permite trabajar en continuo o
lote a lote, en funcion del montaje del dispositivo.

Los principales factores que afectan tanto al tamafio como a la morfologia
de las particulas son: la velocidad de inyeccién del liquido, el tipo de
inyector empleado, el proceso de lavado una vez finalizado el proceso,
temperatura, volumen de expansion del solvente, etc. Uno de los
principales inconvenientes de esta técnica es que el soluto entra en
contacto con disolventes organicos lo que puede provocar la
desnaturalizacion de biomoléculas. Otro inconveniente es que el nimero de
disolventes esta limitado y una gran mayoria de moléculas terapéuticas no
son solubles en ellos.

Una vez descritos brevemente los distintos métodos méas comuinmente
empleados en la obtencién de microparticulas, nos centraremos en
describir de manera mas minuciosa los dos métodos de produccion
escogidos para la elaboracion del presente trabajo: extraccidon-evaporacion
del disolvente y Flow Focusing.

1.5. Extraccién-evaporacion del disolvente

Este ha sido el método tradicional elegido para la microencapsulacion de
los activos objeto del presente estudio. El método fue descrito inicialmente
por Vranken y Claeys en 1970, aunque cuenta con algunas variantes. El
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objetivo principal es la eliminacién del disolvente en el que esta disuelto el
polimero, ya sea por evaporacion o por extraccion de éste.

En todos los casos debe elaborarse una emulsién. Dependiendo de la
naturaleza de la fase continua de la emulsién que se forme se clasificaran
en técnicas de extraccidn-evaporacion del disolvente en fase acuosa o en
fase oleosa.

La preparacion de las microparticulas por este método consiste,
basicamente, en cuatro pasos (Freitas y cols., 2005):

1. Disoluciéon o dispersibn de la sustancia activa, en un disolvente
organico que contiene el material que forma la matriz.

2. Emulsificaciéon de la fase organica en una segunda fase acuosa
continua inmiscible con primera.

3. Extraccion del disolvente a partir de la fase dispersada por la fase
continda, que es acompafada opcionalmente por la evaporacion del
disolvente, transformandose las gotitas en microparticulas sélidas.

4. Recoleccion y secado de las microparticulas.

Aunque el método de extraccion-evaporacion del disolvente es
conceptualmente simple, existen muchas variables que pueden influir en
las caracteristicas de los sistemas obtenidos. Algunas de estas variables
son (Ramos y cols., 2001):

e Tipo de disolvente orgénico.

e Naturaleza y cantidad de emulsificante.

e Naturaleza y solubilidad del principio activo.

e Temperatura de evaporacion del disolvente.

e Relacién de volumen de las fases organica y acuosa.

e Relacién de principio activo y polimero.

e Estructura y peso molecular del polimero.

e Tipoy velocidad de agitacion.
A su vez, dentro de este método existen distintas modalidades:
a) En fase acuosa:

¢ Método de la emulsién O/A. En este método, la fase organica que
contiene el polimero y el principio activo se emulsiona en una fase
acuosa que contiene un tensioactivo. Posteriormente las gotas
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organicas emulsificadas que contienen el polimero y el principio
activo son endurecidas como microesferas por eliminacion del
disolvente orgénico (figura 3).

Algunas de las ventajas de este método son: eficiente incorporacion
de principios activos lipofilicos, obtenciéon de un intervalo de
tamafos esencialmente controlados por la velocidad y las
condiciones de agitacién y obtencion de microparticulas con
propiedades superficiales hidrofilicas, lo que permite su
resuspension sin agregacion.

.z .z l
Extraccion/evaporacion
disnlvente 1

r
| | :
I

" | e N

Lavadof/filtracién/
\/
‘( Microesferas )’

Centrifuinacidn
Figura 3. Preparacion del método de evaporacion-extraccion del disolvente en fase
acuosa O/A

Uno de los principales inconvenientes de este método es la baja
incorporacién de principios activos solubles en agua, debido al reparto del
principio activo en la fase acuosa externa de la emulsion. Este problema se
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resuelve modificando el método tradicional que da lugar al método de la
doble emulsién (A/O/A). En este caso el principio activo se disuelve en
agua (fase acuosa) y el polimero se disuelve en un disolvente organico
(fase organica). Ambas fases se mezclan obteniéndose la primera emulsién
A/O, que se adiciona lentamente sobre un medio acuoso que contiene un
emulsificante, por ejemplo alcohol polivinilico, para dar lugar a la segunda
emulsion A/O/A. A continuacion, el disolvente organico es eliminado y se
obtienen las microparticulas. En la figura 4 se muestra el esquema de
preparacion de este método.

Fase acuosa interna Fase organica
(p.a, agua) (polimero, solvente)

N J
Y

Emulsién A/O

Il
\/

Fase acuosa externa
(emulsificante)

| Emulsién A/O/A |

l Microesferas

Figura 4. Obtencién de las microesferas por el método de emulsiéon maltiple A/O/A
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b) En fase oleosa:

e Emulsién O/O. Este método es otra modificacion de la emulsién
O/A donde la fase continua esta formada por un liquido organico,
por ejemplo aceite mineral, formandose la emulsion O/O. Se usa
para encapsular eficazmente principios activos solubles en agua
(figura 5).

( Polimero + solvente + p.a. )

Il

: : o
. . 1
< Aceite + agente emulsificante. ) —» | Fase externa
e - /J

p-

1| rooooooom--

AV e

Extraccion/evaporacion
disolvente

Lavadoffiltracién/
Centrifugacion |

—— i ———————

( Microesferas )

Figura 5. Preparacion del método de evaporacion-extraccion del disolvente en fase
oleosa O/O.

Los inconvenientes que presenta este método son la dificultad de
obtener microparticulas pequefias (menores de 50 um) y la
tendencia de las microparticulas a agregarse cuando se
resuspenden en vehiculos acuosos debido a la naturaleza hidréfoba
de su superficie y a la ausencia de un estabilizador hidrofilico.

c) Otros métodos. En la bibliografia se encuentran recogidos los
siguientes:
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e Emulsion A/O/A/O
e Emulsion A/O/O
e Emulsion A/O/O/O

1.6 Tecnologia Flow Focusing (FF)

La tecnologia Flow Focusing (FF) fue creada y desarrollada en los afios 90,
por el Dr. Alfonso Gafan Calvo, catedratico de Mecéanica de Fluidos de la
Universidad de Sevilla. Se trata de una técnica capaz de producir, de
manera masiva, gotas monodispersas a escala micrométrica, generando un
aerosol con unas caracteristicas diferenciadoras del resto de sistemas
obtenidos por otros métodos. En la actualidad, estd novedosa técnica se
encuentra protegida por numerosas patentes. La tecnologia FF presenta un
alto potencial de aplicaciéon en el campo farmacéutico ya que permite un
control exhaustivo del tamafio de la microparticula, asi como de su
estructura.

Fundamentalmente se basa en la formacion de un microchorro de un fluido
“enfocado” en el nlcleo de una corriente laminar de otro fluido “enfocante”
altamente acelerado. En esta tecnologia el fluido enfocado es conducido
suavemente por el enfocante, evitandose esfuerzos violentos. Se trata,
pues, de un procedimiento puramente mecanico, en donde las moléculas
con las que se trabaja son sometidas a condiciones experimentales muy
suaves evitando situaciones estresantes que podrian implicar alteraciones
de las estructuras (Martin-Banderas y cols., 2005).

En los procesos de atomizacion la aportacién de energia puede llevarse a
cabo por diferentes mecanismos: presion de liquido, presién de aire,
rotacion, vibracién, campo eléctrico, etc. En el caso de FF, la produccién de
gotas es el resultado de una combinacion entre fuerzas hidrodindmicas y
una geometria especifica, no requiriendo la aplicacion de fuerzas externas
como vibracién o campo eléctrico para la producciéon de gotas (Gafian-
Calvo y Barrero, 1998).

La configuracion basica de un nebulizador (figura 6) consiste en un tubo
capilar enfrentado a un orificio practicado en una pared delgada. Del tubo
sale un caudal de fluido que es enfocado por el fluido circundante formando
un microchorro que atraviesa el orificio sin tocarlo. Bajo ciertas condiciones
de presiones y flujos, y teniendo en cuenta ciertos parametros

24



Introduccion

fisicoquimicos de los fluidos empleados (viscosidades, tensiones
superficiales e interfaciales), se consigue un chorro fino, estable,
reproducible y controlable que rompe produciendo una atomizacion
monodispersa por inestabilidad capilar.

Fluido
enfocante
Aire o fluido
= = enfocante
D D
Fluid > =0 Gotas de fluido
enfacad \ enfocado

Figura 6. Esquema de la configuracion basica de un nebulizador FF

Segln la naturaleza de los fluidos “enfocado-enfocante” empleados
podemos considerar las siguientes configuraciones y resultados:

Gas-Liquido: Un gas a presion rodea a un flujo de liquido dando
lugar a la produccién de microgotas del liquido “enfocado”. Esta es
la configuracion requerida para generar aerosoles y es, por tanto, la
que ocupa el interés en este estudio (figura 7a).

Liquido-Gas: La configuracion es la contraria a la anterior, tenemos
un nucleo esférico de gas rodeado por un liquido y por tanto genera
microburbujas en las que una capa de liquido rodea un nucleo
esférico de gas.

Liquido-Liquido: Es este caso el fluido “enfocante” es un liquido
inmiscible con el “enfocado” generando gotas de liquido rodeadas
por otro liquido, es decir, una emulsién formada por goticulas del
mismo tamafo (figura 7b).

Compuesta: En esta configuracién se tienen dos corrientes de
liguidos inmiscibles entre si que salen en disposicién concéntrica y
gue son, a su vez, enfocados por una corriente de gas a presion.
De esta forma se generan microcapsulas de pared de espesor
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controlable mediante una adecuada seleccién de la relaciéon de
fluidos caudales (figura 7c)

; !]

.
® .
» . |
L] [ ] |
!
¢ o
o\ °
(s
0]
)]
a) Gas-Liquido b) Liquido-Liquido ¢) Compuesta

Figura 7. Algunas configuraciones posibles de la tecnologia Flow Focusing

La configuracién empleada para la microencapsulaciéon de los activos en la
presente memoria se muestra en la figura 8. En ella un liquido, “fluido
enfocado”, sale de un tubo capilar de radio interior Dy que se encuentra a
una distancia H de una pared de espesor L. En dicha pared hay un orificio
de didmetro D (centrado con el tubo capilar) a través del cual fluye una
corriente de gas. Todas estas medidas, Do, H, L y D son del orden de
cientos de micras.

La gota de liquido proveniente del tubo capilar se alarga en direcciéon al
orificio desarrollando una forma de copa a una distancia critica del orificio,
cuando el incremento de presion APy que sufre el gas al atravesar el orificio
supera las fuerzas que genera la tension superficial en la interfaz liquido-
gas. Si, una vez alcanzadas estas condiciones, se suministra desde el tubo
capilar un caudal constante Q, se establece un estado estacionario (Figura
8).

26



Introduccion

Figura 8. Pardmetros geométricos de la configuracién Flow Focusing

En el presente trabajo, se han desarrollado distintas formulaciones de
activos (lidocaina, green fluorescent protein (GFP) e insulina) bajo las
configuraciones: gas—liquido y liquido—-liquido, dependiendo de las
caracteristicas de las sustancias a encapsular y de los objetivos marcados.
En el primero de los casos, microencapsulacion de lidocaina, se trabajé con
la configuracion gas-liquido (figura 9). En él, el fluido enfocado que se
inyecta con una bomba de jeringa es una solucién de lidocaina y PLGA en
acetato de etilo y es enfocado mediante el uso de un gas (aire comprimido)
a presion, que actua de enfocante. Cuando la velocidad del gas circundante
se elige de manera determinada, las fluctuaciones de presidon son menores
que las fuerzas de tension superficial liquido-gas. Asi, el patrén de rotura
del chorro forma un aerosol practicamente monodisperso. El nebulizador
FF se encuentra en una cadmara termostatizada. De esta manera el aerosol
producido por el nebulizador se hace pasar por dicha camara (55 + 10 °C)
con el fin de conseguir el secado de las microparticulas por evaporacion del
disolvente. Las microesferas asi producidas se recogen sobre un vidrio de
reloj y se dejan secar a temperatura ambiente durante 24 horas,
completando asi el proceso de secado y asegurando la evaporacién total
del disolvente
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A continuacion, se inicio la microencapsulacion de sustancias de naturaleza
peptidica usando GFP como proteina modelo y el mismo dispositivo que
para el caso de la lidocaina (figura 9).

Para la produccion de estas microesferas, se utilizé como fluido enfocante
aire comprimido y como enfocado una emulsién A/O conteniendo PLGA y
la proteina. La solidificacion de las gotas y obtencion de particulas sélidas
se produjo por evaporacion del disolvente (acetato de etilo) al producirse la
atomizacioén en el seno de la cdmara termostatizada.

NEBULIZADOR
FF

Manémetro ®

Aire comprimido [N—_w___— Emulsion a/o

(bomba jeringa)

Camara termostatizada
(45-50°C)

Plato colector

Figura 9. Esquema del dispositivo empleado para la produccién de microparticulas de
PLGA conteniendo lidocaina y GFP.

Una vez desarrollados los sistemas conteniendo lidocaina y GFP, se
procedié a microencapsular insulina como proteina terapéutica. En esta
ocasion, se uso la configuracion liquido-liquido que se muestra en la figura
10 (Martin-Banderas y cols., 2006).
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Figura 10. Esquema del dispositivo empleado para la produccién de microesferas de
PLGA conteniendo insulina.

La elaboracién de microesferas con este método implica la formacion de
una doble emulsion A/O/A. Este modelo de configuracion simple liquido-
liqguido consiste en que, tanto el fluido enfocante como el enfocado son
liquidos.

Inicialmente, se preparé una primera emulsion A/O con una solucién de
insulina y con la solucion de PLGA en acetato de etilo. Esta emulsion fue
enfocada utilizando como fluido enfocante agua destilada. Para formar la
doble emulsién final A/O/A, las goticulas generadas se recogieron en una
soluciéon acuosa de PVA (1% p/v). Esta solucién acuosa de PVA, en
agitacion continua evitd, ademas, la posible coalescencia de las gotas y su
deformacién, impidiendo la formacién de agregados.
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2. NANOTECNOLOGIA

Uno de los grandes retos de la Tecnologia Farmacéutica actual es el
desarrollo de sistemas nanométricos que contengan un principio activo
vehiculizado junto a un transportador, y que sean capaces de mejorar la
seguridad y eficacia de dicho farmaco.

La “Nanotecnologia Farmacéutica”, como indica el profesor Vila Jato, es
una ciencia emergente con un alto contenido fisicoquimico y biolégico, ya
gue en ella aparecen nuevos aspectos biofarmacéuticos y farmacocinéticos
no conocidos con los sistemas de transporte de farmacos convencionales
(http://ranf.com/pdf/discursos/numerol/vila.pdf).

El desafio se presenta cuando la Tecnologia Farmacéutica debe dotar de
nuevas formas de dosificacion a una gran cantidad de moléculas
procedentes de la Biotecnologia, ademas de optimizar la terapia de
farmacos ya conocidos y utlizados en formas de administracion
convencionales.

Centrandonos en los sistemas de liberacion de farmacos, que constituyen
el campo fundamental de la Nanotecnologia Farmacéutica, los objetivos
gue se persiguen con su utilizacion son los siguientes:

e Proteger al farmaco de su degradacion fisica y quimica, sobre todo
si son compuestos procedentes de la Biotecnologia.

e Aumentar la absorcién de farmacos, facilitando su paso a través de
membranas, aspecto fundamental si se pretenden encontrar
alternativas a la administracion intravenosa de farmacos.

e Modificar las caracteristicas farmacocinéticas de los principios
activos para modular su distribucién por tejidos y Grganos,
incrementando asi su eficacia o disminuyendo efectos secundarios
indeseables.

e Favorecer la penetracidn intracelular de los compuestos y farmacos,
si estos tienen sus dianas de actuacion en el interior de las células.

e Optimizar otros aspectos como son las técnicas de imagen y el
diagndstico in vivo.
La Nanotecnologia Farmacéutica, como ciencia y tecnologia de los

sistemas nanoparticulares, ofrece, cada vez mas, grandes posibilidades
para mejorar la seguridad y eficacia de numerosos farmacos y moléculas

30


http://ranf.com/pdf/discursos/numero/vila.pdf

Introduccion

de origen biotecnolégico. Este planteamiento es fundamental si lo que se
pretende es optimizar los tratamientos actuales y dotar al arsenal
terapéutico de nuevos medicamentos.

El término “Nanotecnologia” es usado extensivamente para definir las
ciencias y las técnicas que se aplican a nivel de nanoescala, esto es, que
permiten trabajar y manipular las estructuras moleculares y sus atomos. Se
contemplaria por tanto, la posibilidad de fabricar distintos materiales a partir
del reordenamiento de 4tomos y moléculas. Cuando se manipula la materia
a escala tan minlUscula de atomos y moléculas, aparecen fenémenos y
propiedades que antes no se ponian de manifiesto. Para tener una idea
aproximada del tamafio de los sistemas que nos ocupa basta decir que un
eritrocito tiene un tamafio aproximado de 5000 nm; un virus mide unos 50
nm y el ADN unos 2 nm. En la figura 11 puede verse una comparacion de
tamarnos de distintos elementos.

Water Glucose Antibody Virus Bacteria Cancer cell A period Tennis ball
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Figura 11. Comparacion de tamafios de distintas moléculas y elementos

La Nanotecnologia tiene eminentemente un cardcter multidisciplinar e
implica a cientificos de diferentes campos de investigacion, incluyendo
fisicos, quimicos, ingenieros, tecnélogos, especialistas en ciencias de los
materiales asi como bidlogos y farmacéuticos. Ademas, estd siendo
aplicada practicamente a la totalidad de los campos de la ciencia:
electrénica, optica, desarrollo de nuevos materiales y biomedicina (Kateb y
cols., 2010).
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En el campo farmacéutico, la Nanotecnologia permite la vectorizacion de
principios activos a nivel de 6rganos, tejidos o células sobre los que ejercen
su accion mediante la utilizacién de transportadores.

Estos trasportadores deben cumplir una serie de caracteristicas tales como
baja toxicidad, propiedades adecuadas para el transporte y liberacion del
farmaco y larga vida media.

En este caso, permite que la liberacion del farmaco sea minimamente
invasiva ya que posibilita la fabricacion de dispositivos a escala
nanométrica, tamafio que permite a estos sistemas atravesar poros y
membranas celulares. Desde 1990, las autoridades regulatorias han ido
aprobando una serie de productos para uso clinico basados en esta
metodologia, estando la mayoria de ellos indicados en el tratamiento del
cancer. Daunoxome® (liposomas de daunorubicina para leucemias y
sarcoma de Kaposi), Doxil® (liposomas pegilados de doxorubicina para el
cancer de ovario), Abraxane® (nanoparticulas de albimina con paclitaxel
para el cancer de mama).

Con esta técnica se ve incrementada la efectividad del farmaco mediante el
control preciso de la dosis requerida, del tamafio, la morfologia y las
propiedades superficiales del compuesto. Los farmacos, al ser liberados de
forma especifica sélo en los 6rganos, tejidos o células dafiadas, disminuyen
su posible toxicidad asociada. Por otra parte, al ser posible la liberacién
paulatina del principio activo, de acuerdo con las necesidades del paciente,
se consiguen disminuir los posibles efectos adversos que puedan
producirse como consecuencia de la ingesta masiva del farmaco.

Existen distintos tipos de sistemas de vectorizacion de farmacos (figura 12).
Estos se diferencian en su composicion y estructura, pero todos persiguen
los mismos objetivos )
=
= G ,-6-
.'c ;'i."ﬂ.\tms e Dsndnmer\;s -

Liberacién de firmacos

Nanoparticulas (Conjudados poliméricos
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Figura 12. Diferentes sistemas de vectorizacién de farmacos (Fuente: Gonzalez y cols.,
2005a)
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En definitiva, la aparicion de los nanosistemas farmacéuticos ha constituido
una auténtica revolucion en el campo terapéutico y ha intentado paliar, en
mayor o menor grado, algunas lagunas que muestran los sistemas
convencionales de liberacién de farmacos. En la tabla 6 se muestra, a
modo de resumen las alternativas ofrecidas por dichos sistemas.

Problema Efecto del nanosistema de liberacién

Sistemas de liberacion de farmacos como micelas o liposomas
Baja solubilidad proporcionan un ambiente tanto hidrofébico como hidrofilico,
aumentando la solubilidad del farmaco

Dafio en el tejido al La dispensacion regulada de los sistemas de liberacién puede
producirse la disminuir o eliminar el dafio a los tejidos producido por la
extravasacion extravasacion accidental

Farmacocinética Los sistemas de liberacion protegen al farmaco frente a la
desfavorable degradacién prematura, por lo que se requieren dosis menores

La especificidad asociada a los sistemas de liberacién minimiza el
Baja distribucion volumen de distribucién y ayuda a reducir los efectos secundarios
gue se puedan producir en érganos sensibles

Falta de selectividad Los sistemas de liberacién pueden incrementar la concentracion del
de tejidos farmaco en el tejido diana

Tabla 6. Problemas asociados a sistemas convencionales que pueden ser resueltos
mediante la utilizacion de nanosistemas (Fuente: Allen y Cullis, 2004)

A continuacioén, se realizara una breve descripcién de las nanoparticulas
como uno de los sistemas de transporte de activos desarrollado en la
presente tesis doctoral.

2.1. Nanoparticulas

Son sistemas coloidales de tamafio inferior a 1 um y, generalmente, de
naturaleza polimérica. Dependiendo del método de preparacion, y al igual
gue ocurria con los sistemas microparticulares, se pueden distinguir dos
tipos de estructuras:
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e Nanoesferas: sistemas matriciales constituidos por el
entrecruzamiento de oligdmeros o unidades de polimero, en los que
el principio activo se puede encontrar atrapado en la red polimérica,
disuelto en ella o adsorbido en su superficie. A estas estructuras se
les suele denominar indistintamente “nanoparticulas” o
“nanoesferas”.

e Nanocépsulas: sistemas reservorio constituidos por un ndcleo
rodeado de una membrana polimérica. En este caso el principio
activo suele encontrarse en el nucleo, aunque también puede estar
adsorbido en la superficie.

Hasta el momento se han utilizado, para la preparacién de nanoparticulas,
macromoléculas hidrofilicas de origen natural (proteinas o polisacéaridos) o
polimeros hidrofébicos sintéticos (poliésteres o policianoacrilatos). A pesar
de que los polimeros naturales son muy interesantes, presentan problemas
de antigenicidad al usarlos como vectores. De hecho, alin no se dispone de
estudios que demuestren de manera rotunda la ausencia de toxicidad de
estos sistemas. Por el contrario, la seguridad de los poliésteres esta
demostrada al haber sido aceptada para su empleo en humanos (existen
formulaciones en forma de microesferas). En el caso de los
policianoacrilatos de alquilo, las expectativas son buenas si se tiene en
cuenta que existe una formulacion de nanoparticulas conteniendo
doxorrubicina en fase Il de estudios clinicos (Kumatri y cols., 2010).

Los métodos de elaboracién de los sistemas nanoparticulares pueden ser
muy variados. Puede distinguirse entre aquéllos que utilizan el polimero
preformado y los que parten de los monémeros para constituir el polimero
durante la preparacion de las nanoparticulas. Dentro de los polimeros
preformados, hay que diferenciar los que utilizan macromoléculas naturales
y los sintéticos. Otros métodos empleados en la elaboracion de estos
sistemas son los denominados “nanoprecipitacion” y “polimerizacion”.

A continuacién se indican, de forma resumida, las principales
caracteristicas de los polimeros utilizados:

e Polimeros naturales. Se distinguen de manera especial aquéllos
que utilizan proteinas (albumina y gelatina) y polisacaridos
(alginato). Los métodos preparativos utilizan una emulsién A/O, en
la que la proteina se somete a una desnaturalizacion por el calor o
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una reticulacion con agentes quimicos. También se puede partir de
una soluciéon acuosa de la macromolécula que se somete a un
proceso de separaciéon de fases (desolvatacion o gelificacién
idnica).

e Polimeros sintéticos. Destacan en este grupo las nanoparticulas
elaboradas con poliésteres de caracter hidrofébico como el acido
lactico y los copolimeros de éste con el acido glicélico. El método
de elaboracion mas conocido es el de extraccién-evaporacion del
disolvente, en el que el polimero se encuentra en la fase interna de
una emulsion O/A disuelto en un disolvente clorado (diclorometano).
Las nanoparticulas se obtienen tras la evaporacion de este dltimo
bajo presién reducida.

2.1.1. Estudios de distribucion y posibles aplicaciones terapéuticas

Las posibilidades que ofrecen las nanoparticulas de modificar pautas de
distribuciéon de un principio activo se ven limitadas por la captacion
preferente por parte del sistema reticuloendotelial. Asi, en estudios de
distribucién en animales realizados con nanoparticulas biodegradables de
distinta naturaleza, se ha observado una acumulacion mayoritaria de las
mismas en el higado (40-80% de la dosis administrada), los pulmones (0,7-
3%) y el bazo (0,6-2%). Por otra parte, aunque en ciertos casos se ha
observado un incremento de la actividad terapéutica de citostaticos
asociados a nanoparticulas frente a determinados tumores experimentales,
se ha demostrado que, en general, la concentracién de portadores en el
tumor es siempre muy baja (menor al 1%). Esto quiere decir que, por el
momento, las posibles aplicaciones de estos sistemas han de orientarse al
tratamiento de enfermedades asociadas a células del sistema reticulo-
endotelial (por ejemplo, leishmaniosis) o a érganos en los que predominan
dichas células (por ejemplo, infecciones intracelulares hepaticas y tumores
hepaticos).

Actualmente, existen en la bibliografia numerosos estudios que abordan la
posibilidad de modificar la distribucién de estos sistemas coloidales, para
asi ser dirigidos a una diana especifica y que no sean captados por el
sistema reticuloendotelial. Entre las distintas estrategias utilizadas estan la
aplicacion de un campo magnético externo para guiar nanoparticulas
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magnéticas, el anclaje de diversos ligandos a la superficie de las
nanoparticulas (PEG, anticuerpos monoclonales, acido félico, aptameros,
etc.). A continuacién se exponen resumidamente algunos ejemplos.

e Nanoparticulas magnéticas. Se han elaborado nanoparticulas que
contienen magnetita con la finalidad de que puedan ser guiadas por
un campo magnético exterior hacia el érgano o tejido diana. Estos
sistemas, concretamente los elaborados con albdmina, han
permitido obtener muy buenos resultados en animales, sobre todo
cuando el tejido diana se encuentra en un lugar facilmente
accesible al campo magnético externo.

e Nanoparticulas recubiertas con agentes tensioactivos. El
recubrimiento con agentes tensioactivos no iénicos es otra de las
posibilidades que se esta investigando para reducir la permanencia
de las mismas en la sangre circulante y disminuir la captacién por
parte del sistema reticuloendotelial. Se ha estudiado el efecto
provocado por la adsorcion de diferentes variedades de
copolimeros de 6xido de etileno y propileno, capaces de modificar
caracteristicas superficiales de los sistemas nanopatrticulares. Dicha
modificacién ha permitido conseguir que tanto el higado como el
bazo capten menos nanoparticulas y también se ha observado una
reduccién de su opsonizacion por las proteinas de la sangre. No
obstante, es preciso apuntar que los estudios realizados no han
resultado igual de concluyentes cuando se traté de nanoparticulas
biodegradables. En este caso, parece necesaria la presencia de
restos hidrofilicos en la superficie de la particula durante el proceso
de erosion, para lo cual tendrian que estar distribuidos en toda la
matriz polimérica, unidos, por ejemplo, mediante enlace covalente.

e Nanoparticulas recubiertas con anticuerpos monoclonales. La idea
de asociar anticuerpos especificos a nanoparticulas tiene su origen
en los estudios que llevaron a cabo la elaboracién de conjugados
entre principios activos y anticuerpos, tratando de conseguir
(aunque sin éxito) la orientacion del principio activo hacia
determinados tejidos. Con el mismo planteamiento se penso en la
utilizacién de anticuerpos monoclonales como conductores de
nanoparticulas hacia ciertas células que poseen antigenos
especificos, como son las células tumorales. Sin embargo, aunque
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in vitro si se ha podido demostrar la capacidad de las
nanoparticulas de unirse de manera inmunoespecifica a las células
tumorales, se ha demostrado que esta técnica tampoco queda libre
de la captura por parte del sistema reticuloendotelial.

¢ Nanoparticulas multifuncionales. Consistiria en afadir ligandos y
componentes que anclados en la superficie o en el interior de la
nanoparticula la llevaran a cumplir distintas funciones como,
prolongar su circulacion en la sangre, capacidad para acumularse
expresamente 0 no en la zona patoldgica requerida, sensibilidad a
estimulos locales como cambios de pH o temperatura y liberacion
del principio activo en el interior de la célula de forma eficaz.

2.2. Situacion actual y perspectivas

No hay dudas de que el mercado de la Nanotecnologia es un mercado
emergente. La Nanomedicina es sélo una de las diversas areas de
investigacion y desarrollo en el campo de la Nanotecnologia.

Los procesos de aprobacion para la comercializacion de aplicaciones
nanotecnoldgicas en medicina son largos, con un promedio de alrededor de
10 afos; esta restriccion no esta presente en el resto de mercados
nanotecnoldgicos, donde esta apareciendo un gran nimero de productos
en muy diversos sectores. Al tratarse de una disciplina emergente, la
comercializacién de productos procedentes de Nanomedicina se encuentra
en un estado inicial. Existen distintas limitaciones que frenan la explotacién
comercial de resultados de investigacion en Nanomedicina, como son, los
altos costes de produccién y las dificultades para llevar a cabo una
produccién a gran escala, el miedo de la sociedad a utilizar tecnologias
innovadoras sobre todo en temas relacionados con la salud, la inexistencia
de regulacion especifica y el largo proceso de aprobacién de nuevos
materiales para su uso en salud humana por parte de las agencias
reguladoras.

A pesar de estos inconvenientes, existen dos factores clave que guiaran la
comercializaciéon de productos desarrollados mediante Nanotecnologia: la
inversion de fondos publicos y la expiracién de patentes de medicamentos
pertenecientes a industrias farmacéuticas. Otros factores importantes seran
el aumento de la esperanza de vida de la poblacién que supone la
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necesidad de desarrollar tratamientos novedosos y mas eficaces que los
actuales y el impacto de la aplicacion de técnicas bioinformaticas en la
secuenciacion del Genoma Humano.

Existe un gran numero de tecnologias pertenecientes al ambito de la
Nanomedicina que pueden ser protegidas mediante patentes. En la figura
13 se muestra una relacién de todas estas técnicas susceptibles de ser
patentadas.

De las patentes con participacion espafiola en el campo de la
Nanotecnologia, un 25% y un 12% corresponden a patentes con
aplicaciones en industria médico-farmaceltica y a biotecnologia,
respectivamente. Estas aplicaciones constituyen un tercio del total, lo que
nos da una idea del grado de importancia de este sector.

Las diferentes aplicaciones de la Nanomedicina comenzaran a tener
resultados visibles en los préximos 10-15 afios. Esto se debe a que los
productos que se desarrollen mediante estas técnicas para su aplicacién en
salud humana deben seguir unos protocolos de ensayo mas largos y estan
sometidos a una regulacion mas estricta. Tres son los principales pilares
sobre los que se asentara el desarrollo futuro de esta emergente ciencia
(figura 14).

En cuanto a las enfermedades que mas se beneficiaran de los avances en
Nanotecnologia, el cancer se presenta como una de las principales dianas
para los avances cientificos que supondra la aplicacion de estas técnicas a
la salud humana. La Nanomedicina jugara también un papel muy
importante en el tratamiento de enfermedades relacionadas con el sistema
cardiovascular.
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Figura 13. Tecnologia y técnicas de Nanomedicina que pueden ser protegidas con
patentes (Fuente: Gonzalez y cols., 2005b)
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Figura 14. Perspectivas de desarrollo de las diferentes aplicaciones y tecnologias
de la Nanomedicina. (Fuente: Gonzalez y cols., 2005b)

El desarrollo de nanodispositivos capaces de monitorizar trombos o
hemorragias tendra un gran impacto en el diagndstico y el tratamiento de
embolias o accidentes cerebrovasculares. Estos dispositivos podran
realizar un diagnostico temprano de este tipo de lesiones, emitir una sefal
al organismo y liberar sustancias como anticoagulantes u otros farmacos en
respuesta al estimulo detectado.
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El resto de enfermedades sobre las que tendra un mayor impacto seran las
enfermedades neurodegenerativas, diabetes, enfermedades infecciosas,
enfermedades relacionadas con la sangre y los pulmones y problemas
ortopédicos.

En lo que se refiere a la perspectiva de desarrollo economico, la
Nanomedicina se presenta como el area de la nanotecnologia con grandes
posibilidades de comercializacion.

Las aplicaciones de la Nanotecnologia con perspectivas de
comercializacidbn mas elevadas serian la construccion de tejidos u érganos
humanos in vitro, la liberacion controlada de farmacos, los dispositivos lab-
on-a-chip, el desarrollo de sondas inteligentes para el diagnéstico in vivo, y
el desarrollo de nanomaquinas moleculares.

Se espera que la produccion de nanofarmacos aumente un 12% en los
préximos siete afios y que la facturacién en medicamentos “nano” pase de
40 millones de ddlares en 2004 a 92.1 millones de délares en 2012. En la
figura 15 se observa el incremento en la facturacibn de medicamentos
“nano” y en su cuota de mercado.

a) Facturacidn en medicomentos “nano™ en miles de millones de délares
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Figura 15. a) Crecimiento de la facturacion en medicamentos de origen
nanotecnoldgico. b) Aumento de la cuota de mercado (Fuente: Gonzalez y cols., 2005b)
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3. GRUPOS TERAPEUTICOS DE INTERES

Actualmente, se estan llevando a cabo grandes esfuerzos, desde los
puntos de vista tecnolégico e industrial, en el desarrollo de sistemas de
administracion de activos capaces de ejercer un control sobre su
comportamiento fisicoquimico, en general, y biofarmacéutico, en particular.
La posibilidad de desarrollar productos novedosos con relacion a activos
conocidos se ha convertido en una realidad de gran interés para industrias
de diferente indole, farmacéutica, cosmética, agroalimentaria, etc. El hecho
es que con esta opcion se aporta un elemento diferencial con ventajas
innegables que redunda en la puesta en el mercado de productos
novedosos, de mayor calidad y mejor aceptacion. En este contexto, la
aportacién de la micro y nanotecnologia, en lo relativo al desarrollo de
sistemas particulares para activos tales como farmacos, ingredientes
cosméticos o productos de interés alimentario (por citar sélo algunos
ejemplos), esta resultando ser una herramienta tecnolégica especialmente
atil.

En concreto, en el campo farmacéutico la micro y nanotecnologia es
utilizada como herramienta en el disefio de sistemas de liberacion
controlada capaces de circular libremente en sangre, anclarse o atravesar
la piel y las mucosas para poder asi acceder a érganos diana de manera
selectiva (Kateb y cols. 2010).

El desarrollo de sistemas transportadores de farmacos es una ciencia que
esta en constante evolucion. Su objetivo fundamental es depositar de forma
efectiva y selectiva, las sustancias terapéuticas en las concentraciones
adecuadas para maximizar su efectividad. Esto debe lograrse restringiendo
el acceso de estas sustancias a las areas no seleccionadas para su efecto,
considerando por tanto al transportador como uno de los factores mas
importantes para obtener tal éxito. Se necesitan nuevas formas de
dosificacién adaptadas a la administracion de moléculas activas, de
diferente naturaleza y con requerimientos muy especificos para su
administraciéon, que con frecuencia precisan de una vectorizacién u
orientacion selectiva para conseguir una adecuada accidn terapéutica.

La administracién oral es una de las rutas de administraciéon de farmacos
maés utilizada y preferida por los pacientes. Sin embargo, no es demasiado
factible en el caso en el que los principios activos presenten unas
propiedades fisicoquimicas desfavorables para su absorcion intestinal, bien
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por cuestiones de estabilidad, por problemas de solubilidad o por una clara
disminucion de biodisponibilidad por efectos hepéticos de primer paso,
entre otras causas. Todos estos problemas pueden ser resueltos con el
abordaje innovador en la formulacion y desarrollo de sistemas
tecnolégicamente avanzados.

Una de las estrategias utilizadas para mejorar la biodisponibilidad de dichas
sustancias es la utilizacién de sistemas coloidales, por ejemplo micro y
nanoparticulas poliméricas, que son estables en el tracto gastrointestinal,
protegen la sustancia vehiculizada y son capaces de modular tanto las
caracteristicas fisicoquimicas del sistema como la liberacion de las
sustancias activas.

Respecto a la liberacion de farmacos, en general, estos sistemas son
capaces de mejorar la farmacocinética, aumentar la biodistribucién del
farmaco en el 6rgano diana, mejorar la eficacia terapéutica y reducir su
toxicidad. Presentan la gran ventaja de aumentar la solubilidad de
compuestos hidrofébicos y han demostrado su capacidad para aumentar la
estabilidad de compuestos como DNA, oligonucledtidos, péptidos, etc.

La eleccion de la técnica de elaboracion de estos sistemas se hace
principalmente en base a las caracteristicas fisico-quimicas del polimero y
del principio activo a encapsular, del tamafio medio de particula requerida,
del mecanismo de liberacién deseado y del coste.

En los dltimos afios, se han desarrollado sistemas multiparticulares de
liberacion controlada de diversas moléculas farmacoldégicamente activas de
diferente naturaleza. Muchos de estos sistemas se encuentran ya en el
mercado farmacéutico. Entre los grupos farmacoldgicos encapsulados
encontramos  antieméticos, antibidticos (amoxicilina, sulfato de
gentamicina), anestésicos  locales  (lidocaina), antiinflamatorios
(paracetamol, AAS, diclofenaco, 5-ASA), antiparkinsonianos
(bromocriptina), moléculas proteicas (somatostatina), antidiabéticos
(insulina), virus (vacunas), genes, anticancerosos (leuprorelina,
doxorrubicina), y antianginosos (nitroglicerina).

Actualmente, el mercado farmacéutico cuenta con numerosas
formulaciones de principios activos encapsulados en sistemas
multiparticulares de diferente naturaleza, un nimero que dia a dia va en
aumento gracias a las incesantes investigaciones en este campo. Se citan
a continuacién algunos ejemplos:
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« Lupron Depot® (Takeda-Abott), leuprolida, empleado en el
tratamiento de cancer de proéstata.

« Abraxane® (Abraxis Bioscience), paclitaxel, empleado en el
tratamiento del cancer metastasico de mama.

« Sandostatin LAR® (Novartis), ocreotida, empleado en acromegalia
y en tumores endocrinos gastroenteropancreaticos.

« Enantone Depot® (Takeda-Abott), utilizados en el tratamiento de
cancer.

« Nutropin Depot® (Genentech), somatropina, empleado en
transtornos del crecimiento en pacientes pediatricos.

« Tresltar Depot® (Debio Rechereche Pharmaceutique S.A.),
empleado en el tratamiento paliativo del cancer de préstata
avanzado.

«  Plenaxis® (Praecis Pharmaceuticals), abarelix, empleado en el
tratamiento del cancer prostatico.

« Parlodel LA® (Novartis), bromocriptina, empleado para tratar la
acromegalia.

«  Decapeptyl® (Debiopharm), triptorelina, utilizado en el tratamiento
paliativo del cancer de préstata avanzado.

Tras la extensa revision bibliogréafica realizada, se expone, a continuacion,
un breve resumen sobre algunos grupos terapéuticos de interés en micro y
nanotecnologia, centrdndonos en los mas importantes:

Inmunosupresores: farmacos capaces de suprimir la respuesta
inmunolégica a un estimulo antigénico ya sea producido por un antigeno
externo o interno. Estos farmacos se utilizan en la prevencion del rechazo a
los trasplantes y en una amplia serie de enfermedades autoinmunes como
la psoriasis, la enfermedad de Crohn, la artritis reumatoide, la esclerosis
multiple y otras muchas enfermedades dermatoldgicas y sistémicas. Dentro
de este grupo pueden citarse azatioprina, ciclosporina, micofenolato y
sirolimus.

Anticancerosos: El cancer es una de las enfermedades mas estudiadas
en la actualidad por la implicacion social que conlleva. En los ultimos afos,
la FDA ha aprobado la comercializacion de numerosos sistemas
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(liposomas, dendrimeros, nanoparticulas) para el tratamiento del cancer.
En la tabla 7, se recogen los principios activos que se han formulado en
liposomas para el tratamiento de esta enfermedad.

Principio activo Indicacion
Daunorubicina Sarcoma de Kaposi
Doxorubicina Céncer de mama

Doxorubicina en liposomas o ) ,
Sarcoma de Kaposi, cancer de ovario, cancer de mama

pegilados
Citarabina Meningitis linfomatosa
Vincristina Linfoma no Hodgkin

Leucemia, Linfoma no Hodgkin, Sarcoma de Kaposi,
Acido trans-retinoico
cancer de rifién

Derivados del platino Diversos tumores

Plasmido ADN Melanoma metastésico

Tabla 7. Principios activos incluidos en liposomas aprobados para utilizacién clinica o
en fase de investigacion

Anestésicos locales: farmacos empleados para producir una pérdida
reversible de sensacién en una regién circunscrita del cuerpo. Tienen la
facultad de impedir temporalmente la transmision de los impulsos
nerviosos, produciendo una interrupcion de la sensibilidad, especialmente
la dolorosa, en una regién dada del organismo.

Proteinas terapéuticas: se definen como aquellas proteinas que el
organismo deberia producir y que por alguna patologia dada es incapaz de
hacerlo. Las proteinas estan compuestas por cadenas de aminoacidos y la
reorganizacion de estas secuencias en una estructura tridimensional es la
que confiere la actividad farmacologica a dichas sustancias.

La mayoria de los farmacos de naturaleza peptidica son moléculas
obtenidas mediante biotecnologia, pero antes del desarrollo de la
tecnologia del ADN recombinante de los hibridomas, los procedimientos
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clasicos de obtencion eran poco rentables, limitados a una gama restringida
de proteinas ya que se obtenia en cantidades limitadas y a un alto coste.

Fue en 1976 cuando se obtuvo la primera produccion de proteinas
terapéuticas por ingenieria genética, concretamente somatostatina aislada
de bacterias. Robert Swanson y Herbert Boyer crean Genentech, la primera
comparfiia de biotecnologia. A comienzos de los afios 80, Eli-Lilly, produce
la primera hormona obtenida por biotecnologia, la insulina para el
tratamiento de la diabetes. En la tabla 8, se recogen algunos ejemplos de
proteinas obtenidas por biotecnologia y su uso en terapéutica.

En un estudio reciente (Murua y cols., 2009), se han recubierto células con
biomateriales de distinta naturaleza para dar lugar a particulas de tamafio
micrométrico. Las células encapsuladas producen proteinas terapéuticas
(productoras de eritropoyetina, EPO) que, una vez implantadas en el
organismo, en este caso de rata, se liberan de forma controlada y
sostenida. Resulta, por tanto, muy beneficiosa en el caso de enfermedades
gue requieren la administracion regular de medicamentos. Esto junto con
la administracibn de un tratamiento inmunosupresor, consiguieron
mantener los niveles de hematocrito elevados durante un periodo de tiempo
significativamente superior al del grupo que no recibi6 el tratamiento
inmunosupresor, en concreto 14 semanas mas.
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PROTEINA

USO TERAPEUTICO

y- interferén

Carcinoma

B-interferén

Esclerosis multiple

Activador del plasminégeno tisular

Fibrinolisis

Calcitonina

Enfermedad de Paget’s, hipercalcemia

Eritropoyetina

Estimulacién de la eritropoyesis

Factor de necrosis tisular Carcinoma
Factor VIII Hemofilia
Glucagon Hipoglucemia cronica intratable

Hormona del crecimiento

Enanismo

Insulina

Diabetes tipo |

Oligonucledtidos

Cancer y SIDA

Proleukina

Carcinoma

Somatostatina

Diabetes

Somatotropina

Sindrome de Turner

Superoéxido dismutasa

Desordenes respiratorios

Tabla 8. Ejemplos de proteinas utilizadas en terapéutica

En los siguientes apartados se muestra una descripcién detallada de los
activos utilizados en el desarrollo experimental de la presente memoria:

lidocaina, GFP e insulina.
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3.1. Lidocaina

En 1943 Lofgren y Lundgvist sintetizan un anestésico local derivado del
acido dietilaminoacético: la 2-(dietilamino)-N-(2,6-dimetilfentil)acetamida o
lidocaina. Es un anestésico local del grupo de las amidas, con estructura
C14H2,N,O (figura 16) y peso molecular 234,3. Con este compuesto se
inaugura la familia de las amidas, con menor capacidad sensibilizante.

H
N\”/\N/\Me
N

Me Me

Figura 16. Estructura de lidocaina en a) 3D y b) 2D

A finales de los 40, la lidocaina se utilizd inicialmente como farmaco
antiarritmico para tratar arritmias que se presentaban durante el
cateterismo cardiaco. Su indicacion como anestésico local no fue
introducida hasta 1948 y a partir de ese momento se convirtié en uno de los
anestésicos mas usados. Hoy dia es el agente de eleccion en infiltraciéon y
el anestésico de referencia por su potencia, buena penetracion y escasa
toxicidad. Su mecanismo basico de accion es inhibicion de la
despolarizacion de la membrana y bloqueo de la conduccién nerviosa
(Arribas y cols., 2001; Cinesi y cols., 2002).

La lidocaina produce una anestesia rapida e intensa, pero breve. Es el
agente de eleccion, en los individuos sensibles a los anestésicos locales
tipo éster. Su corta semivida bioldgica (1.5-2 h) y su bajo peso molecular la
convierten en una molécula candidata a ser microencapsulada. Ademas, y
dada su elevada hidrofobicidad y baja solubilidad acuosa, se puede utilizar
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como farmaco hidréfobo modelo (Goérner y cols., 1999; Holgado y cols.,
2008).

Los primeros trabajos que citan la encapsulacion de la lidocaina datan de
1979. Estos trabajos refieren una accibn mas intensa y duradera tanto
como analgésico como prolongando los efectos blogueantes motores. A
partir de entonces, varias han sido las propuestas encontradas en la
bibliografia en relacion a la microencapsulacion de este farmaco y al control
de su liberacion (Goérner y cols., 1999; Polakovic y cols., 1999; Chen y cols.,
2004; Dong y Bodmeier, 2006; McCarron y cols., 2008; Salas y cols., 2008)

3.2. Green Fluorescent Protein (GFP)

A comienzos de los afios 60, Osamu Shimomura y su equipo aislaron por
primera vez la proteina verde fluorescente (Green Fluorescent Protein o
GFP) a partir de la medusa Aequorea victoria. El descubrimiento de esta
proteina fue algo fortuito ya que este investigador estudiaba el fenémeno
de la bioluminiscencia en los organismos vivos, en concreto en la medusa
A. Victoria. Esta medusa presentaba puntos verdes relucientes alrededor
de su cuerpo (figura 17) de donde aislaron, en primer lugar, la aequorina,
proteina bioluminiscente que emitia fluorescencia en la zona azul del
espectro. Sin embargo, la medusa emitia luz verde. Profundizando en los
estudios, se descubrié que la emisiéon producida por la aequorina era
absorbida por otra proteina, la GFP que a su vez re-emitia luz verde.
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Figura 17. Medusa Aequoera victoria.

(http://www.conncoll.edu/ccacad/zimmer/GFP-ww/images/aequorin-2.jpg)

En el afio 1971, se public6 el espectro de emisiéon de GFP con un pico de
emisién caracteristico a 508 nm, notando que la bioluminiscencia verde del
tejido vivo de la medusa también tenia un pico a esa longitud de onda. La
GFP posee dos picos de excitacion: uno menor, a 475 nm, y uno mayor, a
395 nm. La aequorina, proteina a la que esta asociada GFP, emite luz azul
a 470 nm, a una longitud de onda cercana a la de excitacion de GFP, (475
nm). De este fendmeno se concluye acertadamente que GFP convertia la
emision azul de aequorina al brillo verde que presentan las células
animales. En 1974, se demostré que la aequorina podia transferir
eficientemente su energia luminosa a su compafiera GFP, cuando ambas
proteinas estaban en contacto adsorbidas en un soporte catiénico (Morise y
cols., 1974).

La estructura de la proteina verde fluorescente (figura 18) se determiné en
1996. Esta constituida por 238 aminoacidos, formando una larga cadena
beta. Esta cadena se pliega en forma de barril que tiene en su interior los
aminoacidos 65, 66 y 67 los cuales forman el grupo que absorbe luz UV y
produce fluorescencia verde. El barril, esta atravesado por una hélice alfa a
la cual esta unido el fluoréforo (Tsien, 1998).
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Figura 18. Estructura secundaria de la GFP

En el 2008 los profesores Martin Chalfie, Osamu Shimomura y Roger Y.
Tsien fueron galardonados por la Real Academia Sueca de Ciencias de
Estocolmo con el Premio Nobel de Quimica 2008 "por su descubrimiento y
desarrollo de la proteina fluorescente verde (GFP)", herramienta
indispensable para la biologia y la medicina modernas
(http://nobelprize.org/nobel_prizes/chemistry/laureates/2008/press.html).

Las proteinas fluorescentes, entre las cuales se encuentra la GFP, son muy
versatiles y se utilizan en diversos campos como la microbiologia,
ingenieria genética y fisiologia. Permiten ver procesos previamente
invisibles, como el desarrollo de neuronas, la diseminacién de células
cancerosas, el desarrollo de la enfermedad de Alzheimer, el crecimiento de
bacterias patogénicas, la proliferacion del virus del SIDA, entre otros. Por
otro lado, el modelo permite seguir la evolucibn comparativa de las
metastasis en presencia o ausencia de distintos farmacos. Esto seria sélo
uno de los multiples usos que se le estan asignando a estas proteinas.

La GFP también tiene una importancia especial en la biologia del
desarrollo: si se introduce en una fase temprana de un embrion, se puede
seguir la evolucién de las primeras células, estructuras y 6rganos.

Ya se han generado monos, gusanos, algas, Escherichia coli y cerdos con
GFP en su genoma y hasta se han fabricado juguetes con esta sustancia
que brillan en la oscuridad (Pérez-Millan y Becu-Villalobos, 2009;
http://ceslava.com/blog/%C2%BFsuenan-los-gatos-robots-con-peces-
electricos).
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Hay numerosos trabajos publicados que citan la encapsulacion en micro y
nanosistemas de GFP (Jagadeeswaran y cols., 2004; Dassa y cols., 2007;
Muttil y cols., 2007; Yang, 2007;), incluidos los sistemas basasdos en
microfluidos (Dendukury y Doyle, 2009; Holgado y cols., 2009). Su utilidad
radica en que es un compuesto de naturaleza peptidica facilmente
detectable por diversas técnicas siendo, ademdas, menos dafiina en las
células vivas que otros marcadores como el FITC (isotiocianato de
fluoresceina) (Iwasaki y cols., 2007; Pawelczyk y cols., 2008; Thomas y
cols., 2009).

3.3. Insulina

Es una hormona que se administra como tratamiento de la diabetes tipo 1y
en la diabetes tipo 2 cuando existe deterioro de las células beta del
pancreas y progresion de la enfermedad. Es una hormona producida por
las células beta de los islotes de Langerhans situados en el pancreas y que
se segrega en respuesta al estimulo de una concentracién creciente de
glucosa en sangre.

Fue descubierta por Banting y Best en 1921, pero no es hasta 1954 cuando
se establece su naturaleza proteica. En 1968, Crane y Luntz pusieron de
manifiesto que con una total ausencia de enzimas proteoliticos de origen
pancreatico, la insulina administrada via oral no llegaba a destruirse
rapidamente, pero tenia dificultad para absorberse (http://www.discovery
ofinsulin.com, diciembre 2009).

Como se muestra en la figura 19, la molécula de insulina contiene dos
cadenas polipeptidicas que poseen 21 (cadena A) y 30 aminoacidos
(cadena B), respectivamente. Ambas cadenas estan unidas por puentes
disulfuro de cistina. Es sintetizada a partir de un precursor de cadena Unica
conocido como proinsulina que contiene 81 aminoacidos. Posteriormente,
se produce la sustraccion del péptido C (30 aminoacidos) dando lugar a la
insulina. Este péptido C se utiliza, desde un punto de vista clinico, como
marcador cuantitativo del funcionamiento de las células beta.
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Caclena A 21 aminadcidos

Fly-Tle-Val-Gln-Gln-Cys-Cys-The-Ser-Ile-Cys-Ser-Leu-Tyr-Glu-Lew-Glu-Aen-Tyr-Cys-Aen

Phe-al-hsn-Gln-His-Leu-Cys-Gly-Ger-His-Leu-Val-Glu-Ala-Len-Tyr-Leu-Val-Cys-Gly-Glu

Cadena & 30 aminodcidas kg

Thr-Lys-Pro-Thr-Tyr-Phe-Phe-Gly

Figura 19. Estructura quimica y tridimensional de la insulina (Fuentes:
(http://www.scientificpsychic.com y http://www.accefyn.org))

Su participacion en el metabolismo del organismo es variada: favorece la
captacién de glucosa en higado, musculo y tejido adiposo; estimula la
glucogenogénesis e inhibe la neoglucogénesis y glucogenolisis; aumenta la
captacién de aminoacidos en tejido muscular y la sintesis proteica; es
necesaria para la sintesis de somatomedina, mediador de la hormona del
crecimiento.

La insulina fisiol6gica de origen pancreatico es secretada en el sistema
porta para su conduccién hacia el higado, por ello, la mayoria de las
acciones fisiologicas de esta molécula son realizadas en este érgano.
Consecuentemente, la concentracion de insulina en la vena porta es mucho
mas elevada que en el plasma periférico. Por lo tanto, la insulina absorbida
via oral se comportaria de manera similar a la insulina pancreatica. Por el
contrario, la insulina de administracién convencional por via subcutanea
alcanzaria la circulacion periférica y actuaria, en primer lugar, sobre el
consumo de glucosa del masculo y, en segundo lugar, en la produccion de
glucosa por el higado.

Como consecuencia, los diabéticos insulinodependientes tienen
frecuentemente una concentracion periférica de insulina mas elevada que
los individuos normales, por lo que se cree que esta hiperinsulinemia
crénica puede contribuir a la aparicion de complicaciones cardiovasculares
tan frecuentes en la diabetes.
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Inicialmente, la insulina administrada a los pacientes era de origen porcino
y bovino. Posteriormente ha sido posible sintetizar insulina humana, dando
lugar a la insulina semisintética (obtenida a partir de insulina porcina por
sustitucion en la cadena B del aminoacido alanina por treonina) y a la
insulina biosintética (obtenida por bioctenologia con ADN recombinante de
origen bacteriano o de levadura) (Gomez Ayala, 2008).

Actualmente disponemos en el mercado de una gran variedad de
especialidades con insulina, siendo todas ellas de origen ADN
recombinante. Los Ultimos estudios han conducido a la obtencién de los
analogos de la insulina cuyo objetivo es mejorar el perfil farmacocinético de
las insulinas convencionales y superar asi las limitaciones que éstas
presentaban en algunos pacientes para mantener un control glucémico
adecuado (Almodévar y cols., 2007).

Se pueden establecer tres criterios de clasificacion distintos para las
mismas:

1. Segun su estructura: insulina humana y analogos de insulina
humana

2. Segun su farmacocinética: insulinas de accion rapida, intermedia,
prolongada y mezclas de insulina rapida e intermedia

3. Segun sus dispositivos de administracion: viales, plumas
precargadas, cartuchos y bombas de insulina

En la tabla 9 se recoge la clasificacion de las insulinas segun su
farmacocinética (Aragon Alonso y cols., 2004; Ceruelo Bermejo, 2005):
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INICIO DE ACCION EFECTO MAXIMO  DURACCION DE ACCION
(h) (h) (h)

RAPIDA REGULAR, NORMAL 0,5 1---3 8
O SOLUBLE
ASPART 0,5 1---3 5----7
LISPRO 0,25 0,5---1,2 25
INTERMEDIA NPH o ISOFANICA 1 2---8 18----20
LISPRO PROTAMINA 1--2 4---8 18----24
INSULINA ZINC 2,5 7----15 20----24
(CRISTALIZADA 70%)
PROLONGADA GLARGINA 46 2----20 18----24
DETEMIR 17 6---8 24
INSULINA ZINC 4 8---20 28
(CRISTALIZADA 90%)
MEZCLAS REGULAR (10%)/ 0,5 1,5----7 16---18
RAPIDAINTERMEDIA NPH (90%)
REGULAR (20%)/ 0,5 1---7 14----16
NPH (80%)
REGULAR (30%)/ 0,5 1----8 14
NPH (70%)
REGULAR (40%)/ 0,5 2---8 24
NPH (60%)
REGULAR (50%)/ 0,5 18 14
NPH (50%)
ASPART (30%)/ 0,15---0,3 ===ttt 24
ASPART-
PROTAMINA(70%)
LISPRO (25%)/ 0,25 0,5----1,2 2---5
LISPRO-
PROTAMINA(75%)
LISPRO (50%)/ 0,25 ©5==i,2 P==
LISPRO-

PROTAMINA(50%)

Tabla 9. Clasificacion farmacocinética de las distintas insulinas

Desde hace afios, existe un intento continuado de controlar la glucemia del
enfermo diabético durante todo el dia y poder asi reducir algunas de las
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complicaciones de la diabetes, complicaciones que se ha demostrado que
disminuyen cuando se consigue un control metabdlico del paciente.

Hasta la fecha, los sistemas de administracion de insulina comercializados
en Espafa son administrados por via subcutdnea (tabla 10) (Holgado y
Fernandez-Hervas, 1997; Faustman, 2004). El sistema clasico viene
acondicionado en viales junto con aguja y jeringas desechables graduadas
en unidades internacionales. La mayor ventaja que presenta este sistema
es su bajo coste y la posibilidad de mezclar manualmente distintos tipos de
insulina obteniendo el efecto deseado, aunque presenta el inconveniente
de la dificultad de su manejo. Hoy dia han sido casi totalmente desplazadas
por las plumas de insulina que inyectan la cantidad exacta de insulina
seleccionada mediante un breve impulso.

Las plumas vienen cargadas en un cartucho que o bien se recambia tras su
uso o bien se deshecha. Presentan un sistema graduado de dosificacion
gue permite ajustar la dosis de una forma mas sencilla y fiable que el vial.
Las ventajas que presenta son mayor facilidad de administraciéon y mayor
discrecion en el transporte y administracion. Por el contrario, su coste es
mas elevado que las anteriores.

Los “jet-inyectores” son pequefios dispositivos tipo boligrafo que, mediante
un sistema de alta presion, permiten la penetracion de la insulina en la piel
sin necesidad de aguja. Es especialmente Gtil en aquellos sujetos con poca
tolerancia a las agujas. Su inconveniente fundamental es su elevado coste
y la poca experiencia de uso.

56



Introduccion

SISTEMA

CARACTERISTICAS

VENTAJAS

INCONVENIENTES

VIALES

PLUMAS

JET-
INYECTORES

BOMBAS

Paradigm® Real
Time

EXUBERA

(Retirado)

Aguja y jeringa desechable

Cartucho recambiable

Boligrafos con sistema a alta
presion

Infusion sc. continua de
insulina de accion rapida
desde un reservorio

Sistema de monitorizacion y
administracion

Polvo para administracion
en forma de aerosol con
camara de inhalacion

Menor coste

se pueden mezclar

Mejor ajuste dosis que viales
Mejor administracion

Mayor discreccion

No uso agujas

Mejor control metabdlico

Menor riesgo hipoglucémico

Mejor control metabdlico

Dificultad manejo

Alto coste

Alto coste

Obstruccién canula

Dosis mayores a las
utilizadas por via sc
para lograr el
mismo efecto.

No suprime adm
parenteral

Tabla 10. Sistemas de administracion de insulina

Las bombas de infusién continua son sistemas de pequefio tamafio. Una
programacién permite mantener tanto los niveles basales de insulina como
la introduccién de bolos rapidos que aumentan los niveles postprandiales,
con el objetivo de conseguir un mejor control metabdlico, minimizando asi
el riesgo de hipoglucemias (Almodovar y cols., 2007) (figura 20). Desde el
20 de septiembre de 2004 son cubiertas por los diferentes sistemas
publicos de salud de Espafia.
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Cut-section view of skin

Insulin pen Insulin jet External insulin
injector injector pump

" our

Figura 20. Diferencias en la administracion de insulina con sistemas “pluma’, ‘jet” y
“bomba de infusion”
(http://www.myhealthzone.com/en_US/CardiacCareGuides/graphics/images/en/ 19210.jpg)

El sistema integrado de monitorizacion y administracién (Paradigm® Real
Time) es un dispositivo que redne las virtudes de una bomba de infusién
continua de insulina y las de un medidor continuo de los niveles de glucosa,
proporcionando dicha informacion en tiempo real. El sistema también
incorpora una alarma sonora que permite a los pacientes detectar cuando
los niveles de glucosa suben o bajan demasiado rapido (figura 21). Esta
disponible en Espafia desde finales de Enero de 2006.

Monitor de glucosay
bomba de infusion de

insulina integrados

Figura 21. Sistema Paradigm® Real Time (Fuente: (http://www.candiddiabetes.com)

Otro sistema de administracion de insulina, aunque ya retirado del
mercado, es la insulina inhalada (Exubera®) indicada para el tratamiento de
la diabetes tipo 1 y 2 en adultos sin problemas pulmonares conocidos. Se
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trata de un analogo de la insulina humana de accién rapida, que se
presenta como polvo para su administracion en forma de aerosol con
camara de inhalacion. Ademas no supone la supresién del tratamiento
parenteral, dada la necesidad de administracion de insulinas basales.
Actualmente, Exubera® se encuentra retirada del mercado, debido a las
bajas ganancias que se obtuvieron de su venta, para la cual se invirti6 una
buena suma para garantizar su seguridad. También se rumored su retirada
debido a su implicacion en varios casos de cancer de pulmdén, aunque esta
teoria no ha sido del todo confirmada (Gémez Ayala, 2008).

3.3.1. Estudios recientes para la obtencién de insulina oral

Las investigaciones en el campo de la administracion oral de insulina se
han visto aumentadas a lo largo de los Ultimos afios. Dichos estudios se
centran principalmente en los sistemas micro- y nanoparticulares como
transportadores de esta proteina hasta la circulacion sistémica,
atravesando las placas de Peyer, pero para ello el diametro del sistema
transportador debe ser inferior a 1 um.

A continuacion se muestran algunas referencias comentadas sobre las
investigaciones mas novedosas y relevantes sobre sistemas orales de
insulina:

e M. Trotta, R. Cavalli, M.E. Carlotti, L. Battaglia, F. Debernardi, “Solid
lipid micro-particles carrying insulin formed by solvent in water
emulsion-diffusion technique’, International Journal of
Pharmaceutics, 288 (2005) 281-288: el trabajo recoge la produccion
de microparticulas sélidas lipidicas cargadas con insulina, utilizando
la técnica de formaciéon de la emulsion con evaporacion del
disolvente. Utilizan acido isobutirico como disolvente, glicerol
monoestearato o cetilpalmitato como lipido, lecitina de soja y
taurodeoxicolato como emulsificadores. El acido isobutirico, un
disolvente parcialmente miscible en agua de baja toxicidad, es
usado dada su alta capacidad para solubilizar la insulina. La
eficiencia de encapsulacion fue alrededor del 80%, pudiendo
demostrar que la insulina permanece totalmente estable dentro de
las microparticulas.
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e Y.F. Fan, Y.N. Wang, Y.G. Fan, J.B. Ma, “Preparation of insulin
nanoparticles and their encapsulation with biodegradable
polyelectrolytes via the layer-by-layer adsorption”, International
Journal of Pharmaceutics 324 (2006) 158-167: se desarrolla un
nuevo sistema de liberacidn sostenida polipeptidico, consistente en
nanoagregados de insulina con tamafios de 100-230 nm
preparados con NaCl y encapsulados por adsorcién, capa por capa,
con dos polielectrolitos, acido poli a-B-L-malico y chitosan soluble
en agua. La liberacion de la insulina fue pH-dependiente.

e J. Liu, S.M Zhang, P.P. Chen, L. Cheng, W., Zhou, W.X. Tang, Z.W.
Chen, C.M. Ke, “Controlled release of insulin from PLGA
nanoparticles embedded within PVA hydrogels” Journal of Materials
Science: Materials in Medicine 18 (2007) 2205-2210: se elaboraron
sistemas conteniendo insulina, basados en PLGA y PVA. Se
observé un didmetro medio de 615 nm y una eficiencia en la
encapsulaciéon de un 72.6%

e C. Pinto Reis, AJ. Ribeiro, S. Houng, F. Veiga, R.J. Neufeld,
“Nanopatrticle delivery system for insulin: design, characterization
and in vitro/in vivo bioactivity”, European Journal of Pharmaceutical
Sciences, 30 (2007) 392-397: se trata de la produccién nanoesferas
de alginato-dextrano cargadas con insulina, elaboradas por medio
de una dispersion de una nanoemulsién seguida de una
congelacion in situ. Las nanoesferas que se obtuvieron tenian un
tamafio entre 267 nm y 2.76 um, con una eficiencia de
encapsulacion del 82.5%.

e B. Singh, N. Chauhan, “Modification of psyllium polysaccharides for
use in oral insulin delivery”, Food Hydrocolloids, 23 (2009) 928-935:
se prepararon hidrogeles de insulina a base de Psyllum, conocido
con el nombre de ispagula (o isphagula). Este producto deriva de
las cascaras de la semilla de Plantago ovata . En este trabajo se
discute el efecto del pH sobre la cinética de hinchamiento y la
cinética de liberacién de estos hidrogeles.

e A. Schoubben, P. Blasi, S. Giovagnoli, L. Perioli, C. Rossi, M. Ricci,
“Novel composite microparticles for protein stabilization and
delivery”, European Journal of Pharmaceutical Sciences, 36 (2009)
226-234: se desarrollé un nuevo compuesto entre alginato y PLGA
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para elaborar sistemas microparticulares que contenian insulina con
objeto de estabilizar la proteina y optimizar su liberacion.

K. Sonaje, Y.H. Lin, J.H. Juang, S.P. Wey, C.T. Chen, H.W. Sung,
“In vivo evaluation of safety and efficacy of self-assembled
nanoparticles for oral insulin delivery”, Biomaterials, 30 (2009) 2329-
2339: en este estudio se elaboraron nanoparticulas pH-sensibles
con una mezcla de una solucién aniénica de acido poli-V- glutamico
y una solucién catiénica de chitosan en presencia de sulfato
magnésico y tripolifosfato de sodio. Los resultados in vitro
mostraron que el transporte de insulina a través de la monocapa de
células Caco-2 fue pH-dependiente, decreciendo cuando
aumentamos el pH.

M.J. Santander-Ortega, D. Bastos-Gonzalez, J.L. Ortega-Vinuesa,
M.J. Alonso, ‘Insulin-loaded PLGA nanoparticles for oral
administration: an in vitro physico-chemical characterization”,
Journal of Biological Nanotechnology 5 (2009) 45-53: se elaboraron
nanoparticulas de PLGA de administracién oral conteniendo
insulina. Estas nanoestructuras consistieron en una mezcla formada
por PLGA y derivados polioxietilenos en dos tipos de formulaciones,
PLGA-poloxamer (Pluronic® F68) y PLGA-poloxamine (Tetronic®
T904). En primer lugar, se estudi6 la estabilidad de las
nanoparticulas en fluidos gastricos e intestinales. Posteriormente se
evalu6 la cantidad de insulina encapsulada. Los resultados
obtenidos mostraron que estos transportadores formados por
insulina encapsulada en PLGA-Pluronic® F68 son capaces, al
menos in vitro, de atravesar la barrera gastrointestinal.

K. Sonaje, Y.J. Chen, H.L. Chen, S.P. Wey, J.H. Juang, H.N.

Nguyen, C.W. Hsu, K.J. Lin, H.W. Sung. “Enteric-coated capsules
filled with freeze-dried chitosan/poly(g-glutamic acid) nanoparticles
for oral insulin delivery”. Biomaterials (2010),
doi:10.1016/j.biomaterials.2010.01.042: se elaboraron sistemas
nanoparticulares de quitosano y acido poliglutamico para la
administracién oral de insulina. Los estudios in vivo demuestran que
la estructura de la cubierta entérica puede evitar la degradacion de
la insulina en el estdbmago, mejorando su absorcién intestinal y
proporcionando un efecto hipoglucemiante prolongado.
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R. Shelma, Willi Paul, Chandra P. Sharma. ‘Development and
characterization of self-aggregated nanoparticles from
anacardoylated chitosan as a carrier for insulin”, Carbohydrate
Polymers 80 (2010) 285-290: nanoparticulas poliméricas de
quitosano y derivados mas hidréfobos de éste han sido utilizados
para elaborar sistemas orales de administracion de insulina. La
naturaleza hidréfoba de las nanoparticulas elaboradas ayudé a la
liberacién sostenida de insulina en el tracto intestinal.
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OBJETIVOS

El presente trabajo de investigacion tiene como objetivo central el disefio, la
produccioén, la evaluacion y la optimizacién de sistemas micro- y nano-
particulares de naturaleza polimérica (PLGA) conteniendo moléculas
activas de distinta naturaleza para su posible administracion a través de
diferentes vias, preferentemente oral.
Este estudio implica el uso de dos tipos de moléculas:
(1) Lidocaina, a modo de ejemplo de farmaco bien conocido en su
comportamiento en procesos de microencapsulacion. Sobre esta
molécula se producirdn microesferas tanto por una técnica

tradicional (SEVM) como por la tecnologia FF.

(2) Péptidos. Se empleara (2.1) GFP como péptido modelo por su facil
trazabilidad y su manejo en procesos de microencapsulacion y (2.2)

Insulina, como biomolécula activa de gran interés terapéutico.

Para abordar este estudio con las moléculas indicadas, el objetivo central
se estructura en los siguientes capitulos:

l. Synthesis of lidocaine loaded PLGA microparticles by flow

focusing. Effects on drug loading and release properties.

Se hace un estudio comparativo entre dos técnicas de

microencapsulacion de lidocaina (farmaco tomado a modo de

ejemplo), con objeto de optimizar las condiciones de produccién

en funcién de la caracterizacion de los sistemas obtenidos.

. Protein-loaded PLGA microparticles engineered by flow
focusing: Physicochemical characterization and protein
detection by reversed-phase HPLC. Este capitulo esta
centrado en el estudio de la aplicacién de la tecnologia FF en la

produccion de microparticulas peptidicas, empleando para ello
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GFP, con la intencion de controlar y optimizar las condiciones
implicadas en la microdindmica de fluidos y su aplicabilidad en

biomoléculas peptidicas de uso terapéutico.

Development and validation of a reverse-phase liquid
chromatographic method for the assay of insulin in
PLGA microspheres. Los métodos analiticos por HPLC
recogidos en bibliografia para cuantificar insulina requieren
del uso de concentraciones muy elevadas de sales,
implicando esto un problema de estabilidad de los equipos
de HLPC usados. Por otro lado, se alarga el proceso
analitico debido a un tiempo de retencidn elevado. En este
capitulo se ha puesto a punto una técnica alternativa por
HPLC en la que se reducen ambos aspectos, optimizando

asi el proceso de cuantificacion.

Insulin-loaded PLGA microparticles: flow focusing vs.
solvent extraction/evaporation methodologies. Los datos
de microdindmica de fluidos estudiados en el Capitulo Il han
permitido producir sistemas multiparticulares de insulina por
medio de FF. En este capitulo se lleva a cabo una comparativa
entre esta tecnologia y la SEV, con objeto de seleccionar las
mejores condiciones de produccion de estos sistemas referidos
a control de tamafios, rendimientos y caracterizacion
tecnolégica y biofarmacéutica. Ademas, se estudia la integridad
del péptido tras su encapsulacion en las condiciones de

formulacion ensayadas.
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Abstract

In the present work, two methods for the preparation of lidocaine
loaded PLGA microparticles are compared. The differences between the
polymeric particles obtained by Solvent Evaporation (SEVM) or Flow
Focusing (FF) were studied by means of scanning electron microscopy and
surface thermodynamics determinations. A detailed investigation of the
capabilities of the polymer particles to load this drug is described. The
physical state of the drug in the polymeric particles and the existence of
interactions between both entities were studied by differential scanning
calorimetry. The main factors determining the lidocaine incorporation
and the release kinetics were the synthesis procedure followed, the
amount of drug dissolved in the organic phase during the synthesis
routine, the type of polymer (molecular weight and end chemical
groups) and the size and the hydrophobic/hydrophilic properties of the
particles. The FF technology allowed higher drug incorporations and
slower release kinetics. The release studies showed a biphasic profile
probably due to diffusion-cum-degradation mediated processes.

Key Words: Drug Delivery Systems; Flow Focusing; Lidocaine;
Poly(lactic-co-glycolic) Acid (PLGA); Solvent Evaporation; Surface
Thermodynamics.
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1. Introduction

Local anaesthetics are widely used in the treatment of both acute and
chronic pain, but their usefulness is limited by the short duration of the local
anaesthetic effect that generally lasts for only few hours (Nurkeeva et al.,
2002). Lidocaine is a local anaesthetic type amide, that can be considered
as a model molecule for hydrophobic drug encapsulation because of its
small molecular weight and low water solubility (Goérner et al., 1999).
Lidocaine has a faster onset of action and a higher length of action than
amino ester anaesthetics. However, its therapeutic potential is restricted by
its short plasma half-life (1.5 - 2 hours). In order to increase the therapeutic
index of this molecule in the treatment of pain, with respect to its
effectiveness and safety, biodegradable microspheres have been used as
drug delivery systems to achieve a localized and sustained drug release.
This will reduce the dose needed to obtain a pharmacological effect and,
therefore, the incidence of systemic effects (Chen et al., 2004). Moreover, a
long-term drug delivery system will be an ideal candidate to improve drug
adherence and to ensure continued optimum drug dosage levels that
maximize the benefits of therapy.

Microencapsulation is a very common method for elaborating delivery
systems for drugs and vaccines (Freitas et al., 2005). Microspheres can be
prepared using different strategies, although most of them are modifications
of three basic techniques: solvent extraction/evaporation, phase separation
(coacervation) and spray-drying (Aftabrouchad and Doelker, 1992).
However, traditional drug microencapsulation methods do not provide
particles with the desired drug loading, and, moreover, a complementary
treatment (filtration or sieve systems) is also needed to obtain particles with
a monodisperse size distribution. Therefore, an easy methodology is
needed for the preparation of particles with a suitable drug loading, a
homogeneous shape and a narrow size distribution in the nanometer or
micrometer range (Martin-Banderas et al., 2005).

Poly(lactic-co-glycolic) acid block copolymers (PLGA) are polyesters
commonly used for the microencapsulation of therapeutics and antigens.
Their use as drug delivery systems is due to their excellent biocompatibility
and biodegradability properties. Moreover, PLGA-based microparticles
offers many advantages in comparison to other materials used as drug
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carriers (Kumar et al.,, 2001). Several methods can be followed in the
preparation of PLGA microparticles; however, the success of the technique
is determined by many factors related to the drug (solubility, partition
coefficient, etc.) and the polymer (composition, molecular weight, end
chemical groups, etc.) (Fu et al., 2005).

The Flow Focusing (FF) technique (Gafan-Calvo, 1998) can efficiently
control the production of monodisperse simple or encapsulated particles, in
the micron or sub-micron range, in just one step and without additional
purification procedures. The FF technology is based on a useful microfluidic
concept resulting from the combination of hydrodynamic forces with a
specific geometry. Briefly, a FF device (Figure 1) consists of a pressurized
chamber with a continuous focusing fluid (gas or liquid) provision. Inside, a
hydrodynamic “funnel shaped lens” is created when the flowing focusing
fluid undergoes a pressure drop across an orifice. By feeding an immiscible
liquid flow into this hydrodynamic funnel made by the focusing fluid, a steady
thin jet of immiscible liquid is created in the core of the co-flowing focusing
stream, giving rise to a micro- or nano-jet that leaves the chamber through
the orifice together with the focusing fluid. The jet diameter is much smaller
than the diameter of the exit orifice, thus precluding any contact. Capillary
instability breaks up the stationary jet into droplets of homogeneous size.
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Figure 1. Flow Focusing atomizer: focusing fluid (1), focused fluid (2), and meniscus (3)
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This versatile technique allows the control of the size, the surface
characteristics and the internal structure of the elaborated systems (Martin-
Banderas et al., 2005), and presents several advantages in comparison to
other traditional encapsulation technologies: i) Compatibility with different
fluid mixtures (liquid-liquid, liquid-gas) using simple liquids, polymeric
solutions, emulsions, suspensions or melted solids. ii) Production, without
external excitation sources and additional purification steps, of smaller
particles with narrow size distribution, in just one step. iii) Suitability for the
encapsulation of labile compounds (proteins, cells, etc.), as because of the
special flow geometry, the particle generating fluid is subjected to low
stresses, this making the FF technique most adequate for the encapsulation
of labile compounds (proteins, cells, and similar entities). iv) Control of the
particle design, involving freely-chosen morphology, surface treatment, and
composition (e.g., homogeneous particles, two-phase capsules, or hollow
capsules). v) High performance and applicability to industry large-scale
production (Martin-Banderas et al., 2005).

In this work we describe the preparation of lidocaine-loaded PLGA
microparticles with long-lasting effects, using two techniques, the FF
technology and a traditional method based on solvent evaporation (SEVM).
A comparative study is carried out to check the influence of both techniques
on the: i) size and morphology, and surface thermodynamics of the
polymers; ii) physical state of the drug in the PLGA particles; and iii) drug
loading and release kinetics of the particles. The release studies are
performed with the aim of evaluating the dissolution behavior of these
systems in the administration site. In the present paper, a parenteral route is
intended for the local administration of these systems, and hence a
physiological pH condition has been reproduced.

2. Materials and Methods
2.1. Materials

Lidocaine, a model drug for hydrophobic encapsulation, was purchased from
Sigma-Aldrich (Germany). Poly(lactic-co-glycolic) acid block copolymers
(PLGA 50:50) Resomer® RG 502 (Mw: 12000; inherent viscosity: 0.24 dl/g),
Resomer® RG 502H (Mw: 12000; inherent viscosity: 0.19 dl/g), Resomer®
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RG 504 (Mw: 48000; inherent viscosity: 0.5 dl/g) and Resomer® RG 504H
(Mw: 48000; inherent viscosity: 0.53 dl/g) were obtained from Boehringer
Ingelheim (Germany). All other chemicals used were of analytical quality
from Panreac (Spain), except from formamide (Aldrich, USA) and polyvinyl
alcohol [PVA, Mw: 16000; Fluka (Germany)]. Water used in the
experiments was deionized and filtered (Milli-Q Academic, Millipore,
France).

2.2. Methods
2.2.1. Preparation of the lidocaine-loaded PLGA microparticles

The preparation of the microparticles by means of the solvent evaporation
method (SEVM) involves the following procedure: 250 mg of PLGA was
dissolved at room temperature in 10 ml of ethyl acetate. In the resulting
solution, different amounts of lidocaine (6.25-50 mg) were dissolved. This
organic phase was added to a 0.3 % (w/v) PVA solution and homogenized at
8000 rpm during 8 min (Heidolph DIAX 900, Germany). The obtained
emulsion was stirred at 300 rpm for at least twelve hours with a magnetic
stirrer hotplate SM6 (Jepson Bolton, UK), under room conditions, in order to
evaporate the organic solvent. The obtained PLGA particles were collected
by centrifugation at 3000 rpm during 25 min (Orto Alresa, mod. Digicen,
Spain) and washed twice with 5 ml of water in order to remove the weakly
adsorbed (or simply mechanically adhered) lidocaine. Finally, microparticles
were frozen in liquid nitrogen and lyophilized (Telstar Cryodos, Spain).

The synthesis of the PLGA particles by means of the flow focusing
technology (FF) involves the dissolution of lidocaine (6.25-50 mg) in a
solution containing 250 mg of PLGA in 10 ml of ethyl acetate. The resulting
solution was sprayed, using a standard FF nozzle fixed at 5 ml/h and 100
mbar, inside a chamber with an inlet temperature of 60 + 10 °C. The formed
particles were collected at the bottom of the chamber as a dry powder on a
plate, freeze-dried and stored at 4 °C.

The formulations used in the synthesis of the PLGA particles by both
methods are collected in Table 1. Lidocaine-loaded PLGA copolymers
(Resomer® RG 504 and Resomer® RG 504H) obtained by the FF method

88



Capitulo |

were discarded because of their high viscosity, useless for our drug delivery
purposes. All the formulations were prepared in triplicate.

Formulation | Lidocaine (mg) | PLGA (250 mg)
1 50 502
2 25 502
3 12.5 502
4 6.25 502
5 50 502 H
6 25 502 H
7 12.5 502 H
8 6.25 502 H
9 50 504
10 12.5 504
11 50 504 H
12 12.5 504 H

Table 1. Formulations of lidocaine-loaded PLGA microparticles obtained by means of
the solvent evaporation method (SEVM) and the flow focusing technology (FF).

2.2.2. Characterization methods

The size distribution of the microparticles was determined by means of an
optical microscope (Olympus BH-2, USA) and an image-processing program
(ImageJ 1.30v software, NIH, USA; Jillavenkatesa et al., 2001). The
diameter determination and the statistical analysis were carried out from
various microphotographs (sample size: 200 particles). The morphology
and surface characteristics of the microparticles were studied by scanning
electron microscopy (Philips XL-30, Philips Electron Optics, The
Netherlands). Prior to observation, a dilute suspension of the particles (=
0.1 % w/v) was sonicated during 5 minutes, and drops of the
suspension were placed on copper grids and coated with a
palladium:gold alloy film, using a fine-coat sputter JFC1100 (Jeol Ltd,
Japan). The grids were then dried at 35.0 + 0.5 °C in a convection oven.
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In order to determine the physical state of the drug in the polymeric particles
and the possible existence of interactions between both entities,
thermograms of PLGA, lidocaine, PLGA-lidocaine physical mixture, and
lidocaine-loaded PLGA microparticles were obtained in an automatic
differential scanning calorimetry (DSC) analyzer system (Mettler FP80 HT
Central Processor and Mettler FP85 TA Cell, Spain). The data processing
system (Mettler FP89 HT, Spain) was connected to the thermal analyzer.
Temperature calibrations were performed with indium as a standard. An
empty flask was used as a reference. All samples (5 mg) were run at a
scanning rate of 10 °C/min, from 30 to 300 °C.

Finally, the differences between the surface properties of the PLGA
microparticles obtained by both methods (SEVM and FF) were also
investigated by performing a surface thermodynamic analysis. Our starting
point is the model developed by van Oss and his group (van Oss et al.,
1988; van Oss, 1994; see also Arias et al., 2006), according to which the
total surface free energy of any material i is the sum of two contributions:

TOT _  Lw
vi =rviot

=y k= A 2y [1]

one of which, ;/i"W, is the non-polar Lifshitz-van der Waals component,
and the second one, ;/{AB, is the acid-base component. This is related
to the electron-donor (y;) and electron-acceptor (7i+) characteristics of

the material. Similarly, the interfacial solid/liquid free energy, )/;E)T, and

its LW and AB components (74", 74", respectively) are related to the

surface free energies of both the solid (subscripts S) and the liquid
(subscripts L):

P NI N D NS N v

Using the Young's equation (Adamson, 1990), these quantities can be
related to the contact angle 6 between the liquid and the solid:

(1+0050) 1 =232y + 2. [yl yn + 24yt [3]
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The three unknowns (y5" , 75 and y;) can be obtained by solving the
resulting system of three equations if one measures the contact angles

of three liquids of known ytw, y+

. and y_. In our case, we used water

(y" =218, y] = y, = 25.5 mJ/m?), formamide (y," =39.0, y, = 2.28,

y. = 39.6 mJ/m?) and a-bromonaphtalene (y," = 43.6, y, = y, =0

mJ/m?; all data taken from van Oss, 1994). The contact angles of the
three liquids were determined at 25.0 + 0.5 °C, using a Ramé-Hart 100-00
goniometer (USA), on pellets (radius: 1.3 cm) obtained by compressing the
dry powders in a Spepac hydraulic press set to 10 Ton during 5 minutes.

2.2.3. Determination of the lidocaine loading to PLGA microparticles

In order to determine the drug loading, 7 mg of lidocaine-loaded PLGA
microparticles were dissolved in acetonitrile. The obtained solutions were
filtered with 0.45 um Millipore filters. The amount of lidocaine loaded was
determined at 254 nm using a HPLC system manager (Hitachi, Japan),
composed by four units: isocratic pump L-7100, automatic injector L-7200,
DAD UV-vis L-7455 and D-7000 interface, using a column LiChrospher 100
5 RP-18 ym (125 mm x 4 mm) from Merck (Germany).
Acetonitrile:ammonium acetate (70:30, 0.0257 M, pH = 4.85) was used as
mobile phase with a flow rate of 0.6 ml/min.

The lidocaine content (%) of microparticles was calculated as:

mg incorporated lidocaine
mg microparticles

Lidocaine content = 100  [4]

The normal distribution of each continuous variable was assessed by using
the Shapiro-Wilk test. Levene's test is used to verify that variances are
equal across groups or samples; it’s called homogeneity of variance. Some
statistical tests, for example the analysis of variance, assume that variances
are equal across groups or samples.

A factorial analysis of variance was performed to determine the effect on
drug loading of the polymer type used and the amount of drug dissolved in
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the organic phase during the synthesis routine. Snedecor's F distribution is
most commonly used to test for statistical significance in tests of variance.
The size of the F factor relates directly to the confidence at which the null
hypothesis (no difference among treatments or interactions) can be rejected
- the larger the factor the greater the confidence of the statistical inference
and the smaller the significance level. The F-statistic is the mean square for
the factor divided by the mean square for the error. This statistic follows an F
distribution with (k-1) and (N-k) degrees of freedom where k is the number of
levels for the given factor and N is the number of cases.

When comparing more than two means, an ANOVA F-test tells you whether
the means are significantly different from each other, but it does not tell you
which mean differs from which other means. Multiple comparison procedures
(MCPs) give you more detailed information about the differences among the
means; so the Tamhane test (for unequal variances) was used for post hoc
comparisons between groups. All statistical tests were two-sided, and p
values < 0.05 were considered to be statistically significant.

2.2.4. In vitro lidocaine release from the PLGA microparticles

A dialysis method was used for the drug release determinations. Briefly, 30
mg of lidocaine-loaded PLGA microparticles were placed in a dialysis bag
and immersed in 40 mL of a phosphate buffer medium (pH = 7.4 + 0.1). The
dialysis process was carried out using a cellulose acetate membrane
(diameter: 20.4 mm) in a Spectra/por membrane MWCO: 12-14.000
(Spectrum Laboratories, USA), at 37 + 0.5 °C and under magnetic stirring
(50 rpm). This membrane was pretreated during 1 h with the same buffer
solution (pH = 7.4 £ 0.1), to ensure its wetting and sealing. At specified
times aliquots of 1 mL were withdrawn and the amount of drug released
was determined by means of a HPLC system manager, as previously
described. An equal volume of buffer, maintained at the same temperature,
was added after sampling to ensure sink conditions. All the experiments
were carried out in triplicate.
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3. Results and Discussion
3.1. Particle geometry

As an example, Figure 2 shows SEM picture of lidocaine-loaded PLGA
microparticles obtained by SEVM (figure 2a) and by FF (figure 2b). As it can
be observed, the microparticles obtained by SEVM are spherical with a
broad size distribution and a smooth surface. The microparticles obtained by
FF show also a spherical shape and a smooth surface. As it can be seen,
the selected technique of microencapsulation does not seem to influence the
final morphology and surface characteristics of the particles. (Similar pictures
are not shown for the rest of PLGA formulations).

In relation to the microparticles mean size, the SEVM method allows to
obtain little smaller particles than the FF technology in the experimental
conditions assayed in this paper. On the other hand, important differences
with respect to the size distribution of the microparticles have been detected
(Table 2). The FF technique allows to obtain microparticles with a more
narrow size distribution in comparison to the particles obtained by SEVM.
This is especially interesting considering the biopharmaceutical influences
that can be derived.
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Figure 2. Scanning electron microscopy photographs of lidocaine-loaded PLGA
microparticles obtained by SEVM (a) and FF (b).

Finally, the morphology, surface and size of the microparticles did not vary
significantly when loaded with different drug amounts, and they were also
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independent to the type of PLGA used. Pictures for different drug
concentrations are not shown for brevity.

SEVM FF
Formulation | Size (um) CV (%) Size (um) CV (%)
1 32+16 48.8 8411 13.2
2 47+17 36.4 79+12 147
3 3.8+17 44.6 85+1.2 13.9
4 3.9+2.0 51.0 76+1.2 16.2
5 45+19 42.2 79+1.1 14.4
6 33+15 45.8 83+1.1 12.9
7 48+1.38 37.7 8.0+1.2 15.0
8 45+20 442 81+1.1 13.2
9 3.7+14 38.5 — —
10 39+1.2 30.0 — —
11 44+15 345 — —
12 43+1.1 254 — —

Table 2. Mean diameter of the lidocaine-loaded PLGA microparticles obtained by the
SEVM and the FF techniques.

3.2. Thermal analysis

Figure 3 shows DSC thermograms of lidocaine, PLGA 502 and a PLGA
502/lidocaine physical mixture. The presence of both the lidocaine
endothermic peak (80.8 °C) and the PLGA glass transition temperature peak
(57.2 °C), in the thermogram of their physical mixture, reveals the absence
of interactions between both entities.

With respect to the physical state of the drug loaded to the PLGA patrticles,
the lidocaine endothermic peak is not observed in the thermograms of the
lidocaine-loaded polymeric particles obtained by either SEVM (Figure 4a)
and FF (Figure 4b) methods. Thus, the drug must be loaded in its
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amorphous form, rather than in crystalline state; it can be possibly thought of
as a molecular dispersion or a solid solution (Zidan et al., 2006). This is
confirmed by SEM pictures (Figure 2): no drug crystals are observed on the
PLGA surface. Let us finally mention that neither the amount of drug loaded
nor the type of PLGA used had any significant influence on the drug physical
state or the drug-polymer interaction. This observation is based on the
thermograms obtained in the different conditions described (data not
shown).

PLGA
502/lidocaine
physical mixture

/

Lidocaine

T T T T T T T T T T T T T T T T T T T T T T T T T 1
40 5O B0 F0 8O0 80 100 110 120 130 140 150 160 170 180 1580 20C
Temperature

Figure 3. Thermograms of lidocaine, PLGA 502 and PLGA 502/lidocaine physical
mixture.
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Figure 4. Thermograms of lidocaine, PLGA 502 and lidocaine-loaded PLGA 502
microparticles (Formulation 1) obtained by SEVM (a) and by FF (b).

96



Capitulo |

3.3. Surface thermodynamics

The surface free energy components (ygw, y; , Ys) of the three types

of particles constitute a set of physical quantities that can also be
analyzed to ascertain the differences between both synthesis
techniques. In order to obtain such quantities using Eq. [2], we
measured the contact angles of water, formamide and a-
bromonaphtalene on pellets obtained by compressing dry powders of
the drug-loaded microparticles. The results are detailed in Table 3.
Even these raw contact angle data already denote that there exist
significant differences among the lidocaine-loaded PLGA microparticles
obtained by SEVM and FF techniques. But it is the evaluation of the ys
components, given in Table 4, that provides the true physical
information about the thermodynamics of the lidocaine-loaded PLGA
microparticles prepared by both techniques. Whatever the component
considered, its values for particles obtained by both procedures are
different. Thus the Lifshitz-van der Waals component is the least
affected (as it is usually the case, see e.g. Arias et al., 2001), although
its value for the PLGA obtained by FF is slightly higher than the one for
the particles obtained by SEVM. Concerning the electron-acceptor

component, y;, although small in both cases, is close to zero for the

particles obtained by SEVM. The electron-donor component yg shows

large values in particles obtained by SEVM, in comparison to particles
obtained by FF.

Obviously, these changes in the surface free energy manifest
themselves in the hydrophobicity/hydrophilicity characteristics of the
different materials. According to van Oss (1994), the following criterion
may be used to check whether a solid can be considered hydrophobic
or hydrophilic. The free energy of interaction (not considering the
electrostatic component) between the solid phases immersed in the
liguid can be written as follows in terms of the total interfacial tension
between phases S and L (Eq. [2]):

AGg s = —ZVEET - [5]

97



Micro y Nanotecnologia de produccion de sistemas portadores de activos: FF vs. EED

SEVM FF
Solid Water Formamide a-bromo- Water Formamide a-bromo-
naphtalene naphtalene
1 55.4+27 21.4+£1.6 14+5 73.4+£21 226+1.4 79+12
2 54.8+1.0 24.0+4.6 16+4 75.5+£2.2 16.8+1.9 92+11
3 53.7+4.2 23.3+£3.2 154+1.0 82.0+23 16515 7211
4 56.9+1.0 28.2+1.0 241+1.0 722+28 185+21 8.7+1.0
5 60.9+29 28.9+1.0 19.7+1.0 76.9+2.6 21.3+0.6 8311
6 59.1+1.8 31.3+x19 17.2+23 79.3+3.4 181+15 75+13
7 57927 28+3 18+5 78.8+1.7 19.1+1.7 92+14
8 59+3 26+3 17.5+2.4 82.6+3.1 23.6+1.3 76+28
9 59.1+1.8 31.3+x19 17.2+23 - - -
10 57.7+1.0 28.6+2.8 20.2+1.0 - - -
11 61+4 20.1+1.0 18.2+1.0 - - -
12 62.0+29 26+6 19.8+15 - - -

Table 3. Contact angle 6 (degrees) of the probe liquids indicated on the different
formulations of lidocaine-loaded PLGA micropaticles obtained by SEVM and FF

techniques
SEVM EE

Solid s ¥s' Ts s ¥s' Ys
1 42.3+0.9 24103 13.9+23 432101 43+0.1 12+06
2 41.9+0.9 21+03 15.4+0.4 43.1%0.1 5.6+0.2 0.3+0.3
3 421+0.2 21+01 16.4+35 43.3:0.1 6.8+0.3 0.2+0.3
4 39.3+0.3 22+01 146+0.7 43.1%0.1 48+0.2 13209
5 411+0.2 2202 109+2.4 43.1%0.1 5.1+0.4 0.3+0.4
6 417+05 16+0.1 13.6+1.1 432101 6.1+05 0.1+0.1
7 416+1.1 21+01 13.1+17 43.1%0.2 5.9+0.1 0.1+0.1
8 416+0.5 2301 11.9+1.9 432103 5.7+0.4 0.1+0.3
9 41.7+05 16+0.1 13.6+1.1 - - -
10 40.9+0.2 19+0.2 13.9+0.1 - - -
11 415%0.2 3.4+05 8.3+35 - - -
12 411+04 28+0.4 8.9+0.9 - - -

Table 4. Surface free energy components of the different formulations of
lidocaine-loaded PLGA microparticles obtained by SEVM and FF techniques.

yls‘wis the Lifshitz-van der Waals component; }/;(}/_S) is the electron-acceptor

(electron-donor) component. All values in md/m?.
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This quantity gives a quantitative indication of the hydrophobic/hydrophilic
nature of the solid: if it happens to be negative, interfacial interactions
favour attraction of the particles to each other, and they are considered
hydrophobic. Hydrophilicity will correspondingly be associated to positive

values of AGgE)ST . Table 5 shows the results for both kinds of lidocaine-

loaded PLGA microparticles. As observed, lidocaine-loaded PLGA
microparticles are hydrophobic materials, independently of the type of
polymer used, the synthesis method followed and the amount of drug
loaded. However, the hydrophobic nature of the PLGA particles is
incremented when they are obtained by the FF technique (more

negative values of AGgE)ST ). This is probably due to the contribution of

the adsorbed PVA to the surface thermodynamics of the PLGA
microparticles obtained by SEVM. As PLGA microparticles prepared
using PVA tends to strongly adsorb this emulsifier on their surface
(Sahoo et al., 2002), this should induce a reduction in the hydrophobic

nature, AGgLOST values, of the PLGA microparticles (Perrin and English,

1997; GOmez-Lopera et al., 2001; Goémez-Lopera, 2003).

Finally, the molecular weight of the polymer should also be taken into
account as it is an indication of the polymer chain length and, therefore, of
the degree of hydrophilicity/hydrophobicity of the polymer. It is clear that the
higher the molecular weight the longer the chain and, hence, the higher the
hydrophobicity of PLGA (Mittal et al., 2007). In summary, whatever the

synthesis procedure followed, higher AGgEST values (more hydrophobic

solids) are obtained in PLGA particles of higher molecular weights
(Resomer® RG 504 and 504 H).
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SEVM FF
solid | AGgy | AGLY

1 | 251%55 | 543%37
2 | 227:17 | 555:38
3 | 211:64 | 516+42
4 | 229+15 | 518%51
5 | 3L1:59 | 575%57
6 |272%25| 56136
7 | 272:41 | 568%22
8 | 288+44 | 57566
9 | 27126 =
10 | 25206 =
11 | 339201 =
12 | 33835 =

Table 5. AGgSST (interfacial energy of interaction between solid particles, S, in a

liqguid medium, L, per unit area of solid/liquid interface) values and
hydrophobicity/hydrophilicity of the different formulations of lidocaine-loaded PLGA
micropaticles obtained by SEVM and FF techniques. All values in md/m?.

3.4. Lidocaine loading to PLGA microparticles

Table 6 shows that drug loading is clearly affected by the amount of drug
dissolved in the organic phase during the synthesis routine, the type of
polymer used and the synthesis technique followed. As determined with
drugs of different nature, a positive effect of the increment in drug
concentration is observed on the loading efficiency (McCarron et al., 2000;
Prior et al., 2000; Dillen et al., 2004; Rivera et al., 2004; Vega et al., 2006).
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SEVM FF
Formulation | Drug content | CV (%) | Drug content | CV (%)
1 1.21 +0.02 1.9 16.91 + 0.86 51
2 0.80 + 0.06 7.1 8.98 +£0.20 2.2
3 0.75+0.11 14.5 4.18 +0.58 13.9
4 0.61 £0.03 4.8 2.58 £ 0.49 19.0
5 2.86 £0.49 17.4 17.74 +1.03 5.8
6 2.55+0.49 19.1 9.69 +£0.28 2.9
7 1.51 £0.05 3.2 5.93+0.16 2.8
8 0.93+£0.04 4.2 2.78 £0.07 2.4
9 1.24 +0.05 4.0 — —
10 0.69 +0.01 14 — —
11 1.77 £ 0.09 5.1 — —
12 0.87 £0.05 5.8 — —

Table 6. Lidocaine loading (% w/w) to PLGA microparticles obtained by SEVM and FF
techniques

With respect to the effect of the type of PLGA used on drug loading, the
influence of the polymeric end groups has been previously evaluated
(Budhian et al., 2005). The use of PLGA particles carrying predominantly
free carboxylic end groups (in our case, Resomer® RG 502H and Resomer®
RG 504H) increases the lidocaine incorporation to the polymeric matrix,
because of the formation of hydrogen bonds between these end groups and
the drug molecule (Figure 5). This chemical bonding determines a higher
drug loading than that achieved with Resomer® RG 502 and Resomer® RG
504 copolymers, which carry predominantly alkyl ester end groups (Budhian
et al., 2005). In addition, the hydrophobicity of the matrix must also be
considered: the incorporation of the drug to the polymeric matrix is
favoured in more hydrophobic polymers; in other words, it is
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thermodynamically preferred for the drug to get into the polymer matrix
rather than stay in the aqueous solution.

Q GHs I
H3C-01C-CH-0{—C~-CH,-O}H
m n

(@)
Me
(N_/Me
e o | (2
Q=====- H-Ot+C-CH-0O C—CH,-OFH
N‘ m n
H
Me
(b)

Figure 5. Chemical structure of PLGA copolymers with an alkyl ester end group
(a), and hydrogen bonding between PLGA with carboxylic end group and the
lidocaine molecule (b).

A factorial analysis of variance was carried out in order to check the
described effect on drug loading of both factors, the amount of drug
dissolved in the organic phase during the synthesis routine and the type of
polymer used. When the SEVM method was followed, results showed a
significant effect of the type of PLGA used (different hydrophobicity and
viscosity), F, 60y = 114,94, p < 0.001; and of the amount of drug dissolved in
the organic phase, F@3 60 = 90,51, p < 0.001. A significant interaction
between both factors was detected (Fs 60 = 17,37, p < 0.001), indicating
that the effect of the amount of lidocaine dissolved was different depending
on the type of PLGA used. The mean lidocaine loading was more than 3
times higher when the most hydrophilic polymers were used (Resomer®
502H and Resomer® 504H; see Table 6) and only 2 times by using
Resomer® 502 and Resomer® 504. The differences in variance values in the
formulations studied were detected by Levene’s test of homogeneity of
variances, and the post hoc Tamhane test was performed to identify
significantly different group means when the factorial ANOVA test was
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significant. This pairwise comparison procedures, which compare more than
one pair of means at the same time, clearly showed significant differences
(p< 0.05) between the lidocaine loading if the following polymers were used:
Resomer® 502H and Resomer® 504 (mean difference = 1.12, p < 0.001),
Resomer® 502 and Resomer® 504 (mean difference = 1.00, p < 0.001),
Resomer® 504H and Resomer® 502 (mean difference = 4.73, p = 0.036),
Resomer® 502H and Resomer® 504H (mean difference = 0.65, p = 0.04).

When a factorial analysis of variance was applied to the PLGA particles
obtained by the FF method, results showed a significant effect of the amount
of drug dissolved in the organic phase during the synthesis routine on the
drug loading efficiency (F, 32) = 1302,16, p < 0.001). Slightly higher lidocaine
loading values were achieved when PLGA patrticles with free carboxylic end
groups were used (F, 32 = 7,92, p = 0.008).

Finally, the influence of the synthesis procedure followed can also be
clearly observed. Whatever the amount of drug dissolved or the type of
PLGA used, higher drug loadings are obtained if use is made of the FF
technology. This is probably due to a stronger interaction between the
hydrophobic drug and the PLGA matrix obtained by FF, as these
polymeric particles are more hydrophobic than the ones obtained by
SEVM (McCarron et al., 2000). Moreover, as PLGA particles are obtained
in just one step by FF, the possibility of drug loss during the synthesis is
minimal.

3.5. In vitro dissolution studies

Drug release profiles from PLGA particles reported in the literature are
quite controversial and a general trend cannot be stated. Different
PLGA properties, such as size, molecular weight,
hydrophobicity/hydrophilicity and the nature of the polymer used, have
been reported to influence the drug release (Luan and Bodmeier,
2006).

As can be seen in Figures 6 and 7, lidocaine release follows a biphasic
profile probably due to diffusion-cum-degradation mediated processes.
During the rapid early phase, drug release occurs mainly by the loss of the
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surface-associated drug and by drug diffusion in the polymeric matrix. With
respect to the release during the slower phase, it may result from
polymer degradation, from drug diffusion through the polymeric matrix,
or both (Panyam et al, 2003; Mittal et al., 2007). However, some
differences are observed between the PLGA particles obtained by SEVM
and FF (Figure 6). Whatever the lidocaine concentration dissolved in the
organic phase and the type of PLGA used, faster release rates are achieved
by formulations obtained by SEVM: first, an early rapid release of around
75 % takes place within = 15 days, while the remaining 25 % is slowly
liberated during the next 35 days. With respect to the polymeric particles
obtained by FF, the release rate is slower: around 75 % is released

within around 30 days, while the remaining 25 % is liberated during the
next 20 days.
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Figure 6. Lidocaine release (%) from PLGA 502 and 502H particles obtained by
SEVM and FF. The drug loaded PLGA particles were obtained by varying the
amount of lidocaine dissolved in the organic phase during the synthesis procedure: 50
mg (a), 25 mg (b), 12.5 mg (c) and 6.25 mg (d).
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Figure 7. Lidocaine release (%) from PLGA 502, 502H, 504 and 504H particles
obtained by SEVM. The drug loaded PLGA particles were obtained by varying the
amount of lidocaine dissolved in the organic phase during the synthesis procedure: 50

mg (a) and 12.5 mg (b).
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These differences are due to a stronger interaction between the lipophilic
drug and the more hydrophobic PLGA particles obtained by FF; this induces
a slower drug release process (Gibaud et al., 1998; McCarron et al., 2000;
Arias et al., 2007). Moreover, the hydrophobicity/hydrophilicity
characteristics of the polymeric particles also determine their degradation
rate and, therefore, the drug release. Increases in hydrophobicity (recall that
FF particles are more hydrophobic, as shown in Table 5) contribute to a
decrease in the degradation rate and, hence, in drug release (Mittal et al.,
2007). We should also take into account that particle size is an important
parameter that could affect the degradation of the polymer matrix. An
increase in particle size reduces the surface area/volume ratio of the
polymer, leading to decreased buffer penetration in the particles and slower
release of the drug. This may be another reason for the slower drug release
from PLGA microparticles obtained by FF (Mittal et al., 2007).

The lidocaine loading and, therefore, the type of PLGA used, also
determines the drug release rate. Figures 6 and 7 show a slightly faster
release from PLGA particles with free carboxylic acid end groups
(Resomer® RG 502H and 504H) in comparison to copolymers with alkyl
ester end groups (Resomer® RG 502 and 504), independently of the
synthesis routine followed. As an increase in drug loading also enhances
the cumulative drug release (Brasseur et al., 1991; Arias et al., 2007,
2008), a faster process will be observed in PLGA 502H and 504H
particles, because of their higher loadings values (Table 6). Finally, Figure
7 also allows studying the influence of the PLGA molecular weight on the
lidocaine release. As can be seen, an increase in molecular weight
decreases the drug release rate. This is due to the higher hydrophobicity of
Resomer® RG 504 and 504H (see Table 5) determined by their higher
molecular weight; more hydrophobic polymers will more easily retain the
drug and, therefore, will lead to a slower drug release (Soppimath and
Aminabhavi, 2002, Diez and Tros de llarduya, 2006; Mittal et al., 2007).

4. Conclusions

In this study, two synthesis procedures for the preparation of spherical
PLGA microparticles loaded with the anaesthetic drug lidocaine, have
been analyzed. The differences between the classical solvent
evaporation method (SEVM) and the novel flow focusing technique
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(FF), have been demonstrated by morphology and surface
thermodynamic characterizations. It is found that the FF technology
allows obtaining microparticles with a more narrow size distribution in
comparison to those obtained by SEVM. Moreover, the microparticles
obtained by the FF method show a higher loading and a slower drug
release profile. These processes are determined by the synthesis
procedure followed, the type of polymer (molecular weight and end
chemical groups), the size and the hydrophobic/hydrophilic properties
of the particles, and the amount of drug dissolved in the organic phase.
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Abstract

In the present study, a novel synthesis technique based on the Flow
Focusing (FF) technology is investigated for the preparation of green
fluorescent protein (GFP)-loaded poly(D,L-lactide-co-glycolide) (PLGA)
microparticles. To our knowledge, this novel technique has never been
applied to the formulation of proteins in polymeric systems. A simple,
specific and rapid reversed-phase HPLC (RP-HPLC) method was validated
for the determination of GFP in PLGA microparticles with the best
chromatographic peak resolution, reduced run time and low cost of analysis.
In order to achieve the finest GFP-loaded polymeric particles, experimental
parameters mainly associated to the FF device were studied (liquid flow rate
and pressure of the focusing air). Very high GFP encapsulation values (> 90
%) were obtained by this technique, and the electrokinetic characterization
of these systems suggested that this protein was incorporated into the
polymeric matrix. This study is intended to offer information on which to
base the development of high molecular weight protein-loaded polymeric
delivery systems prepared by FF.

Key Words: Flow Focusing (FF); Green Fluorescent Protein (GFP);
Micropatrticles; Poly(D,L-lactide-co-glycolide) (PLGA); Peptide- and Protein-
loaded Polymeric Delivery Systems; Reversed-Phase HPLC (RP-HPLC);
Method Validation.
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1. Introduction

Protein and peptide delivery methods have evolved significantly over the
past years, focusing the major research efforts on the delivery of high
molecular weight proteins. These biomolecules are characterized by a poor
absorption into the blood stream when administered orally and by a short
half-life, which determines the need of a frequent administration in high
doses to achieve a therapeutic effect. Even more, these macromolecules
are very sensitive to environmental conditions (e.g., acidic pH of the
stomach) and usually lead to toxic side effects after systemic administration
in high doses. In view of the fact, drug delivery systems involving the use of
polymers have become the major focus of this research in order to enhance
the therapeutic index of this biomolecules (effectiveness and safety) by
means of a localized and sustained release at the target site, without
resulting in undesirable side effects. However, a great deal of research is
still required to make most of these delivery methods feasible for
commercialization (Arias, 2008; Dai et al., 2005).

Recently, we have developed a Flow Focusing (FF) method for the
microencapsulation of drugs. This technique allows the easy formulation of
well-formed polymeric systems with very suitable drug carrying properties:
great entrapment efficiencies and drug loading values, and very slow
(biphasic) drug release profiles (Holgado et al., 2008). FF has been
suggested to enable the control of the size, the surface characteristics and
the internal structure of the synthesized systems. Additionally, FF has many
general advantages including: i) it is a simple and scalable one-step
approach, making additional purification and separation procedures
unnecessary; ii) it allows for the encapsulation of labile compounds, unlike
many of the high-energy physical approaches of generating monodisperse
droplets through the breaking up of larger droplets; iii) it is compatible with
different fluid mixtures (liquid-liquid, liquid-gas) and does not require
surfactants, although their use might support droplet formation; iv) particle
size can be adjusted by changing the fluid flow velocity of the two phases;
v) droplet size is not limited by the injector and orifice size, i.e., droplets can
be much smaller than the orifice size; and vi) offers the generation of
droplets and microspheres at low costs. Compared to other preparation
procedures, such as spray drying or emulsion/solvent evaporation, FF lacks
an overall high throughput. However, this inconvenience can be overcome
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by scaling up of the FF process into arrays of hundreds or even thousands
of fluid streams (He, 2008; Holgado et al., 2008; Martin-Banderas et al.,
2005; 2006; Schneider et al., 2008; Xu et al., 2009).

In this work, we study the utility and versatility of FF in the preparation of
polymer-based delivery systems loaded with either peptides or proteins, and
intended for non-parenteral routes of administration, mainly the oral route,
to obtain a local and/or systemic effect. With that aim, we engineered PLGA
particles loaded with green fluorescent protein (GFP) by FF. To our
knowledge, this novel technique has never been applied to the formulation
of proteins in polymeric systems. The vehiculization of this fluorescent
protein will facilitate this purpose, because its incorporation and distribution
inside the polymer particles will be easily checked by confocal laser
scanning microscopy (CLSM). GFP is a 26.9 kDa protein characterized by a
tightly packed “i3 can” tertiary structure made up of 238 amino acids (Niwa
et al.,, 1996; Yang et al., 1996; Bilati et al., 2005; McRae et al., 2005).
Poly(D,L-lactide-co-glycolide) (PLGA) is a biocompatible and biodegradable
polyester that was approved by the FDA for drug delivery and that is
commonly used for the microencapsulation of therapeutics and antigens
(Anderson and Shive, 1997; Jain, 2000; Kumar et al., 2001; Fu et al., 2005;
Arias, 2008).

In order to obtain GFP-loaded PLGA patrticles with a narrow size distribution
and the best loading properties, we investigated two important parameters
related to the FF device: the liquid flow rate and the pressure of the focusing
air. Furthermore, a specific and rapid reversed-phase HPLC (RP-HPLC)
method coupled with fluorescence detection was validated for the
guantification of GFP loading into PLGA microparticles. RP-HPLC is a
powerful and sensitive technique for the separation and determination of
peptides and proteins in both artificial and biological environments
(Sarmento et al., 2006), that to our knowledge has never been applied to
GFP determination in polymeric systems.
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2. Materials and Methods
2.1. Materials

Green Fluorescent Protein (GFP) was purchased from Biomedal S.L.
(Spain). Poly(D,L-lactide-co-glycolide) (PLGA 50:50) Resomer® RG 502
(Mw: 12000; inherent viscosity: 0.24 dL/g) was obtained from Boehringer
Ingelheim (Germany). All other chemicals used were of analytical quality
from Panreac (Spain), except for trifluoroacetic acid (TFA, obtained from
Sigma-Aldrich, Germany) and Span® 60 (Acofarma®, Spain). Water used
in the experiments was deionized and filtered (Milli-Q Academic, Millipore,
France).

The RP-HPLC analysis was carried out on a Hitachi LaChrom® (D-7000)
Series HPLC system equipped with a L-7200 automatic injector, an
interphase D-7000 and a quaternary pump (model L-7100), and coupled
with a L-2485 fluorescence detector (Merck-Hitachi, Germany). A Waters
Symmetry Shield® RP18 column (USA, 3.5 ym, 4.6 x 150 mm) kept at 15.0
+ 0.1 °C (L-2350 column oven, Elite LaChrom®) was used in this analysis.
Data collection and calculation was done by using HSM software (Merck-
Hitachi, Germany).

2.2. Preparation of the GFP-loaded PLGA microparticles

A water-in-oil emulsion was prepared by mixing for 6 min 357.7 yL of a GFP
aqueous solution (0.27 %, w/v) and 9.66 L of a 4 % (w/v) PLGA solution in
ethyl acetate containing Span® 60 (0.5 %, w/v) (Branson 5200E4 ultrasonic
188 bath, USA, operating at 40 kHz with a sonic power of 100 W). This
emulsion was sprayed inside a chamber with an inlet temperature of 50 £ 5
°C by using a standard FF nozzle [model Advant 2 (D = 100 um),
Ingeniatrics Tecnologias S.L., Spain] fixed at different flow rates and
pressures (table 1). The polymeric particles were collected at the bottom of
the chamber as a dry powder on a plate, and freeze-dried [frozen in liquid
nitrogen and lyophilized (-80.0 = 0.5 °C, and 0.057 mbar; Telstar Cryodos,
Spain)] and stored at 4.0 = 0.5 °C, in order to increase their
physicochemical stability but without significantly modifying the
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characteristics of the PLGA-based delivery system. All the formulations
were prepared in nonaplicate (n = 9).

Formulation | Flow rate (mL/h) | Pressure (mbar)

1 4 50

2 6 50

3 8 50

4 4 100
5 6 100
6 8 100
7 4 200
8 6 200
9 8 200

Table 1. Formulations of GFP-loaded PLGA micropatrticles obtained by Flow Focusing
(FF) under different preparation conditions.

2.3. Characterization methods

The mean particle size and particle size distributions of GFP-loaded
PLGA microparticles were measured at 25.0 + 0.5 °C by a laser
scattering technique (Malvern Mastersizer 2000 laser light scattering
instrument, Malvern Instruments Ltd., UK), after 60 min of mechanical
stirring (50 rpm). The selected angle was 90° and the measurement was
made after dilution of the protein-loaded polymer agueous suspensions. In
order to confirm these results, the mean particle diameters were also
measured from scanning electron microscopy (SEM) pictures of 100
particles by using a Zeiss DSM 950 (Germany) scanning electron
microscope set at 80 kV accelerating voltage. Prior to observation, a
dilute microparticle suspension (= 0.1 %, w/v) was sonicated for 5 min,
and drops of the suspension were placed on copper grids with formvar
film. The grids were then dried at 35.0 £ 0.5 °C in a convection oven.

The analysis of the presence and distribution of GFP in PLGA
microparticles was carried out by confocal laser scanning microscopy
(CLSM) (DM-IRE2 microscope, Leica Microsystems, Germany). In order to
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extensively characterize the type of GFP loading (surface adsorption or
absorption inside the polymeric matrix) to PLGA patrticles, the zeta potential
(9)-pH trend and {-ionic strength dependence were investigated in all the
GFP-loaded PLGA formulations and in non-loaded PLGA patrticles (Holgado
et al., 2008). Briefly, the surface electrical properties of these microparticle
suspensions (= 0.1 %, w/v) were analyzed by electrophoresis as a function
of both pH (adjusted with either HNO3; or KOH) and KNO; concentration
using a Malvern Zetasizer 2000 electrophoresis device (Malvern
Instruments Ltd., U.K.). Measurements were performed at 25.0 = 0.5 °C,
after 24 h of contact at this temperature under mechanical stirring (50 rpm).
The experimental uncertainty of the measurements was < 5 %. The theory
of O’'Brien and White (1978) was used to convert the electrophoretic
mobility (ue) into ¢ values. Finally, this data was also used in the
investigation of the influence of changes in the parameters of PLGA
production by FF (flow rate and pressure) on the surface electrical
properties (electrokinetics) of the PLGA microparticles.

2.4. Chromatographic conditions

The introduction of new HPLC methods for routine quality control of
pharmaceutical preparations starts with the establishment of the optimal
measurement conditions, and provides the maximum relevant information
by analyzing the experimental data (Garcia et al., 2003; Pérez-Lozano et
al., 2004; Zaxariou and Panderi, 2004; Salas et al., 2008).

The mobile phase consisted of ACN 0.04 % TFA/H20 0.04 % TFA. The
mobile phase was filtered through a 0.22 um nitrocellulose-membrane filter
(Millipore, Barcelona) and degassed under vacuum prior to use. The flow
rate was 0.5 mL/min.

A linear gradient of:
- 5-24 9% of ACN in 6 minutes
- 24 - 50 % of ACN in 4 minutes

- 50 -5 9% of ACN in 17 minutes.
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Eluent was pumped at a flow rate of 0.5 mL/min and the injection volume
was 50 yL. GFP was detected at an excitation wavelength of 503 nm and at
an emission wavelength of 573 nm. All the measurements were carried out
at room temperature (25.0 £ 0.5 °C) and the total peak area was used to
guantify the protein.

2.5. Preparation of the GFP solutions

A primary stock solution of GFP (2.7 mg/mL) was accurately prepared and
filtered through a 0.45 pym nylon membrane filter (Millipore, Spain), following
by rigorous dilution to obtain secondary standard solutions ranging from 0.5
to 1.5 mg/mL. These solutions were protected against ambient light,
wrapping all glassware with aluminium foil, and stored at 4.0 + 0.5 °C.
No GFP precipitation or aggregation was observed after 8 months, as was
confirmed by RP-HPLC. Freshly prepared solutions were used in all the
determinations.

The preparation of GFP-loaded PLGA microparticle samples for RP-HPLC
involved the addition of an adequate amount of GFP-loaded polymer
(equivalent to 5 mg of GFP) to 2 mL of an ACN solution in a volumetric flask
of 5 mL. This solution was sonicated for 15 min, diluted with 2 mL of
methanol, and filtered through a 0.45 pm nylon membrane filter (Millipore,
Spain).

2.6. Validation of the RP-HPLC method

The method was validated in agreement with the International Conference
on Harmonization guidelines (ICH, 1996) by using linearity, precision,
accuracy, specificity, and detection and quantification limits as analytical
parameters. System and method linearity were evaluated by assessing a
regression line using the least squares method. Calibration curves were
obtained by preparing three separate batches of five GFP concentrations
(0.5, 0.75, 1, 1.25 and 1.5 mg/mL). The samples used in the determination
of method linearity were ACN solutions of GFP-loaded PLGA
microparticles with the same content in GFP as the GFP solutions used
in the analysis of the system linearity (0.5, 0.75, 1, 1.25 and 1.5 mg/mL).
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Instrumental precision was determined by testing 6 consecutive times in the
same day the repeatability of a standard GFP solution (1.6 mg/mL).
Acceptance criterion was set at a relative standard deviation (RSD) < 1.5 %.

Method repeatability was determined by using the results obtained in the
accuracy test (acceptance criterion: RSD < 2.0 %). Intermediate precision
was evaluated by analyzing the same sample by different analysts in two
different days (Peroza Meza et al., 2006).

The accuracy characterizes the proximity between the obtained
experimental results and the real results and can be assessed by the
determination of the percentage recovery of a known amount of GFP. The
accuracy of the method was first tested by calculating the percentage
recoveries of the mean of three determinations of GFP in samples where a
known amount of protein was added to a blank PLGA solution (GFP
concentrations: 0.5, 0.75, 1, 1.25 and 1.5 mg/mL, corresponding
respectively to the concentration levels: 50, 75, 100, 125 and 150 %). The
accuracy was also assessed by determining the RSD.

In order to determine the capacity of this analytical technique to identify
interferences coming from impurities, degradation products or any
formulation component, the specificity of the method was investigated.
Specificity was checked by running GFP standard solutions (2.7 mg/mL),
ACN solutions of GFP-loaded PLGA microparticles (2 mg/mL) and ACN
solutions of blank PLGA microparticles (2 mg/mL). All the preparations
contained the same GFP concentration or the same PLGA content, and
the determinations were performed under the same conditions. The
specificity of the RP-HPLC method was also checked under different
protein degradation conditions (pH, light and temperature) in triplicate.
The effect of pH was studied after contact during 24 h of GFP standard
solutions with appropriate [H'] (0.5 N HNOs) or [OH] (0.5 N KOH). The
effect of exposure to light was studied by placing one set of glassware
under ambient light during 24 h. To check the effect of temperature,
samples were kept at 60.0 £ 0.5 °C during 24 h.

The detection limit (DL) can be defined as the lowest concentration of
analyzed substance in a certain sample that can be detected under certain
conditions by a given method. The quantitation limit (QL) is the lowest
concentration that can be determined at an acceptable precision and
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accuracy. These parameters were determined by using the following
expressions:
3.30 100

DL="2 L=—1
S Qb="3

where o is the standard deviation of the response and S is the slope of the
calibration curve (GFP concentrations ranged from 0.01 to 0.4 mg/mL).

2.7. GFP loading of PLGA microparticles

Samples from the protein-loaded PLGA microparticles obtained under
different synthesis conditions (table 1) were added to 2 mL of ACN. This
solution was sonicated for 15 min, diluted with 2 mL of methanol, and
filtered through a 0.45 ym nylon membrane filter (Millipore, Spain) before
RP-HPLC analysis. GFP incorporation to PLGA microparticles was
expressed in terms of GFP entrapment efficiency (EE, %)
[encapsulated GFP (mg) / total GFP in the colloidal suspension (mg) x
100] (Brigger et al., 2004). In order to determine the variations in particle
size when PLGA was loaded with GFP, statistical analysis was performed
by the use of the Student’s t-test. Values with p < 0.05 and p < 0.01 were
considered as significantly different.

3. Results and Discussion
3.1. Chromatographic study

We have developed a simple RP-HPLC method for the determination of
GFP in PLGA microparticles with the best chromatographic peak resolution,
reduced run time and low cost of analysis. This method permits the analysis
of a large series of samples, avoiding possible degradation associated to a
long analysis time. Figure 1 shows representative chromatograms of a GFP
standard solution and of ACN solutions of GFP-loaded PLGA
microparticles. As can be observed in this figure, the relatively symmetrical
GFP peak has a retention time of ~ 12.2 min. No peaks from possible
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degradation products were observed in the chromatograms, probing the
purity of the GFP used in the study and its stability in stock solutions.

o (a)

Intengity (1Y)
| | |
f

o 4 4 3 8 i 1z 14 16 18

Retention Time (min)

40
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20

10
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Figure 1. Representative chromatograms of GFP detection in (a) standard solutions,
and in (b) ACN solutions of GFP-loaded PLGA micropatrticles.

3.2. Method validation

Good system linearity was obtained in the range of the study (figure 2a).
The calibration curve was y = 892754-x + 4251, where y represents the
peak area and x represents the GFP concentration (mg/mL). The standard
error was 13654 and the correlation coefficient (R?) was 0.9992 (n = 15).
With respect to the linearity of the method (figure 2b), the calibration curve
was y = 881712-x + 12686 and the R? was 0.9993 (n = 15). In both cases,
the R? was > 0.999, indicating a good linearity in the GFP concentration
range (0.5-1.5 mg/mL) (table 2).
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STATISTIC REPORT FOR THE SYSTEM LINEARITY

ANOVA
d.f. SS MS F Significance F
Regression 1 1.49439-10% | 1.49439.10" | 8015.637427 | 1.5754-107°
Residual 13 2423650760 | 186434673.9
Total 14 1.49682-10%
Coefficient Standard error t-Stat p-value Lower 95 % Upper 95 %
Intercept 4251.4 10576.42682 | 0.401969405 | 0.694237146 | -18597.58096 | 27100.381
Area 892753.8667 | 9971.550836 89.5300923 1.5754-10™° | 871211.6408 | 914296.093
STATISTIC REPORT FOR THE METHOD LINEARITY
ANOVA
d.f. SS MS F Significance F
Regression 1 1.49439-10"% | 1.49439.10" | 8015.637427 | 1.5754-107°
Residual 13 2423650760 | 186434673.9
Total 14 1.49682-10%
Coefficient Standard error t-Stat p-value Lower 95 % Upper 95 %
Intercept | 12685.86667 | 9623.553732 | 1.318210198 | 0.210188338 | -8104.55714 | 33476.2905
Area 881712.6667 | 9073.173471 | 97.17797962 | 5.43563-10%° | 862111.2671 | 901314.066

Table 2. Statistic report for the system and method linearities.
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Figure 2. Calibration curves of GFP solutions (a), and ACN solutions of GFP-loaded
PLGA microparticles (b). GFP concentration range: 0.5-1.5 mg/mL.

Instrumental precision was determined after testing 6 consecutive times
a standard GFP solution (1.6 mg/mL). The mean peak area was
868318 + 1336 (RSD = 0.154 %) and the mean retention time was 12.8
min (RSD =0.24 %). According to these results, the instrumental
precision is satisfactory (RSD < 1.5 %). Method repeatability was
considered valid as the RSD values were < 2.0 % (table 3). Intermediate
precision was evaluated by analyzing the same sample by different analysts
in two different days. The results obtained in this analysis are collected in
table 4 and, as can be observed, the RSD values were under the limit of
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acceptance (RSD < 2.0 %). This proved that the variations settled in the test
did not influence the experimental method and showed the good precision
of the analytical method. Moreover, the MANOVA statistical test confirmed
that no statistical differences occurred between days and analysts (p =

0.778).
Level Theoretical GFP content Peak area Experimental GFP content Recovery
(mg) (mg) (%)
| 0.5 457110 0.5073 101.45
0.5 450321 0.4997 99.93
0.5 456155 0.5062 101.24
Mean value 454529 + 3675 0.5044 + 0.0041 100.87 £ 0.82
RSD 0.8086 0.8162 0.8162
Il 0.75 675213 0.7516 100.21
0.75 675581 0.7519 100.26
0.75 674845 0.7512 100.15
Mean value 675213 + 368 0.7516 + 0.0004 100.21 +0.06
RSD 0.0545 0.0548 0.0548
n 1 880267 0.9812 98.12
1 880205 0.9812 98.12
1 900329 1.0037 100.37
Mean value 886934 + 11601 0.9887 + 0.0129 98.87 +1.29
RSD 1.3079 1.3143 1.3143
v 1.25 1110592 1.2392 99.14
1.25 1103792 1.2316 98.53
1.25 1151864 1.2855 101.84
Mean value 1122083 + 26014 1.2521 +0.0291 100.17
RSD 2.3184 2.3272 2.3272
\ 15 1334509 1.4901 99.34
15 1330440 1.4855 99.03
15 1334755 1.4903 99.36
Mean value 1333235 + 2423 1.4886 + 0.0027 99.24 £0.18
RSD 0.1818 0.1824 0.1824

Table 3. Recovery values of ACN solutions of GFP-loaded PLGA microparticles.
Concentration range: 0.5-1.5 mg/mL (level I: 0.5mg/mL; level 1I: 0.75 mg/mL; level llI: 1
mg/mL; level IV: 1.25 mg/mL; level V: 1.5mg/mL).
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Analyst / Theoretical Experimental

Day GFP content Peak Area GFP content Mean value RSD Recovery (%)
(Sample) (mg) (mg)
1/1(Q1) 0.47 413751 0.46 97.59
1/1(2) 0.46 415506 0.46 0.46 £ 0.01 0.30 100.14
2/1(1) 0.48 424962 0.47 98.18
2/1(2) 0.47 423318 0.47 0.47 £0.01 0.28 99.87
1/2(Q1) 0.48 421112 0.47 97.28
1/2(2) 0.48 422444 0.47 0.47 £0.01 0.23 97.59
2/2(1) 0.48 419864 0.47 96.99
212(2) 0.49 423841 0.47 0.47 £0.01 0.67 95.92

Mean

value 0.48 £0.01 420599 + 4035 0.47 £0.01 0.47£0.01 0.37 97.95+1.43

RSD 1.92 0.96 0.97 1.46

Table 4. Method repeatability evaluated by analyzing the same sample by different
analysts in two different days.

The investigation of the accuracy of the method revealed that recovery
values (%) were between 98.12 % and 101.84 % (table 3) and that the
mean RSD was 0.934 %. It was not needed to carry out any other statistical
test since the ICH limit value for pharmaceutical formulations establishes a
recovery between 98 % and 102 % (equivalent to + 2.0 % of the relative
error). These results demonstrated the coincidence between experimental
and theoretical values and, therefore, it can be concluded that the RP-HPLC
method is accurate.

The specificity of the method was verified by analyzing potential interfering
peaks of the formulation components at GFP retention time. The RP-HPLC
method was found to be specific as no interfering peaks were observed in
the chromatogram with a similar retention time to that of the protein. The
three chromatograms measured at different times were within the
established threshold for the GFP peak. Furthermore, the specificity of the
RP-HPLC method was also confirmed by studying the possible interference
of the protein degradation products (coming from the exposure of GFP to
different pH, light and temperature conditions) with the GFP peak. Under
these degradation conditions, it can be said that the protein is almost
completely degraded, giving rise to high amounts of degradation products
that did not interfere with the GFP peak (table 5).
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The detection limit (DL) and the quantitation limit (QL) were found to be 0.1
and 0.2 mg/mL, respectively. These values are slightly lower in comparison
to the ones obtained for other important biomedical proteins such as insulin
by using other RP-HPLC methods (Sarmento et al., 2006), which could be
pointed as an advantage compared with them.

Sample Peak Area Degradation (%)
Fresh GFP standard solution | 621353 + 14013 —

After light exposure 8696 + 88 98.6
After heating (60.0 £ 0.5 °C) 40834 + 724 93.4
After contact with 0.5 N HNO3z | 91836 + 1622 85.2
After contact with 0.5 N KOH 19860 + 21 96.8

Table 5. Peak areas and degradation degree (%) corresponding to GFP standard
solutions (1.6 mg/ml) under different degradation conditions.

3.3. Characterization of the GFP-loaded PLGA microparticles
3.3.1. Particle geometry

GFP-loaded PLGA microparticles were of spherical shape and with a
smooth surface. This particle morphology was not significantly influenced by
the FF conditions. All the formulations were in the colloidal size range and
moderately monodisperse. Figure 3a shows, as an example, a scanning
electron microscopy (SEM) picture of microparticles from formulation 9. As it
was observed by CLSM (figure 3b), GFP was uniformly distributed inside the
microparticles in all the formulations.

The size (mean diameter + SD) of the GFP-loaded PLGA formulations
can be compared in table 6 with the corresponding theoretical values that
were calculated by using a mathematical model that considers the main
geometrical parameters and the flow parameters (liquid flow rate and
pressure of the focusing air) of the FF device, and the properties of the fluid
(density, viscosity and surface tension) (Gafan-Calvo, 1998; Martin-
Banderas et al., 2006). Briefly, this mathematical model defined a simple
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and universal expression for the jet diameter at the hole exit of the flow
focusing device:

%
8p % 3
J 7r2APg Q @)

o
IR

where, d; is the mean particle diameter, o, is the liquid density, APy is the
pressure gradient and Q is the flow rate.

S Theoretical size Experimental size Entrapment
(um) (um) efficiency (%)
1 10.9 11.5+£0.7 919+1.2
2 12.7 123+1.2 92.1+1.8
3 14.1 13.9+0.8 91.8+20
4 8.1 78109 90.5+1.6
5 9.2 8.4x0.5 92.7+2.2
6 10.2 10.5+0.8 90.8+1.9
7 5.8 4.2+0.3 90.2+1.9
8 6.6 49102 925+1.2
9 7.3 7.1%0.5 921+2.1

Table 6. Theoretical and experimental sizes, and protein entrapment efficiency of the
formulations of GFP-loaded PLGA microparticles obtained by flow focusing.
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Figure 3. Scanning electron microscope (SEM) (a) and confocal laser scanning
microscopy (CLSM) (b) pictures of GFP-loaded PLGA microparticles (formulation 9).
Bar length: 2 um.

Taking into account the statistical analysis that was done, a good linear
relationship between theoretical and experimental values was found (n = 9;
F = 160.01; p < 0.0001) (figure 4a) and, thus, it could be theoretically
calculated the experimental conditions (flow rate and pressure) needed to
obtain a given size (figure 4b). This is particularly important since these
experimental conditions are determined by the properties of the fluid
(Ganan-Calvo et al., 2006; Sakai et al., 2006; Ong et al., 2007; He, 2008).
Therefore, FF technique allows to control and, even more, to predict the
size of the GFP-loaded PLGA microparticles. As it can be checked in table
6, the liquid flow rate and the pressure of the focusing air seems to
determine the size of the GFP-loaded PLGA microparticles. An increase in
the flow rate (at a constant pressure) induced the formation of
microparticles with a bigger size. On the opposite, an increase in the
pressure (keeping the flow rate constant) determined a significant reduction
in the particle size and a narrow size distribution.
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Figure 4. Relation between the theoretical size and the experimental size of the
GFP-loaded PLGA microparticles (a), and (b) between the flow parameters (liquid
flow rate and pressure of the focusing air) and the experimental size of the GFP-loaded
PLGA microparticles.

3.3.2. Electrokinetic properties

We first focussed our study on the effect of pH on the zeta potential, ¢, of
the non-loaded PLGA and GFP-loaded PLGA microparticles. Thus, figure
5a shows this quantity as a function of pH in the presence of 10° M KNOs.
Note that { is negative for almost the whole pH interval investigated, and
that it rises in absolute value as the pH increased. As it is observed, both
non-loaded PLGA and GFP-loaded PLGA microparticles show a well
defined isoelectric point (pHiep Or pH of zero potential) close to pH ~ 2.5
— 2.8. This behaviour can be explained on the basis of the charge
generation mechanism at the polymer/solution interface: we can expect that
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the chemical species responsible for the generation of the negative surface
charge on PLGA are ionized weak acid groups, presumably carboxylic-
end groups (Mu and Feng, 2001; Teixeira et al., 2005; Musumeci et al.,
2006; Okassa et al., 2007). In addition, this negative charge could also be
due to strong groups corresponding to dissociated end molecules of the
polysorbate surfactant Span® 60 used in the synthesis, that remain
adsorbed on the particle surface even after the cleaning procedure. The
increasingly negative values and charge density may be explainable by the
effect of increasing OH™ ion concentration in the solution, which tends to
favour a gain in protons. In contrast, a decrease in absolute { as pH
becomes more acidic may be explainable by neutralization of the negative
regions as a result of chemical adsorption of increasing numbers of H* ions
(Ruiz et al., 2004; Arias et al., 2007).

In order to confirm these results, we also measured { as a function of KNO3
concentration at a constant pH = 5. { is negative for the whole ionic strength
interval investigated, and falls in absolute value as the KNO3 concentration
increased, due to the double-layer compression (figure 5b). The counterions
accumulate closer to the particle surface, such that the double layer shrinks
as concentration increases. This leads to a lower electrical potential in the
shear plane (or slip surface) that limits the value of the zeta potential (Dillen
et al., 2004).

Finally, the results of this analysis, plotted in figure 5, clearly showed how
similar are the electrokinetics of non-loaded PLGA particles and the
electrokinetics of all the formulations of GFP-loaded PLGA micropatrticles.
This points out that the protein was not adsorbed onto the polymeric surface
and, consequently, a very efficient GFP entrapment have led to GFP-loaded
PLGA particles which, from an electrokinetic point of view, are
indistinguishable from non-loaded PLGA (Nicoli et al., 2001; Dillen et al.,
2004; Teixeira et al., 2005; Diez and Tros de llarduya, 2006; Gémez-Gaete
et al., 2007). Furthermore, this data clearly demonstrated that a modification
in the parameters of particle production by FF (flow rate and pressure) did
not influence the surface electrical properties of the particles.
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¢ (mV)

16” 16‘ 16" 16"
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Figure 5. Zeta potential of blank PLGA (m), formulation 1 (o), formulation 2 (e),
formulation 3 (o), formulation 4 (A), formulation 5 (A), formulation 6 (V),
formulation 7 (V), formulation 8 () and formulation 9 (0), as a function of (a) pH in

the presence of 10® M KNO3, and (b) KNO3 concentration at pH = 5. The lines are
guides to the eye

3.3.3. GFP loading to PLGA microparticles

The proposed RP-HPLC method was successfully applied to the
determination of the amount of GFP incorporated to the PLGA
microparticles. It was demonstrated that none of other microparticle
components interfered with the GFP analysis, but a filtration step (through a
0.45 pm nylon membrane filter) is needed to protect the column from
contamination and delay pre-column obstruction.

FF allows obtaining high GFP entrapment efficiencies in PLGA
microparticles (> 90 %), whatever the synthesis conditions (liquid flow rate
and pressure of the focusing air) (table 6). Furthermore, in comparison to
non-loaded PLGA (data not shown for brevity), particle geometry
(morphology, surface and size) did not vary significantly when GFP was
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loaded to this polymer, as was previously observed with other biomolecules
(Teixeira et al., 2005; Holgado et al., 2008).

4. Conclusions

A novel synthesis procedure (flow focusing) has been developed for the
preparation of protein-loaded PLGA microparticles by using GFP as a
model protein. This technique allowed obtaining polymeric microparticles
with a controllable size and an optimum GFP loading. A mathematical
model was satisfactorily applied for the determination of the formulation
conditions to achieve the desired particle size. GFP determination was
carried out by a fast RP-HPLC method that was validated according to ICH
guidelines. These very interesting results encourage further investigations
to formulate peptide- and protein-loaded PLGA micropatrticles by FF, and to
study the possibilities of controlling particle size without reducing the protein
loading. Work is undergoing for the preparation of insulin-loaded PLGA
microparticles by this novel technique.
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Abstract

A simple, fast and reversed-phase high-performance liquid chromatographic
(HPLC) method has been developed and validated for determining of insulin
(INS) in PLGA microspheres. Separation was achieved in a Zorbax SB-C18
column, using a mobile phase consisting of acetonitrile: 0.1% aqueous
trifluoroacetic acid (TFA) solution at a flow rate of 1 mL/min. The detection
was made with a diode array detector measuring at the maximum for the
compound. The validation study demonstrated that the method was precise,
accurate and linear over the concentration range of analysis with a limit of
detection of 0.025 pg/mL. The limit of quantification was 0.05 pg/mL. Linear
regression analysis in the range of 50-150 pg/mL gave correlation
coefficients higher than 0.9987. The method developed was applied to the
analysis of insulin in microsphere samples in order to evaluate in next
papers, the encapsulation efficiency of different formulations.

Key Words: Flow Focusing; Insulin; Microspheres; HPLC; Validation.

142



Capitulo 111

1. Introduction

During the last three decades, there has been continuous interest in the use
of biodegradable polymers for the development of peptide and protein
delivery systems able to prolong their therapeutic effect. Their
encapsulation within drug delivery systems allows to have a better
pharmacokinetics pathway and to reduce drastically the frequency of
injection. In order to successfully develop these formulations, poly(lactic-co-
glycolic) acid (PLGA), one of the few polymers approved by the Food and
Drug Administration for human clinical use, was chosen as biodegradable
polymer [1- 3]. PLGA polymers have shown to be biocompatible and they
degrade to toxicologically acceptable lactic and glycolic acids [4].

The peptide insulin is used in our study, it is a well known 51 amino acids
protein, produced nowadays by DNA recombination techniques and used
subcutaneously in the treatment of diabetes mellitus. It is a disorder caused
by decreased production of insulin or by decreased ability to use insulin,
leading to increase glucose levels in the blood.

Usually, insulin is injected subcutaneously two to four times a day.
Therefore, there has been significant interest in the development of oral
delivery systems for insulin [5- 8]. The oral route is considered to be the
most acceptable and convenient route of drug administration for chronic
therapy. Oral administration of insulin may be beneficial to such patients as
it can mimic the physiological fate of insulin and might provide a better
glucose homeostasis. However, during insulin transit through the
gastrointestinal tract it is chemically and enzymatically inactivated due to
high acidity and proteolytic enzyme activity.

Therefore, an optimal delivery system is needed to protect the peptide from
the harsh environment in the gastrointestinal tract. An ideal delivery system
for oral administration of insulin should prolong its intestinal residence time,
reversibly increase the permeability of the mucosal epithelium to enhance
the absorption of drug and provide the intact drug to the systemic
circulation. Additionally, this delivery system must be safe after oral
administration [9- 10].

The utility and versatility of Flow Focusing technology (FF) in the
preparation of PLGA-based delivery systems loaded with insulin and other
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drugs for non-parenteral routes of administration have been studied by our
research group. The Flow Focusing (FF) technique can efficiently control
the production of monodisperse simple or encapsulated particles, in the
micron or sub-micron range, in just one step and without additional
purification procedures [11-13]. The FF technology is based on a useful
microfluidic concept resulting from the combination of hydrodynamic forces
with a specific geometry [14].

With that aim, PLGA patrticles loaded with insulin (INS) were engineered by
FF. It is important to develop a specific technique for the INS quantification
for these types of formulations. Then, the development and validation of an
HPLC analytical technique for this protein is crucial to have adequate
results. For this reason, this work describes the development of a rapid
reversed-phase HPLC method with a diode detector for the determination of
INS.

Most of the analytical methods found in the literature, carried out by high-
performance liquid chromatographic (HPLC) to determine INS, are aimed at
guantifying INS in plasma and in biological fluids, to determine the raw
material and its related substances. Few of the methods described by HPLC
are dedicated to the study of insulin in final products.

For this reason, this work describes the validation parameters stated either
by USP 29 [15] and by the ICH guidelines [16] to achieve an analytical
method with acceptable characteristics of suitability, reliability and
feasibility, ensuring that the findings achieved, when this method is applied,
are correct.

2. Experimental
2.1. Chemicals

Insulin  was obtained from Sigma—Aldrich (Germany); HPLC-grade
acetonitrile, water and acetic acid were used to prepare the mobile phase
and were purchased from Panreac (Barcelona). Poly(lactic-co-glycolic) acid
block copolymer (PLGA 50:50) Resomer® RG 502 (Mw: 12000; inherent
viscosity: 0.24 dL/g) was obtained from Boehringer Ingelheim (Germany).
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Deionized and purified water using a Milli-Q system (Millipore) was used for
the standard solutions preparation. All other reagents were of analytical
grade.

2.2. Chromatographic system

The chromatographic apparatus consisted of a Hitachi system manager D-
7000, equipped with a quaternary pump L-7100, a diode array detector L-
7455, an automatic injector L-7200 and interfase D-7000. For data
collection and calculation, HSM System Manager Software was used.

The chromatographic conditions were optimized using a column C18
(Agilent, Zorbax SB-C18; 250mm x 4.6mm, 5um). The mobile phase
consisted of solution A: acetonitrile and solution B: 0.1% v/v TFA in water.
The mobile phase was filtered through a 0.22um nitrocellulose-membrane
filter (Millipore, Barcelona) and degassed under vacuum prior to use.

A linear gradient of:

- 30:70 % over 5 minutes

- 40:60 % from 6 to 10 minutes
- 70:30 % from 11 to 15 minutes

And a flow rate was 1.000 mL/min. The monitoring wavelength was 214 nm
and the injection volume was 20 pL. Peak areas were measured and HPLC
analysis was conducted at room temperature.

2.3. Preparation of insulin-loaded microspheres

The preparation of PLGA microspheres involves the formation of an oil-in-
water emulsion using a standard Flow Focusing nozzle in a liquid—liquid
configuration [17]. A water-in-o0il emulsion was prepared by mixing in a
ultrasonic bath (Selecta S.A., Spain), operating at 50 kHz and with a sonic
power of 50 W, an aqueous insulin solution (1% w/v) and a 1 % (w/v) PLGA
solution in ethyl acetate. This emulsion was sprayed using a standard FF
nozzle [model Advant 2 (D = 50 um), Ingeniatrics Tecnologias S.L., Spain]
that was immersed into the final continuous phase. The disperse phase is
injected through a capillary tube using a syringe pump, and focused and
pressed out of the device through the orifice (50 um) using distilled water as
focused fluid. To avoid the formation of aggregates, the production of the oil
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drops was carried out inside a 1% (w/v) PVA solution. The final PVA
concentration of the continuous phase was 0.25% (w/v). Therefore, the
formation of the oil drops was carried out inside the carrier liquid phase
without any shape deformation. The resulting o/w emulsion was
continuously stirred at room temperature until most of the organic solvent
was evaporated leaving solid microspheres. After this, they were collected
by centrifuge (10000 rpm, 10 min), washed three times with distilled water
and fully dried by lyophilization (Telstar Cryodos, Spain) and stored at 4 °C.
All the formulations were prepared in triplicate.

2.4. Stock and sample solutions

Standard stock solutions of INS at a concentration of about 100 pg/mL were
prepared by dissolving the appropriate amount of INS (100 pg) in 1mL of a
solution of HCI 0.01M.

This standard solution will be used to quantify the active on the final
product. These solutions were stored in the dark under refrigeration at 4 -C
and were found to be stable for several weeks. The stability of the standard
solutions was checked over this period by preparing and injecting daily a
solution of the analyte. To carry out the sample solution (assay of
pharmaceutical preparation), an appropriate amount of PLGA microspheres,
and equivalent to 0.2 mg of INS was placed in a 2 mL volumetric flask with
400 pL of ACN. The solution was vortered for 5 min and diluted to volume
with HCI 0.01M. This solution was then filtered through a 0.22 um nylon-
membrane filter (Millipore, Barcelona). The resulting filtered solution was
placed in a HPLC vial.

2.5. Validation study
2.5.1. Selectivity

The selectivity is defined as the capacity of an analytical method to exactly
measure the concentration of analyte without interferences of impurities,
products of degradation, excipients or related compounds. In this assay, it
was tested by running solutions containing the formulation components in
the same quantities and conditions that in samples (placebo sample) to
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show that there is not peaks in the retention times corresponding to the
analyte.

The selectivity of the method was evaluated onto three placebo samples
and standard solutions of INS. Within the study of selectivity, a series of
degradation studies were carried out, where the standard solutions and the
work samples were subjected to different degrees of stress, by following the
ICH guidelines [16]:

* Acid degradation: in a 2mL volumetric flask, 0.2 mg of insulin was
accurately weighed. They were dissolved in 0.5mL of HNO3 0.5N keeping
the solution during 24 h. Then, 0.5 mL of NaOH 0.1M was added and finally,
it was completed to volume with HCI 0.01M and the mixture was shaken.

» Basic degradation: in a 2mL volumetric flask, 0.2 mg of insulin was
accurately weighed. They were dissolved in 0.5mL of NaOH 0.1M keeping
the solution during 24 h. Then, 0.5 mL of HNO3 0.5N was added and finally,
it was completed to volume with HCI 0.01M and the mixture was shaken.

* Sun light degradation: in a 2mL volumetric flask, 0.2 mg of insulin was
accurately weighed. They were dissolved in 0.5mL of HCI 0.01M. The
volumetric flask was exposed to the sun light during 24 h and finally, it was
completed to volume with HCI 0.01M, shaking the mixture.

» Degradation with temperature (60 -C): in a 2mL volumetric flask, 0.2 mg of
insulin was accurately weighed. They were dissolved in 0.5mL of HCI
0.01M. The volumetric flask was put under heating to 60 - during 24 h and
finally, it was completed to volume with HCI 0.01M, shaking the mixture.
After the stress assay, the samples were analyzed by HPLC as shown in
the chromatographic conditions. After the stress assay, the samples were
analyzed by HPLC as shown in the chromatographic conditions.

2.5.2. Precision

The precision is the parameter that expresses the closeness of agreement
(degree of scatter) between a series of measurement obtained from multiple
analysis of the same homogenous sample under the prescribed conditions.
In our study the repeatability was evaluated as follows:
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* Instrumental precision: For six consecutive times, a same standard
solution prepared according the described method in Section 2.4, was
injected. The standard deviation and the relative standard deviation (R.S.D.)
were calculated for the six injections. For acceptance, the R.S.D. value
must be smaller or equal that 1.5%.

* Method repeatability: This parameter was determined by using the
obtained results for the accuracy test (low level 50%; middle level 100%;
high level 150%) (See Section 2.5.3). The standard deviation and the
R.S.D. were calculated. The method repeatability can be accepted when
R.S.D. is smaller or equal that 2.0%.

* Intermediated precision: The aim of this study consists at establishing the
effects of the random events on the analytic method. The intermediated
precision was evaluated by analyzing a same sample by different analysts
in two different days.

2.5.3. Accuracy (recovery method)

Accuracy of a method is defined as the closeness of the measured value to
the true value for the sample. The recovery method was studied at
concentration levels of 50%, 75%, 100%, 125% and 150%, where a known
amount of the active (50, 75, 100, 125 and 150 pg) was added to a
determined amount of placebo solution to obtain drug concentrations of 50,
75,100, 125,150 pg/mL, respectively. The amount of INS recovered in
relation to the added amount (recovery percent), was calculated. This study
was carried out on the basis of the method describe above.

2.5.4. Linearity

The linearity study verifies that the sample solutions are in a concentration
range where analyte response is linearly proportional to the concentration.
This study was performed by evaluating the system and method linearity.
For the system linearity, standard solutions of INS at five concentration
levels, from 50% to 150% of the target analyte concentration, were
prepared. The concentrations were 50, 75,100, 125,150 pg/mL. Each level
of concentration was prepared in triplicate. The experimental results were
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graphically plotted, obtaining a calibration curve and carrying out the
corresponding statistical study. For the method linearity, the procedure was
the same than system linearity, but the sample was a solution containing
the PLGA microspheres of INS, dissolved in the medium.

2.5.5. Limit of detection (LOD)

The LOD of a method is the lowest analyte concentration that produces a
response detectable above the noise level of the system, typically three
times the noise level. To determine this parameter, a battery of different
solutions with different INS concentrations, was prepared. This parameter
needs to be determined only for impurity methods, in which
chromatographic peaks near the detection limit will be observed.

2.5.6. Limit of quantification (LOQ)

The LOQ is the lower level of analyte that can be accurately and precisely
measured.

Similarly to LOD assay, a battery of different concentrations diluted was
prepared. The range of prepared concentrations was from 0.025 to 12
pg/mL. The response factor was calculated (relationship between the area
and concentration) for each point studied. Afterwards, the concentrations in
relation to the R.S.D. obtained for the response factors from each of the
concentrations were plotted. The first point which does not fulfil this R.S.D.
corresponds to the LOD, and the first point which fits into this specified
value corresponds to the LOQ.

3. Results and Discussion
3.1. Method development

In this study, a RP-HPLC method for the determination of INS in PLGA
microspheres, was developed and validated with the best chromatographic
peak resolution, reduced run time and low cost of analysis. This method
permits the analysis of a large series of samples, avoiding possible
degradation associated to a long analysis time. The introduction of new
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HPLC methods for a routine quality control of pharmaceutical preparations
begins with a series of preliminary investigations, which enables
establishing the optimal experimental conditions and provide maximum
relevant information by analyzing the experimental data [18]. A simple
sample preparation, short separation time and a low LOQ were considered
when the study started. The aim for sample preparation method was to
remove the interferences from the other microsphere constituents to be
reproducible with a high recovery involving a minimum number of working
steps.

3.2. Validation study
3.2.1. Selectivity

Representative chromatograms of INS standard solution (figure la) and
solutions of INS-loaded PLGA microspheres (figure 1b) are presented. The
peaks were separated with retention time at about 5.8 minutes. It was
observed the absence of interferences because none of the peaks appears
at the same retention time than INS peak (figure 1b).

No peaks from possible degradation products were observed in the
chromatograms, probing the purity of the INS used in the study and its
stability in stock solutions.

The study of the purity of the peak showed that the spectrums obtained at
different times are within the established threshold for this peak. It was
observed the absence of interferences, because none of the peaks appears
at the same retention time than INS peak. So, it was concluded that the
developed method is selective.

Another study carried out to check the selectivity of the method was the
degradation test submitted to the samples under different stress conditions,
as described in section of validation study. Table 1 summarizes the results
obtained for INS standard and the samples analyzed. The stress studies
involving heat, sun light, acid and basic revealed that INS was fully
degraded. There is an increment in the number and quantity of impurities,
but all of them are separated from the INS peak.
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Absorbance (AT)

Absorbance (AU)

(a)

Retention Time (min)

Retention Time (min)

Figure 1. Representative chromatogram of the standard solution of INS (a) and
representative chromatogram of a microparticles sample containing INS (b). The
retention time was about 5.8 min

Sample | Peak Area S.D. % degradation
Standard 1699286 74594.37135 0
Light sun 603351 10234.01356 52.7242029
60°C 458109.5 15917.68075 73.0410596
HNO; 708366 2842.56926 58.3139036
NaOH 24177.5 11791.00558 98.5771965

Table 1. Date of the peak areas carresponding to the placebo simples submitted to the

specified conditions
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3.2.2. Precision

3.2.2.1. Repeatability. As defined in the International Conference on
Harmonization (ICH) guidelines, repeatability expresses the precision under
the same operating conditions over a short interval of time. ICH guidelines
suggest a minimum of six readings of a single sample at 100% of target
concentration.

3.2.2.2. Instrumental precision. The repeatability of the instrumental system
was evaluated with this parameter. In this study, a R.S.D. of 0.66786273 %
was obtained for the area corresponding to the first day
(1010110 £ 6746.148, n = 6), by injecting a standard solution of 100 pg/mL.
Moreover, the retention time repeatability was determined, showing a mean
value of 5.85 (R.S.D. = 0.22 %). On the basis of the obtained results, it can
be concluded that the repeatability of the system is satisfactory
(R.S.D. < 1.5%).

3.2.2.3. Method repeatability. This parameter was evaluated using the same
data obtained for the accuracy study. Table 2 summarizes these results.
R.S.D.s for the six recovery values for levels I, Ill, IV and V of the accuracy
test are less than 2.0%. For this reason, the method repeatability was
considered validated.

3.2.2.4. Intermediate precision. ICH recommendations for this precision
parameter are to study the effect of random events during the analysis. In
this precision study, two random events were considered: the analysis of
microspheres on two different days and two analysts performing the
analysis on the same day [19].

The results obtained were expressed as the drug recovery percent and
R.S.D. %. They are summarized in table 3. All results are below the
established limit according to the variation accepted (R.S.D. < 2.0%),
concluding that the variations introduced in the test have no influence on the
experimental results.

In addition, the MANOVA statistical test revealed that no statistical
differences between days and analysts can be appreciated (p = 0.658).
Therefore, the proposed analytical technique has a good intermediate
precision.
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Level Theoretical Peak area Experimental Recovery (%)

Mean 528352.2 51.07 100,3

SD 13651.15 1.40 0.77

RSD 2.58 2.75 0.76

Mean 766811.33 75.58 99.59

I SD 12461.33 1.28 0.65
RSD 1.63 1.69 0.66

Mean 1046340.67 104.32 100.81
] SD 18450.91 1.90 0.88
RSD 1.76 1.82 0.88

Mean 1262018.33 126.49 100.48
\% SD 21030.27 2.16 0.48
RSD 1.67 1.71 0.48

Mean 1509215.33 151.90 99.41
\% SD 21674.17 2.23 0.67
RSD 1.44 1.47 0.67

Table 2. Recovery results of INS in PLGA microspheres. Concentration range: 50-200
pg/mL (level I: 50 pg/mL mg/mL; level II: 75 pg/mL; level 11l: 100 pg/mL; level IV: 125
pg/mL; level V: 200 pg/mL). Theorical: theorical amount of INS (ug). Experimental:
amount of INS obtained (ug). S.D.: standard deviation; R.S.D.: relative standard

deviation.
Analyst/day Area pg /mL  pg obteined ug theoretical % Average S.D R.S.D
1/181 1002361 100.39 100.39 100.99 99.40
1/1s1 1011640 101.33 101.33 100.05 101.28 100.86  0.67 0.66
2/181 1016902 101.86 101.86 101.35 100.50
2/2 S2 1001398 100.29 100.29 100.82 99.47 101.08 111 1.10
1/2 S1 1005405 100.70 100.70 99.97 100.73
1/2 S2 1002806 100.43 100.43 100.67 99.76 100.56 0.19 0.19
2/2 81 1004946 100.65 100.65 101.15 99.50
2/2S2 1006812 100.84 100.84 98.94 101.92 100.74 0.13 0.13
Average 1006533.75  100.81 100.81 100.49 100.32 100.81 052 0.52
S.D 5279.76 0.54 0.54 0.80 0.94
R.S.D 0.52 0.53 0.53 0.79 0.94

Table 3. Method repeatability, developed by two different analysts (1 and 2 before), in
two different days (1 and 2 after) to two replicated samples (S1 and S2). SD: standard
deviation. CV: variation coefficient. RSD: relative standard deviation (%).
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3.2.3. Accuracy

The results obtained for the accuracy study in the samples ranging a INS
concentration between 50 and 150 pg/mL and being the 100%
corresponding to 100 pg/mL (n = 6 for 50%, 75%, 100%, 125% and 150%)
indicated that the recovery percent was between 100.03% and 102.08% of
recovery (Table 2), being the mean relative standard deviation, R.S.D. =
0.88 %. According to the obtained results, it would not be necessary to
make an additional statistical test, since the defect acceptance number of
the ICH for pharmaceutical formulations in this parameter establishes that
the percentage of recovery must be between 98% and 102%, which is
equivalent to = 2.0% of the relative error. To confirm, apply a test t; when
texp (0.72) < tap (2.04) there is no significant difference between the mean
recovery and 100, so that accuracy is the correct.

3.2.4. Linearity

Linearity is the ability of the method to respond proportionally to the
changes in concentration or amount of the analyte in a sample. In routine,
unvaried calibration method linearity is established within a specific range.
The calibration curve obtained by plotting the INS peak area versus the
concentration of standard solution was linear in the above mentioned
concentration range (figure 2a). The equation of the regression line
obtained (table 4), with all the values, relating the tested concentrations and
the response obtained corresponds to y = 1.03E-04x — 3.533 (y: INS
concentration (ug/mL); x: peak area, with a standard error of 1.38618 and a
correlation coefficient that exceeds 0.9986 (n = 15). With respect to the
method linearity (table 5), the regression line (y = 1.01E-04x — 0.62835)
showed a good linearity in the concentration range of 50—-150 pg/mL (figure
2b), obtaining a R? of 0.9983 (n = 15). Also, the statistical analysis of
ANOVA corresponding to the collected data for both system and method
linearity, were reported. The F-test statistic (F) and its corresponding p-
value (significance F) certainly indicate an overall goodness of fit for the
model (p = 4.43E-20 for system linearity and p = 1.79E-19 for method
linearity).
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The relative standard deviation (RSD) for the response factor should be less
than or equal to 2.0%. The response factor (f) expresses the relationship
between reading or response (area) and concentration and can be taken as
an approximate expression of the sensitivity of the equipment. In a linear
calibration response factors should be similar to each other and close to the
value of the slope. The RSD obtained for the response factor of 1.85 for the
linearity of the system and 1.96 % for the linearity of the method. The
deviation of y-intercept and the RSD of y-intercept must be less than or
equal to 2.0%. Deviation of y-intercept and the RSD of y-intercept was 1
and 0.00013 for the linearity of the system and 0.8 and 0.0001 for the
linearity of the method, respectively.
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Figure 2. System linearity corresponding to the concentration range of 0.5-1.5 mg/mL of
INS solution (a) and Method linearity corresponding to the concentration range 0.5-1.5
mg/mL of INS-PLGA microspheres (b).
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3.2.5. Limit of detection (DL) and limit of quantification (QL)

The DL is determined by the analysis of samples with known concentrations
of INS and by establishing the minimum level at which this analyte can be
reliably detected. The visual observations of the sample chromatograms
showed that the lower drug concentration which produces a signal different
to that noise signal emitted by the HPLC equipment was 0.025 pug/mL. On
the other hand, the LOQ was based on visual evaluation, as recommended
the ICH guideline. This parameter is generally determined by the analysis of
samples with known concentrations of analyte and by establishing the
minimum level at which the analyte can be quantified with acceptable
accuracy and precision. The results obtained were plotted in figure 3
showing that for this analytical technique, a QL of 0.5 pg/mL was obtained.
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Figure 3. Limit of quantification of the chromatographic method used to determine the
INS - PLGA loaded microspheres.

3.4. Method applicability

The proposed method was used to study the content of insulin in PLGA
microspheres presenting diameter of around 1.23 um and zeta potential of -
40 mV. Entrapment efficiency and insulin loading were determined to be
98.95 + 0.21 % and 4.74 + 0.01 %, respectively (n = 3), indicating a high
degree of encapsulation of insulin in PLGA microspheres.
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4. Conclusions

The proposed high-performance liquid chromatographic method has been
evaluated over the linearity, precision, accuracy and selectivity, and proved
to be convenient and effective for the quality control of INS in PLGA
microspheres. It has been proved that it was selective, linear between 50%
and 150% of the work concentration (100 pug/mL) for INS, with a correlation
coefficient higher than 0.998, exact and precise. Limits of detection and
quantification for the drug were 0.025 and 0.5 pg/mL, respectively, and
these values are under the lowest expected concentrations in the samples.
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Abstract

In this study, we compare two synthesis procedures for the formulation
of insulin-loaded poly(D,L-lactide-co-glycolide) (PLGA) particles. These
are the well-known solvent evaporation method (SEV) and the novel and
very promising flow focusing (FF) technology. To our knowledge, the latter
methodology has been never followed for the incorporation of insulin into
biodegradable PLGA colloids. The differences between the polymeric
particles obtained by SEV, and FF were analyzed by comparing their
geometry (shape and size), surface (electrokinetic properties, and surface
thermodynamics), and insulin loading and release capabilities. In addition, a
conformational analysis of the protein (by fluorescence spectroscopy
and circular dichroism) was done to check its stability during the
formulation processes. A qualitative and quantitative investigation of
the capacities of the polymer particles to load insulin is described. The
FF methodology permitted the formulation of micromedicines that
clearly exhibited a more narrow size distribution compared to the
particles obtained by SEV. Independently of the synthesis procedure,
the surface of the particles was almost indistinguishable from an
electrokinetic and thermodynamic point of view. Interestingly, the FF
technology allowed higher insulin incorporations and slower release
kinetics. The release studies showed a biphasic profile probably due to
diffusion-cum-degradation mediated processes. Finally, insulin loaded
to PLGA by FF retained more of its native-like (intrinsic) structure in the
solid state (and, thus, probably its bioactivity), in comparison to the
microparticles prepared by SEV. This demonstrating the potential use
of FF for the engineering of PLGA micromedicines based on insulin.

Key Words: conformational structure; electrokinetic properties; flow
focusing (FF); insulin; poly(D,L-lactide-co-glycolide) (PLGA); protein loading
and release; solvent evaporation method (SEV); surface thermodynamics.
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1. Introduction

Insulin is the most important biomacromolecule in the control of glucose
homeostasis, whose replacement is needed in patients suffering from type |
diabetes, and in a great percentage of patients suffering from type Il
diabetes. This protein consists of two polypeptide chains, whose structure,
stability, and activity have been widely characterized (Zhou and Po,
1991a,b; Matsuura et al., 1993). Exogenous insulin has demonstrated its
capacity to inhibit the hepatic gluconeogenesis, and to suppress the hepatic
production of glucose. Thus, this will lead to an adequate control of the
glycaemia. Essentially, insulin is administered through the parenteral route
(subcutaneously), which usually involves up to 4 injections per day.
However, this leads to an important patient discomfort, non-compliance, and
an inadequate control of the glucose blood levels. Despite the oral route
could become the definitive step towards the control of diabetes, important
problems (leading to a very low oral bioavailability of insulin) have
discouraged its clinical application: self-aggregation, the great susceptibility
to acid pHs and enzymes (proteases) of the gastrointestinal tract, and the
poor absorption through the intestinal mucosa (due to its large size and
hydrophilic character), to cite just a few (Zhou and Po, 1991a,b; Trotta et al.,
2005).

Important research efforts have been focussed on the development of non-
invasive strategies for the delivery of insulin. As an example, they have
been concentrated on chemical modifications of insulin, and on the co-
administration of the protein with absorption enhancers or protease
inhibitors (Myers et al., 1997; Bernkop-Schnurch et al., 1998; Sajeesh and
Sharma, 2006). However, special attention has been given to the
development of biodegradable and biocompatible insulin-loaded polymeric
colloids for the oral route. These protein delivery systems could protect the
biomacromolecule from in vitro and in vivo degradation, enhance the oral
absorption, and control the release kinetics (Bhardwaj et al., 2005;
Florence, 2005; Trotta et al., 2005; Cui et al., 2006; Sajeesh and Sharma,
2006; Hamishehkar et al., 2009; Rekha and Sharma, 2009; Shelma et al.,
2010; Sonaje et al., 2010). Furthermore, it has been suggested that the oral
absorption of drug-loaded microparticles could mainly occur at the Peyer’s
patches through receptor mediated endocytosis (lymphoid uptake) and
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paracellular pathways (non-lymphoid uptake). This is expected to
circumvent the first pass metabolism (Norris et al., 1998).

The wide use of poly(D,L-lactide-co-glycolide) (PLGA) in the formulation of
drug delivery nanoplatforms is justified by its excellent biocompatibility and
biodegradability. Thus, the Food and Drug Administration (F.D.A.) approved
its use in clinic and its introduction in the market (Kumar et al., 2001; Fu et
al., 2005; Santander-Ortega et al., 2009). However, the hydrophilic
character of most of the proteins and peptides difficults their vehiculization
into PLGA particles. It is not thermodynamically favoured the incorporation
of the hydrophilic insulin (from the aqueous phase in which the particle
formation occurs) into the hydrophobic PLGA matrix. As a consequence, a
very low encapsulation efficiency, and an uncontrolled protein release will
take place. Despite numerous synthesis procedures have been proposed to
increase the drug delivery properties of PLGA particles (e.g., formulation
strategies based on the preparation of o/w, and w/o/w) (Mundargi et al.,
2008), more investigations are needed to establish an ideal synthesis
routine for the formulation of insulin-loaded PLGA particles.

Recently, we have used the Flow Focusing (FF) technology in the
microencapsulation of a very wide range of drugs and biomacromolecules
(Holgado et al., 2008; 2009). In our opinion, the loading of insulin into PLGA
particles by FF has potential interest due to the fact that it enable the control
of the particle size, the electrokinetic properties and the surface
thermodynamics, and, finally, the internal structure of the colloid. In addition,
this technique is expected to present important advantages compared to
traditional encapsulation technologies [e.g., solvent extraction/evaporation
method or the spray-drying technique): i) a perfect control of the particle
geometry (size, and shape), leading to very small nanoparticles with a
narrow size distribution, in just one step; ii) suitability for the encapsulation
of labile biomolecules (proteins, cells, etc.); iii) compatibility with fluid
mixtures (e.g., liquid-liquid, liquid-gas); and, iv) excellent performance and
large-scale production (Martin-Banderas et al., 2005; 2006).

In this work, we describe the formulation of insulin-loaded PLGA
microparticles for the controlled delivery of this biomacromolecule. The oral
route is intended for the administration of these microplatforms. Two
synthesis procedures were compared: the novel FF technology and the
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traditional solvent evaporation method (SEV). A comparative study is
undertaken to check the influence of both techniques on the: i) geometry,
electrophoresis and surface thermodynamics of PLGA microparticles; and,
ii) insulin loading and release kinetics.

2. Materials and Methods
2.1. Materials

Insulin Human Recombinant (INS) was purchased from Sigma-Aldrich
(Germany). Poly(D,L-lactide-co-glycolide) (PLGA 50:50) Resomer® RG 502
(Mw: 12000; inherent viscosity: 0.24 dL/g) was obtained from Boehringer
Ingelheim (Germany). All other chemicals used were of analytical quality
from Panreac (Spain), except for polyvinyl alcohol (PVA, Mw: 16000,
obtained from Fluka, Germany) and trifluoroacetic acid (TFA) (Merck,
Germany), respectively. Water used in the experiments was deionized and
filtered (Milli-Q Academic, Millipore, France).

The reversed phase HPLC (RP-HPLC) analysis has been previously
validated and verified for accuracy, precision and linearity in all conditions
tested. It was carried out on a Hitachi LaChrom® (D-7000) Series HPLC
system equipped with a L-7200 automatic injector, an interphase D-7000
and a quaternary pump (model L-7100), and coupled with a L-7455 diode
array detector (Merck-Hitachi, Germany). A Zorbax SB-C18 column (USA, 5
pm, 4.6 x 250 mm) kept at 25.0 £ 0.1 °C (L-2350 column oven, Elite
LaChrom®) was used in this analysis. Data collection and calculation was
done by using HSM software (Merck-Hitachi, Germany).

2.2. Methods
2.2.1. Preparation of insulin-loaded PLGA particles

PLGA particles with a theoretical insulin loading of 0.99 - 4.76 % (w/w) were
prepared following the water-in-oil-in water (w/o/w) emulsion solvent
extraction/evaporation method (SEV). Briefly, an insulin solution in acetic
acid 10 % (v/v) containing Tween® 80 (5 %, v/v) was added to 1 mL of ethyl
acetate containing PLGA. A first w/o emulsion was obtained by mixing in an
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ultrasonic bath (Selecta S.A., Spain), operating at 50 kHz and with a sonic
power of 50 W. Thereafter, this first emulsion was poured into 0.3 % w/v
PVA solution and sonicated. The w/o/w emulsion was then diluted in 20 mL
of a 2 % w/v PVA solution, and stirred (300 rpm) at 25.0 £ 0.5 °C during 3
hours with a magnetic stirrer hotplate SM6 (Jepson Bolton, UK) to
evaporate the organic solvent. The colloidal suspension was then subjected
to a cleaning procedure that included 3 cycles of centrifugation (20 min at
10000 rpm, Eppendorf 5804 R, Germany) and re-dispersion in water (10
mL). Finally, the polymeric particles were frozen in liquid nitrogen and
lyophilized (Telstar Cryodos, Spain) and stored at 4.0 £ 0.5 °C. All the
formulations were prepared in triplicate.

The insulin-loaded PLGA microparticles were further synthesized by FF.
Briefly (Martin-Banderas et al., 2006), the technique followed to obtain a
theoretical insulin loading 4.76 % (w/w) involves the formation of a w/o
emulsion using a standard Flow Focusing nozzle in a liquid—liquid
configuration. This w/o emulsion was prepared by mixing in an ultrasonic
bath (J.P. Selecta S.A., Spain), operating at 50 kHz and with a sonic power
of 50 W, an aqueous insulin solution (10 mg/mL) in acetic acid 10 % (v/v)
containing Tween® 80 (25 %, v/v), and a 1 % (w/v) PLGA solution in ethyl
acetate. This emulsion was sprayed using a standard FF nozzle [model
Advant 2 (D = 50 pm), Ingeniatrics Tecnologias S.L., Spain] that was
immersed into the final continuous phase. The disperse phase is injected
through a capillary tube using a syringe pump, and focused and pressed out
of the device through the orifice (50 um) using distilled water or PBS (pH =
7.4 or 9.0) as focusing fluid. The ionic strength of this focusing fluid was
adjusted to 50 or 500 uS/cm. To avoid the formation of aggregates, the
production of the oil drops was carried out inside a 1 % (w/v) PVA solution.
The final PVA concentration of the continuous phase was 0.25 % (w/v).
Under these conditions, the formation of the oil drops occurred inside the
carrier liquid phase without any shape deformation. The resulting w/o/w
emulsion was continuously stirred at 25.0 + 0.5 °C until the organic solvent
was evaporated leaving solid particles. The colloidal suspension was then
subjected to a cleaning procedure that included 3 cycles of centrifugation
(20 min at 10000 rpm, Eppendorf 5804 R, Germany) and re-dispersion in
water (10 mL). Finally, the polymeric particles were frozen in liquid nitrogen
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and lyophilized (Telstar Cryodos, Spain) and stored at 4.0 £ 0.5 °C. All the
formulations were prepared in triplicate.

Table 1 collects the conditions to prepare insulin-loaded PLGA patrticles by
SEV, and FF. As can be seem in this table, we also studied the effect of the
pH of the PVA solution on the formulations.

Formulation Insulin PLGA Focu_sing stlroerr]1igth PVA solution
(%, w/v) (%, wiv) fluid (uslcm) (PH)
SEV-1 0.5 10 —_ _ 6.5
SEV-2 0.5 10 _ _ 5
SEV-3 1 1 _ — o5
SEV-4 1 1 _ — 9
FF-1 1 1 water 50 6.5
FF-2 1 1 water 50 9
FF-3 1 1 water 500 6.5
FF-4 1 1 water 500 9
FF-5 1 1 pH7.4 50 6.5
FF-6 1 1 pH7.4 50 9
FF-7 1 1 pH7.4 500 6.5
FF-8 1 1 pH7.4 500 9
FF-9 1 1 pH 9 50 65
FF-10 1 1 pH 9 50 9
FF-11 1 1 pH9 500 6.5
FF-12 1 1 pH9 500 9

Table 1. Formulation conditions for the preparation of insulin-loaded PLGA patrticles by
solvent evaporation method (SEV) and flow focusing (FF).

2.2.2. Characterization methods

The geometry of the insulin-loaded PLGA particles was determined from
scanning electron microphotographs (Philips XL-30, Philips Electron Optics,
The Netherlands). Prior to observation, a dilute (= 0.1 %, w/v) suspension of
polymeric particles was sonicated for 5 min, and drops of the suspension
were placed on copper grids with formvar film. The grids were then dried at
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35.0 £ 0.5 °C in a convection oven. Alternatively, the mean particle size and
particle size distributions of the PLGA particles were measured at 25.0 + 0.5
°C by a Laser Diffraction Analyser (Partica LA-950V2 Horiba, Japan).
Particle size distributions were determined using the Mie scattering theory.
The measurement ranged from 0.01 to 3000 um, and it was done after
dilution of the aqueous suspensions.

The surface electrical properties of PLGA particles (loaded or not with
insulin) were evaluated by measuring their electrokinetic properties
[electrophoretic mobility (u.) determinations]. With that aim, the zeta
potential ({)-pH trend and {-ionic strength dependence were evaluated in all
the formulations. Briefly, PLGA aqueous suspensions (= 0.1 %, w/v) were
analyzed by electrophoresis as a function of both KNO; concentration and
pH (adjusted with either KOH or HNO3), using a Malvern Zetasizer 2000
electrophoresis device (Malvern Instruments Ltd., U.K.). Measurements
were performed at 25.0 + 0.5 °C, after 24 h of contact at this temperature
under mechanical stirring (50 rpm). The experimental uncertainty of the
measurements was < 5 %. The theory of O’Brien and White (1978) was
used to convert u into ¢ values. This analysis was used to determine the
influence of the preparation method (SEV and FF) on the surface electrical
properties of the PLGA particles, and to extensively characterize the type of
insulin loading (surface adsorption or absorption inside the polymeric
matrix). We have to keep in mind that electrophoresis is extremely sensitive
to small modifications on the particle surface induced by adsorption of
charged entities, even at rather small amounts (Arias et al., 2001; 2007;
Holgado et al., 2009).

The surface thermodynamics were measured by Atomic Force Microscopy
(AFM). This technique is commonly used for high-resolution topographical
imaging of surfaces. Another application of AFM is the measurement of
forces between a tip and surface under specific media. The AFM
measurements are extensively used for a detailed understanding of
molecular and surface forces. It has been shown that both attractive forces
and particle adhesion were promoted by the hydrophobic character of the
substratum surfaces. In addition, several studies have shown that
guantitative force measurements can be obtained by functionalizing AFM
probes (Vadillo-Rodriguez et al.,, 2005). In order to define the surface
thermodynamics of the PLGA particles, AFM measurements were done in
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air under normal atmospheric conditions, using a Molecular Imaging’s Pico
Plus (pico Scan 2500). Imaging was performed in contact mode using a
force ranging from 1 to 10 nN with triangular silicon nitride gold coated
mounted on cantilevers of spring constant 0.58 N/m. Height and surface
roughness measurements were obtained using a Molecular Imaging
Corporation PicoScan 5.3.3 image analysis software. The slopes of the
retraction force curves in the region, where probe and sample are in
contact, were used to convert the voltage into cantilever deflection. The
conversion of deflection into force was determined by the slope of the
repulsive zone of the force curve. The cantilever was used to measure the
forces of interaction with hydrophobic surfaces. The AFM images were
taken in contact mode to check the existence of two parameters related to
hydrophobicity: contrast of friction and contact curves. The samples were
prepared by placing a drop of the PLGA suspension in distilled water,
previously dried on mica sheets properly cleavage. Then, the sample is
allowed to dry to ambient temperature to ensure a good grip on the particles
on mica sheets. All the experiments were performed in triplicate.

2.2.3. Insulin loading

In order to determine the protein loading, 20 mg of insulin-loaded PLGA
particles were added to 100 uL of acetonitrile, and the mixture was vortexed
for 5 min. Then 1.4 mL of a 0.01 M HCI solution was added and vortexed for
2 min. After centrifugation at 5000 rpm at 4 °C + 0.5 °C for 20 min, the
supernatant was filtered through a 0.45 pm Millipore filter for RP-HPLC
analysis (Kumar et al., 2007; Hamishehkar et al., 2009). The amount of
insulin loaded was determined at 214 nm.

Protein loading to PLGA particles was expressed in terms of insulin
entrapment efficiency (EE) (%) [(incorporated insulin (mg) / total insulin
(mg)) x 100] and insulin loading (%) [(incorporated insulin (mg) / particles
(mg)) x 100].

The normal distribution of each continuous variable was assessed by using
the Shapiro-Wilk test. A factorial analysis of the variance was performed to
determine the effect on the entrapment efficiency of the: i) amount of
polymer used, and the pH of the PVA solution when SEV was followed; and,
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ii) effect of the type of focusing fluid, environmental ionic strength, and pH of
the PVA solution when FF was used. The Leven test was used for the
analysis of the homogeneity of the variance. Data with p < 0.05 was
considered as significant.

Insulin loading was also qualitatively investigated by circular dichroism (CD)
and fluorescence spectroscopy (tertiary structure) analyses. Both
techniques were further used to determine the stability of insulin after the
loading process. The secondary structure of insulin in PLGA was
investigated by a Jasco CD-2095 circular dichroism detector (Jasco, Tokyo,
Japan). The Jasco CD-2095 is a commercially available detector specifically
designed for the on-line monitoring of circular dichroism at a fixed
wavelength. The detector has an Hg-Xe lamp and can be used for CD
detection in the 220-420 nm UV wavelength range. Insulin unloaded- and
insulin-loaded PLGA particles were dissolved in 0.01M HCI. The final
concentration of insulin in the samples was 0.1 mg/mL.

The fluorescence measurements were performed with an F-2500
fluorospectrophotometer (Hitachi, America). The excitation wavelength was
set at 276 nm while emission intensities were scanned from 290 to 450 nm.
The splits of excitation and emission were 10 nm (Yong et al., 2009).
Finally, the spectra were shown as a result of the average of 3
measurements.

2.2.4. In vitro insulin release from PLGA particles

Insulin release from PLGA particles was performed by using PBS (pH = 7.4
+ 0.1) as the release medium and following the dialysis bag method
(Sahana et al., 2008; Arias et al., 2009). The bags were soaked in PBS for 2
h before use. The dialysis bag (cutoff 12-14000 Da; Spectrum®
Spectra/Por® 6 dialysis membrane tubing, USA) retained the PLGA
particles, but allowed the free protein to diffuse into the dissolution medium.
Insulin-loaded PLGA particles were redispersed in 1 mL of PBS, and placed
into the dialysis bags with the two ends fixed by clamps. The bags were
then placed in a glass beaker containing 39 mL of PBS, which were shake
at 100 rpm (shaker water bath; Selecta S.A., Spain) at 37.0 = 0.5 °C. Under
these conditions, the release experiments were performed in triplicate. At
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prefixed time intervals, 1 mL of the medium was withdrawn and analyzed for
insulin content. An equal volume of PBS, kept at the same temperature,
was added after sample withdrawal to ensure the sink conditions. The
insulin content was quantified using the validated RP-HPLC method.

3. Results and Discussion
3.1. Particles geometry

All the formulations of insulin-loaded PLGA particles were of spherical shape
and present a smooth surface. Interestingly, the preparation procedure did
not seem to influence the final morphology and surface characteristics of the
particles. Figure 1 shows an example of SEM photographs of the particles
(formulations SEV-4 and FF-12).

\
Accv ' Spot Magn D&t WD
16.0 kv @0l 4640 SE 128 FFINSULIN

il PLGA prepared by FF

a%)

PLGA prepared by SEV

UnderSize(%)

20

0.010 0.100 1.000 10.00 100.0 1000 3000

Diameter (um)

Figure 1. Scanning electron microscopy photographs of insulin-loaded PLGA particles
obtained by SEV-4 (a) and FF-12 (b). (c) Histogram of particle size distribution of
insulin-loaded PLGA particles obtained by SEV and FF

The size (mean diameter + S.D.) of the formulations is shown in table 2.
Compared to FF, smaller sizes were obtained following SEV. This result
was confirmed by the statistical analysis of the data, which shows
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statistically significant differences between the average particle size of the
formulations prepared by both SEV and FF (F1,12 = 13.8229; p = 0.0034).

However, the FF technique allows obtaining clearly a more narrow size
distribution (figure 1c). We considered the geometric standard deviation
(GSD) of the particle size (expressed in absolute value) to determine the
variability of the geometric diameters of the particles. Ideally, the GSD value
should be close to 1. GSD values between 1.2 and 1.3 are also generally
associated to monodisperse samples (Luque et al., 2009). As shown in
table 2, the SEVM formulations showed GSD values near 2 and, therefore,
these sample could not be considered monodisperse. In contrast, all the
formulations prepared by FF showed GSD values = 1.1, confirming the high
homogeneity in size of these samples.

. Megn GSD Insulin loading
Formulation partlcle CV (%) (©m) %) CV (%) EE (%) CV (%)
size (pm)
SEVM-1 1.03+0.84 61.46 1.65 0.53+0.01 1.89 53.87 +1.54 2.86
SEVM-2 1.04 £0.85 75.10 1.70 0.57 £0.02 3.51 57.58 £ 2.02 3.51
SEVM-3 0.49£0.31 80.66 1.99 2.85+0.03 1.05 59.52 + 0.52 0.89
SEVM-4 0.48 £ 0.36 80.26 1.98 2.92+0.04 1.36 61.27 + 0.64 1.05
FF-1 1.32+0.14 10.21 111 3.32+0.06 1.81 69.82+1.23 1.76
FF-2 1.37+£0.13 10.18 1.11 3.80+0.17 4.47 79.90 + 3.52 4.41
FF-3 1.26+£0.11 8.40 1.08 3.53+0.08 2.26 74.30 £ 1.69 2.28
FF-4 1.27 £0.12 8.67 1.09 3.99+0.10 251 83.96 + 2.11 2.52
FF-5 1.31+£0.11 9.31 1.10 3.86 £ 0.06 1.55 81.16 + 1.35 1.66
FF-6 1.20+£0.14 11.62 1.18 4.08 +0.03 0.73 85.71 + 0.55 0.65
FF-7 1.21+0.15 12.56 1.13 4.12+0.03 0.72 86.62 + 0.53 0.61
FF-8 1.28+0.12 9.36 1.10 4.29+0.02 0.46 90.19 + 0.32 0.36
FF-9 1.20+£0.14 11.50 1.18 4.54 +0.04 0.88 95.37 £ 0.75 0.79
FF-10 1.21+£0.14 11.21 1.17 4.60+0.01 0.21 96.64 + 0.21 0.21
FF-11 1.32+0.17 12.47 1.13 4.68 +0.02 0.43 98.39 + 0.32 0.33
FF-12 1.23+0.11 9.38 1.10 4.74 +0.01 0.21 98.95+0.21 0.21

Table 2. Mean patrticle size (um), insulin loading (%), and insulin entrapment efficiency
(%) of the insulin-loaded PLGA particles prepared by SEV or FF.
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3.2. Electrokinetic characterization

We start our investigation establishing the effect of pH on the zeta potential,
¢, of the insulin-loaded and non-loaded PLGA particles. Figures 2a and 2b
show the evolution of { as a function of pH of the PLGA particles prepared
by SEV, and FF, respectively. Note that { values are negative for the whole
pH interval investigated and that they rise in absolute value as the pH
increases. This negative surface charge has been previously associated to
both the ionization of weak acid groups of the polymer (presumably
carboxylic end groups), and to dissociated end molecules of the
polysorbate surfactant Tween® 80 used in the formulation that remain
adsorbed on the PLGA surface even after the cleaning procedure
(Teixeira et al., 2005; Musumeci et al., 2006; Okassa et al., 2007; Holgado
et al., 2009). The increasingly negative values and charge density may be
explainable by the effect of increasing OH™ ion concentration in the solution,
which tends to favour a gain in protons. In contrast, a decrease in absolute {
as pH becomes more acidic may be explainable by neutralization of the
negative regions as a result of chemical adsorption of increasing numbers
of H+ ions (Ruiz et al., 2004; Arias et al., 2007; Holgado et al., 2009).

With the aim of confirming these results, we also measured { as a function
of KNO3z concentration at a constant pH = 6. { values are negative for the
whole ionic strength interval investigated and they fall in absolute value as
the KNOj3 concentration increases, due to the double-layer compression
(figures 2c and 2d). The counterions accumulate closer to the particle
surface, such that the double layer shrinks as concentration increases. This
leads to a lower electrical potential in the shear plane (or slip surface) that
limits the { value (Dillen et al., 2004; Holgado et al., 2009).
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Figure 2. Zeta potential of insulin-loaded and non-loaded PLGA particles prepared
by SEV and FF as a function of pH in the presence of 10° M KNOs (a, and b,
respectively), and as a function of the molar concentration of KNO3 at pH = 6 (c, and
d, respectively). Formulations: non-loaded (#), SEV-1 (m), SEV-2 (o), SEV-3 (e),
SEV-4 (o), FF-1 (m), FF-2 (o), FF-3 (e), FF-4 (o), FF-5 (A), FF-6 (A), FF-7 (V¥),
FF-8 (V), FF-9 (¢), FF-10 (0), FF-11 (»), and FF-12 («)

Interestingly, no significant differences were found between the PLGA
particles formulated by SEV and FF. This suggests that the PLGA particles
formulated are, from an electrokinetic point of view, indistinguishable. In
addition, our results clearly showed how similar are the electrokinetics of
non-loaded PLGA particles and of all the formulations of insulin-loaded
PLGA particles, independently of the preparation procedure. This
demonstrating that insulin was not adsorbed onto the PLGA surface and,
consequently, a very efficient insulin entrapment have led to insulin-loaded
PLGA microparticles which, from an electrokinetic point of view, are
indistinguishable from non-loaded microparticles (Nicoli et al., 2001; Dillen
et al., 2004; Teixeira et al., 2005; Diez and Tros de llarduya, 2006; G6émez-
Gaete et al., 2007). Finally, it is expected that the negative surface charge
will favour the oral absorption of the insulin-loaded PLGA microparticles
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through the intestinal membrane: a more intense interaction with the
enterocytes will take place (Gaumet et al., 2010).

3.3. Surface thermodynamics

AFM consists of a microfabricated cantilever whose deflection is recorded
(usually by laser reflection) as it interacts with a moving substrate. Direct
force measurement can be done by ramping the tip vertically (z axis),
towards and away from the sample. The relative deflection of the cantilever
as the tip approaches makes contact with it, and the removal from the
surface produces a force-distance curve. The change in hysteresis in the
cantilever deflection during the approach and retraction can be associated
to the magnitude and type of forces acting between the two surfaces.

Force is measured in an AFM by collecting a force curve, which is a plot of
cantilever deflection (d.) as a function of the sample position along the z
axis (i.e., towards or away from the probe tip, the z-piezo position). It
assumes a simple relationship between the force (F) and the cantilever
deflection (Hooke's Law):

F = —k-d, )
where K, is the spring constant of the cantilever.

To calculate the hydrophobicity of the samples, we did a comparative study
between insulin-loaded PLGA and polystyrene (a more hydrophobic
polymer used as a reference). The relative values of hidrophobicity (ratio of
the adhesion force probe - particle adhesion force, divided by probe-mica)
allowed us to compare the results for each sample (table 3).

A direct relationship between the adhesion force and the surface free
energy of the particles can be established by the JKR theory (Johnson et
al., 1971):

Fagn = 3/2TRW 2)

where, Faqn is the adhesion force measured in AFM; R is the tip radius, and
W is the thermodynamic work of adhesion. The adhesion force can be
related to the surface free energy of the particles (Waan = AG) by applying
one of the contact mechanic models. Changes in the surface free energy
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manifest themselves in the hydrophobic/hydrophilic character of the
materials.

As it is observed in table 3, all the PLGA formulations were more hydrophilic
than polystyrene (Das et al., 2010). In addition, the PLGA microparticles
formulated by FF exhibited higher hydrophobicity than those obtained
by SEV (hydrophobicity relative values closer to the ones of
polystyrene). It could be explained by a higher adsorption of hydrophilic
PVA molecules onto PLGA microparticles prepared by SEV, which
tends to reduce the hydrophobic character of PLGA (Sahoo et al., 2002).
This is the consequence of the higher concentration of PVA used in the
formulation of PLGA microparticles by SEV.

Adhesion force (nm) || Relative values

Polystyrene 50.2+0.10 0.33
SEVM-1 129 +0.20 0.85
SEVM-2 131 +0.25 0.86
SEVM-3 133 +£0.22 0.88
SEVM-4 132 £0.24 0.87
FF-1 103.25 +0.15 0.68
FF-2 102.36 +0.19 0.67
FF-3 101.50 £ 0.22 0.66
FF-4 103.54 +0.21 0.68
FF-5 105.25 £ 0.24 0.69
FF-6 101.99 £0.29 0.67
FF-7 104.84 £ 0.27 0.69
FF-8 105.28 £ 0.24 0.69
FF-9 103.62 £ 0.11 0.68
FF-10 104.87 £ 0.16 0.69
FF-11 105.73+0.18 0.69
FF-12 104.3 £0.20 0.68

Table 3. Relative values of hydrophobicity of the PLGA formulations as a function of the
preparation procedure (SEV or FF) (The adhesion force of probe-mica was 151.8 nm).

Hence, it can be concluded that SEV allows obtaining a slightly smaller
particle size than FF. However, the formulations prepared by SEV exhibited
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a wider size distribution and were more hydrophilic. All these properties
(size, size distribution, surface charge and surface thermodynamics) are
expected to determine the oral absorption of the formulations (Gaumet et
al., 2010). Despite each kind of formulation must be considered different, it
is believed that a decrease in the gastrointestinal uptake of protein-loaded
microparticles should occur in more hydrophilic materials (Hillery and
Florence, 1996). Thus, the formulation of insulin-loaded PLGA
microparticles could improve the oral absorption of insulin. In any case,
further studies on cellular uptake are needed to clarify the biological fate of
these formulations.

3.4. Insulin loading

As can be observed in table 2, the insulin entrapment efficiency (%) is much
higher when PLGA microparticles are prepared by FF. We also determined
the effect of the synthesis conditions (polymer concentration in the organic
phase, and the pH of the PVA solution) on the mean drug content of the
particles prepared by SEV. It was expected that the polymer concentration
will influence the particle size and the protein loading (Budhian el al., 2007).
Basic pHs in the PVA solution are intended to improve insulin loading by
minimizing the insulin leakage from the polymer droplet (Kawashima et al.,
1999). A factorial analysis of variance was carried out to define these
effects. The effect of the amount of PLGA (F(, gy = 36.67, p < 0.001), and
the pH of the PVA solution (F, sy = 12.48, p = 0.008) on the entrapment
efficiency were statistically significant. However, no significant interaction
between both factors was observed (F(, gy = 1.6, p = 0.242). This indicates
that the effect of the PLGA concentration was independent of the influence
of the PVA solution pH on the insulin loading.

Regarding the insulin-loaded PLGA microparticles formulated by SEV, the
protein entrapment efficiency was clearly affected by the PLGA
concentration in the organic phase: insulin entrapment raised as the
polymer concentration was increased (protein:polymer ratio 1:20 vs. 1:100).
It has been pointed out that higher PLGA concentrations determine an
increase in the viscosity of the organic phase, which difficult the diffusion
resistance of insulin from the organic phase to the aqueous phase
(Manchanda et al., 2010). A similar effect was observed when fixing a basic

179



Micro y Nanotecnologia de produccion de sistemas portadores de actives: FF vs. EED

pH in the PVA solution: higher insulin entrapment was the consequence of a
strong electrostatic interaction between the positively charged insulin and
the negative PLGA surface (Kawashima et al. 1999).

Similarly, we also investigated the effect of the formulation conditions on the
insulin loading into PLGA microparticles prepared by FF. These are the pH
and ionic strength of the focusing fluid, and the pH of the PVA solution in
the collected bath. All the formulations were prepared by using a 1 % (w/v)
polymer concentration. Table 2 shows a positive effect on the protein
loading when the pH and ionic strength of the focusing fluid, and the pH of
the PVA solution were increased. The factorial analysis of variance of our
results proved the existence of a statistically significant effect of each
variable on insulin loading: pH of the focusing fluid (F (2, 26y = 290.85, p <
0.001), ionic strength of the focusing fluid (F (1, 26y = 47.10, p < 0.001), and
pH of the PVA solution (F (1, 26) = 92.48, p < 0.001).

It is well-known that the pH and the ionic strength of the aqueous medium
can significantly affect the solubility of insulin (Lakhiari and Muller, 2004).
When a basic pH is fixed in the focusing fluid, insulin became less
hydrosoluble (Leo et al., 1998, Kawashima et al., 1999, Pinto-Reis et al.,
2007). It is expected that a high ionic strength in the focusing fluid will also
decrease the solubility of insulin, due to the loss of the hydrated shell and
the reduction in the surface charge (Fan et al., 2006). Hence, in order to
prevent insulin diffusion from the focusing fluid and to improve its
entrapment into PLGA, it is necessary to fix a high ionic strength and a basic
pH in the focusing fluid.

It was also observed that the effect of the pH of the PVA solution on the
insulin loading strongly depends on the composition of the focusing fluid
(Fe2, 26) = 49.767, p < 0.001). It can been observed in figure 3 that when the
pH of the PVA solution was increased from 6.5 to 9.0, the entrapment
efficiency rises up to 13.70 %, 4.84 % and 0.93 % when water, PBS of pH =
7.4, and PBS of pH = 9.0 were used as focusing fluids, respectively.
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Figure 3. Influence of the type of focusing fluid on the effect of the pH of
the PVA solution on the insulin entrapment efficiency into PLGA.

Additionally, Figure 4 shows that compared to water as focusing fluid, when
the pH of the focusing fluid is 9.0 and the pH of the PVA solution is 9.0, the
entrapment efficiency is increased in 19.36 %. Under the same conditions, a
higher increase in the insulin entrapment efficiency was achieved (= 34.44
%) when the pH of the PVA solution was 6.5. Previous studies (Leo et
al.,1998) have demonstrated that the use of basic pHs enhances the
entrapment efficiency. This increment is less important when the pH of the
focusing fluid and the pH of the PVA solution are closer.
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Figure 4. Influence of the pH of the PVA solution on the effect of the type
of focusing fluid on the insulin entrapment efficiency into PLGA.
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Nevertheless, the highest insulin entrapment efficiency was obtained when
the pH of the focusing fluid and the pH of the PVA solution were fixed to 9.0.
In addition, no significant differences were determined between the pH and
the ionic strength of the focusing fluid (F (», 35 = 0.736, p = 0.608), and
between the ionic strength of the focusing fluid and the pH of the PVA
solution (F (2, 36y = 0.736, p = 0.608). This indicating that the effect of the pH
of the focusing fluid, and the pH of the PVA solution on the insulin loading
were not influenced by the ionic strength of the focusing fluid.

Finally, the synthesis procedure clearly influenced insulin loading into
PLGA microparticles (table 2). The statistical comparison between
SEV-3 and SEV-4 with FF-1 and FF-2 formulations demonstrated that
FF induced a greater insulin entrapment into the PLGA matrix (Fus=
14407.6818; p < 0.0001). Compared to SEV, insulin-loaded PLGA
microparticles are obtained in one step and, hence, the probability of protein
loss during the synthesis procedure is kept to a very minimum. Similar
results have been observed when using lidocaine as model drug (Holgado
et al., 2008).

3.5. Qualitative determination of insulin loading into PLGA microparticles by
CD-HPLC and fluorescence spectroscopy

The differences in absorption between left- and right-handed circularly
polarized light in circular dichroism (CD) can be considered as a
manifestation of the optical activity of biomacromolecules and, thus,
provides information on asymmetries in their structure. CD is an absorption
difference that can be only observed in an absorption band (Bloemendal et
al., 2005). CD spectra provide both qualitative and quantitative information
on protein conformations (Shelma et al., 2010). Hence, changes in the
secondary and tertiary structures of insulin could be detected by using
a far-UVv (200-260nm) and near-UV (250-320nm) circular dichroism
(CD) detector, respectively. In addition, the changes in the secondary
structure of insulin (detected by CD monitoring) can be compared with
reference spectra of standard structures (Tatford et al., 2004). In view of this
fact, we will be able to determine if protein loading into PLGA micropatrticles
could alter the protein structure and, as a consequence, compromise its in
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vivo activity. With that aim, native insulin and insulin-loaded PLGA
microparticles were dissolved in 0.01M HCI prior to CD characterization.

Figure 5 shows the CD spectra of insulin prior and after loading into PLGA.
Native insulin shows a spectrum with a minimum at 222 nm, characteristic
of proteins with a-helical structure. No significant differences in the CD
spectra (shape and intensity) were observed within native insulin and the
insulin loaded into PLGA. Very small changes could be associated to
interferences of the polymeric material in the analysis. Hence, it can be
concluded that the secondary structure of insulin (a-helical structure) was
not altered when loaded into PLGA microparticles, independently of the
synthesis procedure (Emami et al., 2009).
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Figure 5. CD spectra of insulin and insulin-loaded PLGA microparticles (formulations
SEV-4, and FF-12).

In order to verify the very promising results coming from near-Uv CD
characterization, the tertiary structure of insulin was investigated by

183



Micro y Nanotecnologia de produccion de sistemas portadores de actives: FF vs. EED

fluorescence spectroscopy. Insulin consists of 51 amino acids which
determine a unique tertiary and secondary polypeptide structure. In the
UV region ranging from 260 nm to 300 nm, the major absorbance of
insulin comes from its tyrosine residues (Al14, A19, B16, and B26). The
fluorescence spectrum of the biomacromolecule depends on the
tyrosine residues and their chemical environment. No significant
modifications were ascertained between the fluorescence spectra of
insulin and insulin-loaded PLGA microparticles, independently of the
synthesis procedure (figure 6). The data indicated that the tyrosine
amino acids were located at the external side of the polypeptide, which
was in agreement with the near-UVv CD data (G6k and Olgaz, 2004;
Sajeesh and Sharma, 2006, Nyambura et al., 2009, Yong et al., 2009).
Finally, the less intense fluorescence band of insulin when it is loaded
into PLGA by SEVM could be due to the smaller protein loading
achieved following this methodology, compared to FF.

Insulin

Insulin-loaded
into PLGA (FF)

Insulin-loaded

into PLGA (SEVM) \

Fluorescence intensity

A (nm)

Figure 6. Fluorescence spectra of insulin and insulin-loaded PLGA microparticles
(formulations SEV-4, and FF-12).

3.6. Release of insulin from PLGA particles

Drug release from biodegradable PLGA microparticles could occur through
different mechanisms, such as: i) drug desorption from the polymeric
surface; ii) surface and/or bulk degradation/disintegration; iii) drug diffusion
through the polymeric matrix (or through the polymer wall if it is
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encapsulated into a microcapsule; and, v) combined drug diffusion through
the polymeric matrix and drug release from polymer degradation (Sahana et
al, 2008). Additionally, several characteristics of the polymer (e.g., size,
molecular weight, hydrophobicity/hydrophilicity, and the nature of the
polymer used) have been reported to influence the release profile. This
could justify the controversy between the drug release profiles reported in
literature. Hence, it is very difficult to establish a general trend.

Independently of the synthesis procedure, insulin release from PLGA
microparticles follows a biphasic profile probably due to diffusion-cum-
degradation mediated processes. The very rapid initial phase is supposed
to be the consequence of the loss of insulin located closer to the PLGA
surface (protein diffusion through the external side of the polymeric matrix)
(Ibrahim et al., 2005). Regarding the insulin release during the slower
phase, it may result from polymer degradation, from drug diffusion through
the polymeric matrix, or both (Mittal et al., 2007; Holgado et al., 2008).

Some differences were observed between the insulin release profiles from
PLGA microparticles prepared by SEV (figure 7) and FF (figure 8).
Interestingly, faster release rates were achieved by formulations obtained
by SEV: first, an early rapid release of around 60 % takes place within = 2 h,
while the remaining 40 % was slowly liberated during the next 4 h. This
biphasic release pattern has been previously reported (Niwa et al., 1993).
On the opposite, the insulin release rate from PLGA microparticles obtained
by FF was slower: = 30 % was released within = 2 h, while the remaining 70
% was liberated during the next 8 h (formulations FF-1 to FF-4), 16 h
(formulations FF-5 to FF-8), or 28 h (formulations FF-9 to FF-12).
Interestingly, when the amount of insulin loaded into the polymeric
microparticles obtained by FF rises, the release rate decreased.
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Figure 7. Insulin release (%) from PLGA microparticles prepared by SEV as a
function of the incubation time in PBS (pH = 7.4 #0.1).
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Figure 8. Insulin release (%) from PLGA microparticles prepared by FF as a
function of the incubation time in PBS (pH = 7.4 #0.1).

These differences could be due to a stronger interaction between the
lipophilic centre of the insulin macromolecule and the more hydrophobic
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PLGA microparticles obtained by FF that induces a slower drug release
process (Gibaud et al., 1998; McCarron et al., 2000; Arias et al., 2007;
Holgado et al., 2008). Furthermore, it is expected that the much higher
hydrophobic character of the PLGA microparticles obtained by FF could
contribute to a decrease in the degradation rate and, hence, in insulin
release (Mittal et al., 2007; Holgado et al., 2008). We could also suggest a
minor contribution to the slower release rate observed in PLGA
microparticles formulated by FF: the particle size. The slight increase in size
when PLGA is formulated by FF could reduce the surface area/volume ratio
of the polymer, leading to a decreased buffer penetration into the polymer,
and to slower insulin (Mittal et al., 2007; Holgado et al., 2008; Sahana et al.,
2008; Corrigan and Li, 2009).

In relation to the release behaviours, no important different have been found
by using the two technologies, considering the same conditions for the
production (SEV-1-4, FF-1-4).

As it can be seen in figures 7 and 8, all formulations assayed show the well-
known biphasic release profiles. Nevertheless, it must be considered that
FF technologies allow obtaining microparticles with a more narrow size
distribution and high loading of insulin. That means that systems produced
by FF are able to exert a greater control over the release behaviours of the
particles (FF-1-4).

Moreover, considering only FF technologies (FF- 5-12), it has been found a
very important influence of the pH of the production medium over the
content of insulin. In this sense, formulations obtained at pH 5.5-6 show an
EE of 70-84%, while systems elaborated at pH 7-9 implicates an increase of
EE up to 90%. Furthermore, despite this higher content of insulin, greater
controls in the release behaviour have been found in these systems.

Further studies must be realized in order to investigate the release kinetics
of these systems and the in vivo behaviours.

4. Conclusions

In this work, we have established the most significant differences between
the formulation of insulin-loaded PLGA microparticles by the well-known
solvent evaporation method (SEV) and the very promising flow focusing
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(FF) technigue. Compared to SEV, it is found that the FF technology
allowed the formulation of insulin-loaded PLGA microparticles with a more
narrow size distribution. In addition, the PLGA microparticles obtained by FF
showed a higher insulin loading, and a slower insulin release profile. These
interesting results could be the consequence of the formulation technique,
the particle size, and the hydrophobic/hydrophilic character of PLGA.
Further investigations are encouraged to establish the in vitro and in vivo
behaviour of insulin-loaded PLGA microparticles formulated by FF.
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Segun se indico al principio de esta memoria, el principal objetivo de la
presente Tesis Doctoral ha sido disefiar, producir, evaluar y optimizar
sistemas micro- y nano-particulares de naturaleza polimérica (PLGA)
conteniendo moléculas activas de naturaleza diversa, realizando un estudio
comparativo entre una tecnologia considerada como tradicional (SEV) y
una nueva tecnologia basada en microdinamica de fluidos (FF). Para
ello, se plantearon una serie de objetivos parciales organizados por
capitulos. En base a esos objetivos, las conclusiones obtenidas en este
trabajo se exponen siguiendo la misma estructuracion:

l. SYNTHESIS OF LIDOCAINE LOADED PLGA
NANOPARTICLES BY FLOW FOCUSING. EFFECTS
ON DRUG LOADING AND RELEASE PROPERTIES.

Segun se indicé, se hace un estudio comparativo entre dos técnicas
de microencapsulacion de lidocaina (farmaco tomado a modo de
ejemplo), con objeto de optimizar las condiciones de produccién en
funcion de la caracterizacion de los sistemas obtenidos. Se
concluye lo siguiente:

1. Método de cuantificacién de lidocaina: el método por HPLC
empleado es lineal, exacto y preciso en el intervalo de
concentraciones 0.05 — 0.5 mg/mL

2. Estudios de compatibilidad:

a. Los analisis térmicos determinan la compatibilidad entre
los diferentes PLGA empleados y la lidocaina, en las
condiciones empleadas para elaborar las
microparticulas.

b. Los termogramas y los difractogramas de rayos X han
revelado que (l) no se ha producido interacciéon alguna
entre los componentes, y (I) el farmaco no experimenta
ningdn cambio en su estado fisico, con ninguna de las
dos técnicas ensayadas.

Estas circunstancias permiten concluir que ambos métodos (SEV y
FF) proporcionan sistemas multiparticulares de PLGA que no
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implican ningan tipo de alteracion en la estructura de la molécula
usada a modo de farmaco modelo.
3. Estudio comparativo del tamafio medio de las microparticulas:

a. Considerando la capacidad de las dos técnicas de
microencapsulacion ensayadas para ejercer un control
sobre el tamafio medio de las microparticulas obtenidas,
los resultados son concluyentes: FF produce
microesferas con un grado de dispersion mucho menor
gue SEV. En todos los lotes producidos, la reduccién del
grado de dispersion mediante Flow Focusing ha sido
superior al 60 %.

b. En ningldn caso se han encontrado influencias sobre el
tamafio medio de las microparticulas ni en funcién del
peso molecular de los polimeros usados ni en funcién
de la presencia o no de grupos carboxilicos finales en
las macromoléculas.

4. Estudios de rendimiento: FF permite un grado de incorporacion
del farmaco extraordinariamente superior en comparacion con SEV
(incrementos superiores al 1000 %). Ademds, las influencias que
ejercen los factores de formulacién derivados de las viscosidades
inherentes de los polimeros sobre este parametro son claramente
inferiores en el caso de FF.

5. Estudios de liberacion in vitro:

a. Microparticulas obtenidas por FF ejercen un mayor
control en la velocidad de liberacion que SEV, debido
tanto a la mayor hidrofobicidad exhibida por la superficie
del sistema como por su mayor control ejercido sobre la
dispersién del tamafio.

b. Independientemente de la técnica, los polimeros mas
hidrofilicos aceleran el proceso de liberacion.
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Il PROTEIN-LOADED PLGA MICROPARTICLES
ENGINEERED BY FLOW FOCUSING:
PHYSICOCHEMICAL CHARACTERIZATION  AND
PROTEIN DETECTION BY REVERSED-PHASE HPLC.

Este capitulo esta centrado en el estudio de la aplicacion de la
tecnologia FF en la produccion de microparticulas peptidicas,
empleando para ello GFP, con la intencién de controlar y optimizar
las condiciones implicadas en la microdindmica de fluidos y su
aplicabilidad en biomoléculas peptidicas de uso terapéutico. Las
conlcusiones obtenidas son:

1. Cuantificacién de GFP: se ha desarrollado y validado un método
por RP-HPLC para cuantificar el péptido en las microparticulas, no
recogido en bibliografia hasta el momento. Este método permite
reducir el tiempo y el coste del analisis.

2. Se ha aplicado un modelo tedrico para predecir los tamafios de
microparticulas de GFP obtenidos por FF, habiéndose obtenido una
muy buena correlacion entre los valores teéricos y los reales,
independientemente de la carga de péptido.

3. Las microparticulas obtenidas estan en el rango coloidal, son
monodispersas y presentan un elevado contenido en GFP (> 90 %),
independientemente de las condiciones de produccion.

4. Las propiedades electrocinéticas de las microparticulas
demuestran que el péptido GFP esta localizado en el interior del
sistema polimérico, no habiendo adsorcion de la proteina en la
superficie de las particulas. Esta circunstancia es independiente de
las condiciones de produccién ensayadas.

5. La produccién de las microparticulas por FF implica la obtenciéon
de sistemas cuyas propiedades de geometria (tamafio, superficie,
morfologia) no se ven alteradas por la incorporacion de GFP.
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Il DEVELOPMENT AND VALIDATION OF A REVERSE-
PHASE LIQUID CHROMATOGRAPHIC METHOD FOR
THE ASSAY OF INSULIN IN PLGA MICROSPHERES.

Como se indico, en este capitulo, el desarrollo de una técnica
analitica para evaluar y cuantificar los sistemas micro- y nano-
particulares de insulina se hizo esencial por los problemas que
planteaban los métodos recogidos en bibliografia, principalmente
referidos a dafios en el equipo, debido a la elevada concentracién
de sales, y duracion del método.

Se ha desarrollado y validado un método de HPLC adecuado para
el control de calidad de microparticulas poliméricas (PLGA) de
insulina, empleando medios sin sales y, por tanto, mas compatibles
tanto con los equipos analiticos como con los péptidos a emplear.

Se ha demostrando que el método es selectivo, lineal, exacto y
preciso en un intervalo del 50 — 150% de la concentracién de
insulina ensayada (100 pg/mL) con un coeficiente de correlaciéon
superior a 0,998. Los limites de deteccion y cuantificacién fueron
0.025 y 0.5 pg/mL, respectivamente, valores en una concentracion
mucho mas baja que la esperada en los sistemas.

Se ha acortado de forma significativa el tiempo de retencién de la
insulina con respecto al método propuesto por la USP,
permitiéndose reducir los tiempos de retencién de 20 minutos a 5.5
minutos (esto supone una reduccién de mas de 350 %)
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V. INSULIN-LOADED PLGA MICROPARTICLES: FLOW
FOCUSING VS. SOLVENT
EXTRACTION/EVAPORATION METHODOLOGIES.

Los datos de microdindmica de fluidos (Capitulo II) han permitido
producir sistemas multiparticulares de insulina por medio de FF,
habiéndose optimizado un método analitico alternativo del péptido
(Capitulo IlIl). En este capitulo se ha llevado a cabo una
comparativa entre esta tecnologia y la SEV, con objeto de
seleccionar las mejores condiciones de produccion de estos
sistemas referidos a control de tamafios, rendimientos vy
caracterizacion tecnoldgica y biofarmacéutica. Ademas, se ha
estudiado la integridad del péptido tras su encapsulacién en las
condiciones de formulacion ensayadas.

1. Las dos técnicas ensayadas generan particulas con superficies
lisas y formas esféricas. Presentando unos potenciales
electrocinéticos en funcién del pH y de la fuerza iénica siempre
negativos. El estudio electrocinético comparativo entre particulas
cargadas de insulina y no cargadas, revel6 que la insulina no se
adsorbe en la superficie de las particulas. Hecho ya demostrado en
el capitulo Il

2. Tamafno medio de los sistemas particulares:

a. Segun los resultados obtenidos en el capitulo Il, se han
reproducido las condiciones tedricas de
microencapsulacion generandose particulas de insulina
de los tamafios previstos.

b. Tanto FF como SEV genera sistemas dentro de la
escala nanomeétrica, siendo algo superiores las de FF;
no obstante, FF ejerce un control mucho mas
exhaustivo sobre el tamafio medio (de nuevo se obtiene
una reduccion de la polidispersion superior al 60%).

3. Contenido en insulina:
3.1. Manteniendo las mismas condiciones de pH en las
soluciones implicadas en la sintesis de Ilas
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microparticulas, FF genera sistemas con el doble de
carga de insulina que SEV.

3.2. Respecto a la optimizacion con FF, se consigue
aumentar la eficacia de encapsulaciéon aumentando el
pH tanto del liquido enfocante como de la solucién de
PVA de recogida. En este sentido, se ha demostrado
gue cuanto mas parecidos sean estos valores basicos
de pH, mayor el la tasa de incorporacion del péptido.

4. Integridad de la insulina:

a. Los datos de los espectros de dicroismo circular
determinan que la insulina mantiene su estructura
secundaria tras el proceso al que se ve sometida para
su nanoencapsulacion, tanto por SEV como por FF.

b. Los estudios de fluorescencia llevados a cabo
demuestran que la estructura terciaria de la proteina
también se mantiene intacta, en ambos casos.

5. Los estudios de liberacién in vitro muestran un perfil
bifasico. La primera etapa implica una liberacién inmediata
debido a la difusion de la insulina mas superficial de la
matriz polimérica (el FF muestra un menor efecto burst que
el SEV: 60% de insulina en 3 h (SEV) vs. 2 h (FF)). La etapa
lenta, como consecuencia de la degradacién de la matriz
polimérica, libera la insulina total del sistema en
aproximadamente 8 h para SEV frente a 36 h para FF. El
mayor control sobre la liberacién de las formulaciones
elaboradas por FF se debe una mayor interacciéon entre la
insulina y el polimero, a la mayor hidrofobicidad de los
sistemas y al mayor control sobre la dispersion de tamafio.
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Con la intencion de extraer una conclusién global a modo de
resumen, se puede sefialar que la tecnologia FF aplicada a la
produccién de sistemas multiparticulares permite ejercer un mayor
control sobre el tamafio medio de las particulas, ademas de un
mayor valor de atrapamiento de los activos empleados y un mayor
control sobre los procesos de liberacién, en comparaciéon con una
tecnologia tradicional como el SEV. Esto es asi tanto para el caso
de lidocaina, empleado a modo de ejemplo, como de moléculas
peptidicas, GFP e insulina, también entendidas como ejemplos de
biomoléculas.

Ademas, se han desarrollado y validado dos nuevos métodos
analiticos para cuantificar por HPLC tanto GFP como insulina. En el
caso de GFP, no habia ningun método por HPLC recogido en la
bibliografia, y en el caso de insulina, el método validado mejora el
recogido en USP tanto en manejabilidad como en rapidez.
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