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Inmaculada Salcedo Bellido

Abstract

This thesis has been carried out in the Andalusian research group CTS-946
“Pharmaceutical development of natural resources”. Pharmaceutical development of
new materials based on nanoscale interactions between natural occurring excipients is
one of the research lines of the group. This is the research area in which this thesis work
was focused, and in particular, in the preparation, and characterization of
chitosan/montmorillonite nanocomposites to be used as nanocarriers of oxytetracycline.
With this aim, it was firstly reviewed the possibility of obtaining hybrid nanostructures
materials with the selected polysaccharide and phyllosilicate and their expected
biopharmaceutical and technological features. Then, we proceed to prepare
nanocomposites by solid-liquid contact of the components and to evaluate the resulting
structure and possible interaction mechanism. The obtained results showed that chitosan
was effectively retained by montmorillonite particles through cation exchange. The new
material showed good biocompatibility in the range 5-500 pg/ml, being also able to
effectively stimulate cell proliferation over Caco-2 cell cultures. The nanocomposite
also possessed mucoadhesive properties and low solubility in acidic environment
compared to chitosan alone. These properties led to consider the nanocomposite as a
functional excipient able to be coupled with drugs with limited bioavailability due to
poor adhesion and deficient transport across the gastrointestinal tract. Oxytetracycline
was selected as model drug to evaluate this possibility. The drug was loaded into the
nanocomposite and the resulting structure characterized by means of X-Ray diffraction,
thermal analysis and FTIR. The results demonstrated that the antibiotic was effectively
retained into the nanocomposite structure. The loaded nanocomposite maintained its
biocompatibility and overcame the bioavailability uncertainties of the drug. The amount
of drug permeated across the cellular substrates also increased as a result of the
interaction with the nanocomposite. It can be concluded that by interaction between
chitosan and montmorillonite it was possible to obtain a new material that could be use

to improve the transport of oxytetracycline across gastrointestinal epithelial cells.







CAPITULOI.

Introduccidén






Inmaculada Salcedo Bellido

1.1- NANOTECNOLOGIA Y NANOMEDICINA

La nanotecnologia puede definirse como la investigacion y desarrollo tecnologico a
escala atomica, molecular o macromolecular (1-100 nm) con el objetivo de proporcionar
un conocimiento fundamental de los fendmenos y materiales a esta escala (nanoescala)
asi como de crear y utilizar estructuras, dispositivos y sistemas con propiedades y
funcionalidades novedosas que aparecen asociadas a estos tamafios. La nanomedicina es
una rama de la nanotecnologia centrada en las aplicaciones en salud, incluyendo
nanodiagndstico, nanoterapéutica y nanomateriales para aplicaciones farmacéuticas
(NIH, 2006). Los sistemas nanotecnologicos de interés farmacéutico que han sido

desarrollados hasta ahora aparecen resumidos en la Tabla I.1.

Tabla I.1. Sistemas nanotecnologicos de liberacion de farmacos (modificado de Devadasu et al., 2013).

Sistemas de liberacion Descripcion

Micelas Disposicion en monocapas esféricas de moléculas polares
Vesiculas Estructura en bicapas cerradas uni o multilaminares
Dendrimeros Moléculas en ramificaciones esféricas

Nanocristales Cristales de farmacos con o sin excipientes funcionales
Nanoparticulas Huecas o rellenas. Naturaleza inorganica, polimérica, lipidica,...
Nanoemulsiones Normalmente de fase externa acuosa

SNEDDS Sistemas de liberacion de farmacos auto nanoemulsionables
Liposomas Vesiculas lipidicas

Niosomas Vesiculas formadas por lipidos no idénicos

Esfingosomas Vesiculas formadas por lipidos basadas en esfingosina
Polimerosomas Vesiculas de dendrimeros

Conjugados de polimero-farmaco Féarmaco unido covalentemente a un polimero o transportador

peptidico o nutriente/antigeno/anticuerpo
Nanoparticulas basadas en proteinas ~ Farmacos unidos a proteinas de tamafio nanométrico
Nanoparticulas solido-lipidicas Nanoparticulas lipidicas
Virosomas Vacuna formada por capsulas virales y lipidicas

Entre los materiales usados para el desarrollo de los sistemas de liberacion descritos

destacan cuatro grupos de excipientes (Figura I.1).
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Micelas

Nanoparticulas
. - - Cremophor EL .
Tensioactivos ~ Polisorbatos Liposomas
Nanoemulsiones
Nanoemulsiones
o - - Fosfolipidos Nanopal-'tict}las solidas
Lipidos e lipidicas
Liposomas

St p— Conjugados de polimeros
= LMOIITINEON MEIHRE Nanoparticulas
“z - Polimeros sintéticos :
Micelas
FeEl e - Copolimeros Dendrimeros
- Homopolimeros Polimerosomas
Materiales - Basados en carbono Nanoparticulas
. o - Metalicos Nanotubos_
Inorganicos - Silicatos Nanocomposites

Figura I. 1. Materiales y sistemas nanotecnologicos de empleo en liberacién modificada
(modificado de Devadasu et al., 2013).

Entre los materiales utilizados, destacan los polimeros naturales y sintéticos, empleados
para la obtencion de nanoparticulas y nanoconjugados con firmacos, entre otras
aplicaciones, asi como los materiales inorganicos naturales y sintéticos para la
elaboracidon de nanocomposites, nanoparticulas y nanotubos. Estos son precisamente los

materiales usados en esta tesis, por lo que centraremos en ellos nuestra atencion.

1.1.1- NANOCOMPOSITES POLIMERO/ARCILLA

Tanto los polimeros como las arcillas son excipientes usados con frecuencia en la
elaboracion de medicamentos (Aguzzi et al., 2007; Lopez-Galindo et al., 2007, 2011;
Viseras et al., 2007). Su uso en la elaboracién de nanocomposites ha sido asimismo
propuesto por distintos autores (LeBaron et al., 1999; Sinha Ray y Okamoto, 2003;
Sinha Ray y Bousmina, 2005; Paul y Roberson, 2008; Pavlidou y Papaspyrides, 2008;

Viseras et al., 2008a, 2010). Los nanocomposites pueden definirse como materiales
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“hibridos” (organico/inorgénico) en los cuales al menos una de las dimensiones de los
componentes es de tamafio nanométrico (Giannelis, 1996). En el caso de los
nanocomposites polimero/arcilla (NCPA), las particulas de arcilla o las capas que las
forman presentan una dimension nanométrica y se encuentran dispersas en el seno de
una matriz polimérica. Los polimeros usados para obtener estos nanocomposites
incluyen homopolimeros, copolimeros, polimeros ramificados, reticulados y mezclas de
dos o mas tipos. Cuando el nanocomposite que se desarrolla esta destinado al uso en
nanomedicina, resultan particularmente interesantes los polimeros biodegradables, tales
como alcohol polivinilico, poli (e-caprolactona), polilacticidas, poli(3-hidroxi butirato),
poli(butilensuccionato), poliésteres alifaticos, derivados de la celulosa como
hidroxipropil-metil-celulosa y etilcelulosa, polisacaridos como amidas, alginatos,
quitosano y gelatina, etc. Respecto del componente inorgénico, han sido propuestos
tanto arcillas naturales (como la hectorita, montmorillonita, saponita y otras esmectitas),
o modificadas (6rgano-esmectitas y esmectitas pilareadas) como “arcillas™ sintéticas
(fluorohectorita, fluoromica, hidrotalcita....). En todos los casos, el desarrollo de un
nanocomposite polimero/arcilla tiene como objetivo la obtencion de un producto con
propiedades “especiales”, como resultado de los cambios significativos (“nanoefectos”)
que aparecen respecto de las propiedades que presentan los componentes por separado.
Cabe destacar los cambios inducidos en las propiedades mecéanicas (Okada et al., 1988,
1990; Kojima et al., 1993; Giannelis, 1996; Giannelis et al., 1998; Le Baron et al., 1999;
Vaia et al., 1999; Biswas ¢ Sinha Ray, 2001; Kawasumi, 2004; Huang et al., 2012;
Mahmoudian et al., 2012; Chieruzzi et al., 2013), térmicas (Dabrowski et al., 1993;
Yano et al., 1993; Messersmith y Giannelis, 1995; Giannelis, 1998; Gilman et al.,
1998a, 2000; Gilman, 1999; Bharadwj, 2001; Xu et al., 2001; Chrissafis y Bikiaris,
2011; Silvestre et al., 2011; Nafaji et al., 2012; Naguib et al., 2012; Qian et al., 2012) y
aquellas relativas a la biodegradabilidad del polimero (Sinha Ray et al., 2002).

1.1.1.1- PREPARACION DE NCPA

Hasta el momento se han desarrollado cuatro métodos principales para producir
nanocomposites polimero/arcilla: (1) sintesis in situ, (2) intercalacion de polimeros en
solucion, (3) intercalacion por polimerizacion in situ y (4) intercalacion por fusion

(Alexandre y Dubois, 2000; Dennis et al., 2001; Fornes et al., 2001; Kim et al., 2001;
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Beyer, 2002). Otros métodos han sido propuestos, pero su empleo no se ha
generalizado, tal como la posibilidad de obtener nanocomposites polimero/arcilla
mediante irradiacion con microondas (Kabiri et al., 2007; El-Sherif y El-Masry, 2011).

Centraremos nuestra atencion en los cuatro métodos mas usuales.

SINTESIS IN SITU

En esta técnica la arcilla es sintetizada directamente en la matriz polimérica, utilizando
una soluciéon polimérica que contiene un precursor de la arcilla (por ejemplo 6xido de
magnesio, fluoruro de litio, etc). Presenta la limitacién de que la arcilla debe formarse a
temperaturas relativamente bajas, para evitar la degradacion de la matriz polimérica, lo
que limita el nimero de arcillas sintéticas que pueden formarse (hectorita). Asimismo,
se produce una tendencia al colapso de las capas de arcilla durante el crecimiento de los

cristales (Pavlidou y Papaspyrides, 2008).

INTERCALACION DE POLIMEROS EN SOLUCION

Este método implica la puesta en contacto en un medio liquido de las cadenas de
polimero disueltas y las particulas de arcilla en suspension (Figura 1.2), de tal manera
que las cadenas poliméricas penetran en los estratos de la arcilla desplazando el medio.
Cuando se elimina el solvente, la estructura del silicato se mantiene y da lugar a un

hibrido polimero/arcilla (Sinha Ray y Okamoto, 2003).

1
\ ////

dearcilla |:L2 N ==
; Intercalacion del polimero Evapor_acién del diSOIvente_y
en la lamina de la arcilla obtencion del nanocomposite

Suspension

Solucién polimérica

Figura 1.2. Proceso de intercalacion en solucion (modificada de Pavlidou y Papaspyrides, 2008).
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INTERCALACION POR POLIMERIZACION IN SITU

En este caso las particulas de arcilla son hidratadas en soluciones del monoémero (o
directamente en un mondmero liquido) de modo que la formacion del polimero tiene
lugar en los espacios interlaminares de arcilla. La polimerizacion se puede inducir por

calor, radiaciones o presencia de un iniciador (Sinha Ray y Okamoto, 2003).

INTERCALACION POR FUSION

Este método consiste en la mezcla de la arcilla con una matriz polimérica y posterior
fusion de la matriz (Figura 1. 3). En tales condiciones, si la afinidad de los componentes
es adecuada, las cadenas poliméricas difunden en el espacio interlaminar para formar un

nanocomposite (Alexandre y Dubois, 2000; Solomon et al., 2001; Beyer, 2002).

:JN H, Mezcla y
C_/\L/’D fusion
NH NH! //

Arcilla pilareada ~ Polimero

. Nanocomposite
termoplastico P

Figura 1.3. Proceso de intercalacion por fusion (modificada de Beyer, 2002).

Respecto de los métodos anteriores, permite evitar el uso de disolventes, habiendo sido
usado para la intercalacion de polimeros que no permitian la polimerizacion in situ o
mediante solucion (Sinha Ray y Okamoto, 2003), no obstante tiene la limitacion de que

el polimero debe resistir la temperatura de fusion sin degradarse.

1.1.1.2- ESTRUCTURA DE NCPA

Cualquier mezcla polimero/arcilla no da lugar a un nanocomposite, como es obvio,
siendo necesario que en el compuesto resultante, los estratos de arcilla se encuentren
dispersos uniformemente en la matriz polimérica (Figura 1.4). En mezclas fisicas
convencionales entre los componentes organicos e inorganicos no se produce un cambio
significativo de las propiedades, e incluso disminuye la resistencia mecanica como
resultado de la tendencia de las particulas de arcilla a formar agregados (Giannelis,

1996). Podemos decir que en ausencia nanoefectos, el compuesto presenta propiedades

11



(Alexandre y Dubois, 2000;

analogas o incluso inferiores a las de los componentes por separado (Alexandre y

Dubois, 2000; Beyer, 2002). Cuando, en cambio, se forma un nanocomposite, cabe
distinguir dos situaciones; nanocomposites intercalados y exfoliados, en funcion del

método de preparacion y de los componentes utilizados
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Beyer, 2002).
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Figura 1.4. Tipos de mezclas polimero/arcilla (modificado de Le Baron, 1999).

se encuentran interpuestas entre las capas de arcilla, dando como resultado una
repetitiva entre ellas, lo que permite su evaluacion por difraccion de rayos X (Giannelis,

La estructura intercalada (Figura 1.5) aparece cuando una o varias cadenas poliméricas
estructura ordenada en capas alternas de polimero y arcilla, con una distancia definida y

1996; Alexandre y Dubois, 2000;

Beyer, 2002).

12

Figura 1.5. Esquema de un nanocomposite intercalado (verde: arcilla; rojo: cadenas poliméricas)
(modificado de Pavlidou e Papaspyrides, 2008).
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Cuando, en cambio la intercalacion de las cadenas de polimero da lugar a la separacion
o exfoliacion de las capas de arcilla, el nanocomposite obtenido se dice que es exfoliado

(Figura 1.6) (Dennis et al., 2001).

Figura 1.6. Esquema de un nanocomposite exfoliado (verde: arcilla; rojo :cadenas poliméricas)
(modificado de Pavlidou y Papaspyrides, 2008).

Los nanocomposites exfoliados poseen propiedades unicas debidas al tamano de las
particulas de arcilla dispersas (en orden de nanémetros) y elevada area superficial. Sin
embargo, no siempre es posible obtener esta morfologia ideal, por la tendencia de las
arcillas a formar estructuras en emparedado. La mayor parte de los nanocomposites
poliméricos encontrados en la literatura presenta estructuras intercaladas o intercaladas-
exfoliadas (Chin et al., 2001). Dado que las particulas de arcilla son muy anisotropas se
puede esperar que tiendan a ordenarse en direcciones preferenciales dentro de la matriz
polimérica.

Las distintas estructuras que aparecen cuando una arcilla y un polimero se interponen
pueden apreciarse con microscopia electronica de transmision y los espaciados entre las
laminas que constituyen las arcillas determinarse por difraccion de rayos X (Figura 1.7)
(LeBaron et al., 1999; Pinnavaia y Beall, 2000; Dennis et al., 2001; Yariv y Cross,
2002; Sinha Ra.y y Okamoto, 2003; Hussain et al., 2006; Mai y Yu, 2006). De esta
forma, una mezcla fisica en la que no se ha formado un nanocomposite presentara
agregados de particulas y patrones de difraccion de rayos X similares a los
correspondientes a la arcilla pura. Cuando las particulas se encuentran exfoliadas, la
imagen de microscopia revela la presencia de particulas individuales sin una orientacion
preferente y en el patron de difraccion de rayos X el pico de la arcilla que nos informa
de la distancia entre laminas desaparece, dado que el angulo 20 es demasiado bajo, para

poder ser registrado. A pesar de esto, en la mayor parte de los casos los nanocomposites

13
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muestran el pico caracteristico del espacio basal de la arcilla (doo;), aunque desplazado
hacia valores menores de 26 en comparacion con el mineral puro. Esto indica que el
espacio basal se incrementa después de la intercalacion de las cadenas poliméricas en el
espacio interlaminar de la arcilla. Hasta hace unos afos se creia que la intercalacion era
una etapa intermedia a la exfoliacion, aunque estudios recientes plantean que la
formacion de un tipo u otro de nanocomposite son independientes (Cho y Paul, 2001;

Fornes et al., 2001; Krishnamoorti, 2007).

Intercalado

Mezcla fisica

Exfoliado

200 nm 200 nm 100 nm

Arcilla pura " Acilla pura B Arcilla pura

...........

"

g ‘._. ..»' s ko]
=l I P 3

., 5
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b= i)
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Mezcla fisica

A .
frassssase”

Intensidad

Intercalado Exfoliado

~
. - Ll

20

v Sé?-sm/ —
ggd?i——;% = IS

Figura 1.7. Esquema de tipos de mezclas polimero/arcilla, con sus correspondientes patrones de
difraccion e imagenes de TEM (modificado de Paul y Robeson, 2008).

1.1.1.3- PROPIEDADES DE NCPA

Como resultado de la interacciones a escala nanométrica entre las particulas de arcilla y
las cadenas poliméricas, los nanocomposites muestran propiedades mejoradas en
comparacion con los componentes individuales puros, incluso con poca cantidad de
arcilla dispersa (Sinha Ray y Okamoto, 2003). En particular, han sido estudiados los
efectos mecanicos, térmicos, de inflamabilidad y de biodegradabilidad de estos

nanocomposites.

14
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La interposicion de las particulas de arcilla en la matriz polimérica aumenta su
resistencia mecanica (modulo de Young). Esto sucede también en mezclas fisicas
convencionales, pero mientras que en ellas el aumento de la resistencia mecanica es
lineal con la cantidad de particulas incorporadas, en los nanocomposites, una pequefia
presencia de arcilla induce un gran aumento en la resistencia (Sinha Ray y Okamoto,
2003). Por ejemplo, en un nanocomposite de montmorillonita al 6% en peso con
celulosa el modulo de Young aumenta un 40% (Mahmoudian et al., 2012). Esta
tendencia general presenta, no obstante, alguna excepcion como muestra la Figura 1.8,
en la que la intercalacion de la arcilla reduce la reticulacion del polimero, reduciendo

con ello el mdédulo de Young (Bharadwaj et al., 2002).
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Figura 1.8. Efecto de la intercalacion de arcilla en el modulo de Young de una matriz de polimero
reticulado (modificado de Bharadwaj et al., 2002).

La formacién de un nanocomposite de polimero y arcilla hace asimismo aumentar la
resistencia a la traccion, en comparacion con el polimero puro (Pongjanyakul et al.,
2005a), aunque este efecto no siempre se produce (Pavlidou y Papaspyrides, 2008).

Por otra parte, la incorporacion de particulas de arcilla a una matriz polimérica produce
un aumento de la estabilidad térmica del polimero (Zhu et al., 2001; Sinha Ray y
Okamoto, 2003; Sinha Ray y Bousima, 2005; Fukushima et al., 2012a; Mahmoudian et
al., 2012) y una disminucion de la inflamabilidad (Porter et al., 2000; Beyer, 2002; Tai
et al.,, 2012). En ambos casos, la baja capacidad calorifica de la arcilla produce una
disminucioén de la transferencia de energia del nanocomposite, respecto del polimero
puro (Gilman et al., 1998b; Porter et al., 2000; Beyer, 2002; Kashiwagi et al., 2004;
Preston et al., 2004). Son también numerosos los estudios en los que se ha puesto de

manifiesto el interés que presentan los nanocomposites de polimero y arcilla para
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reducir la permeabilidad a los gases de las matrices poliméricas. Aparentemente, la
presencia de las particulas de arcilla aumenta la tortuosidad del camino que debe
atravesar el gas, retrasando el progreso de las moléculas a través de la matriz (Figura
[.9) (Burnside y Giannelis, 1995; Messersmith y Giannelis, 1995; Giannelis, 1996;
Fredrickson y Bicerano, 1999; LeBaron et al., 1999; Lange y Wyser, 2003; Sinha Ray et
al., 2003a; Sinha Ray y Okamoto, 2003; Cushen et al., 2012; Huang et al., 2012;
Scarfato et al., 2012).

=
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Figura 1.9. Modelo de paso de una molécula de gas a través de una
matriz de nanocomposite polimero/arcilla.

Mientras que las propiedades anteriores no parecen de interés inmediato para el empleo
en salud de los nanocomposites polimero/arcilla, si tiene una importancia evidente el
efecto que sobre la biodegradabilidad de las matrices poliméricas tiene la incorporacioén
de particulas de arcilla. En efecto, los nanocomposites polimero/arcilla presentan, en
general, una biodegradacion mas rdpida que los polimeros de partida (Tetto et al.,
1999). Para explicar este efecto se han propuesto distintos mecanismos, tales como el
efecto catalitico de los grupos silanoles presentes en la arcilla (Sinha Ray et al., 2003b),
el mayor tiempo de retencion de oxigeno en la matriz como resultado de su tortuosidad,
y la consiguiente oxidacion (Pandey et al., 2005) o la entrada de agua atraida por las
particulas hidréfilicas de arcilla y la hidrdlisis consiguiente del polimero (Fukushima et
al., 2012b). Algunos autores han puesto de manifiesto que en ocasiones el
nanocomposite presenta una menor biodegradabilidad (Lee et al., 2002) y de nuevo, la
tortuosidad impuesta por las particulas de arcilla ha sido usada para explicar en este
caso que la difusion de microorganismos responsables de la degradacion se vea
dificultada. Otros autores explican la disminucion de la biodegradabilidad como
resultado del aumento del efecto barrera al incorporar la arcilla (Maiti et al., 2003). Esta

explicacion parece estar en contraste con los resultados de Sinha Ray y colaboradores
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(Sinha Ray et al., 2003b), que han revelado una relacion entre la biodegradabilidad y la
propiedad de barrera. De los resultados contradictorios citados, es evidente que un
aumento o una reduccion de la biodegradabilidad de los nanocomposites sigue siendo
objeto de debate y que, hasta la fecha no podemos aceptar las conclusiones sobre los
mecanismos que regulan estos procesos, en base a los datos de la literatura (Pandey et
al., 2005).

Si interesante resulta el estudio de biodegradabilidad de los nanocomposites, no menos
lo es el efecto en las propiedades reoldgicas de sistemas poliméricos fluidos (Sinha Ray
y Okamoto, 2003; Sinha Ray y Bousima, 2005; Yilmaz et al., 2011). La incorporacion
de arcillas a los geles poliméricos modifica las propiedades reoldgicas a través de
diversos mecanismos que dependen de las caracteristicas fisicoquimicas del polimero y
de la arcilla (Khunawattanakul et al., 2008). Generalmente es aceptado que, cuando se
forma un nanocomposite, la viscosidad aumenta al aumentar la concentraciéon de la
arcilla (Cho y Paul, 2001). En general, el tipo de interaccion entre las cadenas
poliméricas y las particulas de arcilla ha sido usado para explicar los cambios en la
reologia observados. Asi, la incorporacion de arcilla a geles de alginato sddico
(polimero anidnico) o quitosano (polimero catidnico) aumenta la viscosidad y determina
cambios en el comportamiento, que pasa de newtoniano a pseudoplastico con tixotropia,
mientras que cuando el gel polimérico es de hidroxipropilmetilcelulosa o de poloxamero
407 (ambos no i6nicos) el efecto es mucho menos intenso (Pongjanyakul et al., 2005b;
Khunawattanakul et al., 2008). La sinergia entre los polimeros i6nicos y las particulas
de arcilla ha sido explicada como consecuencia de las interacciones entre los grupos
silandles de la arcilla y grupos cargados del polimero, e incluso de enlaces de tipo
“cross-linking” entre el acido gluconico del alginato y los cationes de intercambio de la

arcilla (Pongjanyakul et al., 2005b).

1.1.1.4- INTERES DE LOS NCPA EN LIBERACION MODIFICADA
DE FARMACOS

Tanto las arcillas como los polimeros son materiales frecuentemente usados en el campo
farmacéutico (Peppas et al., 2001; Aguzzi et al., 2007; Lopez-Galindo et al., 2007,
2011; Viseras et al., 2007), aunque en la mayoria de los casos su empleo requiere de

alguna modificacion para mejorar sus prestaciones. En este sentido, la preparacion de
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nanocomposites puede mejorar las propiedades de la arcilla (estabilidad en sistemas
dispersos, propiedad de intercambio i6nico) y del polimero (propiedades mecénicas,
reologicas, capacidad de hinchamiento, formaciéon de peliculas, bioadhesion y
permeabilidad celular, etc.) (Viseras et al., 2008a, 2010).

La estabilidad de sistemas dispersos de arcillas aumenta en presencia de polimeros, a
través de distintos mecanismos que incluyen la disminucion del potencial
electrocinético de las particulas de solido arcilloso, la formacion de barreras fisicas en
torno a las particulas, evitando su contacto o incluso atrapandolas en el seno del gel
polimérico. Estos efectos, que aparecen incluso con mezclas convencionales, se
expresan de forma muy intensa en nanocomposites, como ha sido estudiado con
sistemas hibridos de laponita (una arcilla sintética) y copolimeros de polietilenglicol y
poliamina (Takahashi et al., 2005). Asimismo, la formacién de nanocomposites aumenta
la afinidad de las arcillas por moléculas neutras o anidnicas, que a priori no son
retenidas por el solido inorgénico dada su carga neta negativa (An y Dultz, 2007). Es
inherente a este efecto, el interés de los nanocomposites de polimeros y arcillas en la
retencion y posterior liberacion de farmacos anidnicos o neutros, aun cuando hasta la
fecha hayan sido usados fundamentalmente para retencién de contaminantes presentes
en suelos o agua (Chatterjee et al.,, 2010; Futalan et al., 2011; Celis et al., 2012;
Lertsutthiwong et al., 2012; Peng et al., 2012). También resulta evidente que el aumento
de la tortuosidad de las matrices poliméricas como resultado de la presencia de
particulas de arcilla puede resultar de gran interés como mecanismo de control de la
liberacion de farmacos (Cojocariu et al., 2012). No es de extrafar, por tanto, que de
forma especifica distintos autores hayan puesto de manifiesto las posibilidades que
presentan los nanocomposites en liberacion modificada de farmacos, siendo objeto de
revisiones detalladas (Viseras et al., 2008a, 2010; De Sousa Rodrigues et al., 2013).

Con mucha diferencia, la montmorillonita ha sido el mineral de la arcilla mas usado
para obtener nanocomposites en vistas a la liberaciéon modificada de farmacos. Con este
mineral se han preparado nanocomposites con polimeros como el quitosano y acido
polilactico (Nanda et al., 2011), acido poli (D, L-lactico-co-acido glicolico) (Dong y
Feng, 2005; Sun et al., 2008; Si-Shen et al., 2009), poliuretano (Silva et al., 2009), entre
otros. Entre los farmacos estudiados se incluyen agentes antitumorales como el
paclitaxel y docetaxel (Dong y Feng, 2005; Sun et al., 2008; Feng et al., 2009) o el 5-

fluorouracilo (Pradosh et al., 2011), corticoides como la dexametasona (Silva et al.,
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2009), antiinflamatorios como el diclofenaco (Kevadiya et al., 2011), beta-bloqueantes
como el propranolol (Pongjanyakul y Rongthon, 2010), opioides como el fentanilo
(Forsgren et al., 2010) o incluso farmacos polipeptidicos (Wang et al., 2010; Li et al.,
2012; Li et al., 2012). En general, los perfiles de liberacion de los farmacos cargados en
dichos nanocomposites presentan patrones que permiten hablar de liberacion
prolongada y en ocasiones una reduccion del efecto “Burst” inicial (Pongjanyakul y
Rongthon, 2010). Junto con estas mejoras biofarmacéuticas, los nanocomposites
polimero/montmorillonita confieren a los sistemas propiedades afiadidas como una
reduccion de dafios en el ADN y disminucion de la toxicidad asociada a la
quimioterapia (Kevadiya et al., 2011; Pradosh et al., 2011) o un aumento de la captacién
celular (Dong y Feng, 2005) que puede ser explicado por la interacciones especificas
entre los cationes presentes en las particulas de arcilla y los grupos hidroxilos de las
proteinas de membrana (Lavie y Stotzky, 1986). Algunos autores han desarrollado
nanocomposites de quitosano y montmorillonita en presencia de un polianion
(tripolifosfato) que induce el entrecruzamiento de las cadenas poliméricas dando lugar a
formas esféricas tipo “beads” estables y capaces de retener de forma efectiva el farmaco
estudiado (oxofloxacina) (Hua et al., 2010).

En el grupo de investigacion CTS-946, del que formo parte, se han desarrollado
nanocomposites con quitosano y distintas arcillas capaces de retener el adcido 5-amino
salicilico, de empleo en el tratamiento de la enfermedad inflamatoria intestinal,
encontrando un efecto sinérgico entre los componentes mineral y polisacaridico de tal
manera que aumenta la capacidad de retener moléculas de farmaco y el control de la
liberacion en un medio acido (Aguzzi et al., 2010).

Junto con el desarrollo de matrices de liberaciéon modificada basadas en nanocomposites
polimero/arcilla, son numerosos los estudios en los que estos sistemas han sido
desarrollados para el recubrimiento pelicular de formas sélidas en vistas a la
modificacion de la liberacion del farmaco, usando polisacaridos como el quitosano o el
alginato y arcillas naturales (Pongjanyakul y Puttipipatkhachom, 2007, 2009; Depan et
al., 2009; Pongjanyakul, 2009; Pongjanyakul y Suksri, 2009; Ward et al., 2010;
Khunawattanakul et al., 2010, 2011).

En numerosas ocasiones, la arcilla natural se modifica antes de ser incorporada al
nanocomposite (Lee y Chen, 2004; Shaikh et al., 2007; Martin et al., 2011), con objeto

de mejorar las prestaciones del sistema (carga de polimero, dosis de farmaco retenido,
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propiedades mecanicas, de adhesion y de liberacion). Otras veces la arcilla natural se
sustituye por una sintética, como la Cloisita 20A (Campbell et al., 2008) o las
denominadas ““arcillas anionicas” o “layered double hydroxides” (Tammaro et al., 2009;
Cao et al., 2011). Estas arcillas sintéticas han sido usadas tanto para el desarrollo de
matrices de liberacion modificada, como para la obtenciéon de peliculas de
recubrimiento (Wang et al., 2007) o el aumento de la solubilidad de farmacos poco

solubles (Ha y Xanthos, 2011).
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1.2.- QUITOSANO

1.2.1.- ESTRUCTURA'Y PROPIEDADES

El quitosano (Figura 1.10) o poli-b(1,4)-2-amino-2-deoxi-D-glucosido, es una sustancia
obtenida a partir de la quitina, poli(N-acetil-D-glucosamina), un polisacarido natural
que se encuentra en el esqueleto de crusticeos y de insectos y en la pared celular de
hongos y microorganismos (Muzzarelli et al., 2012). Descubierto en 1859 por Rouget,
al poner en contacto la quitina con una solucion caliente de hidroxido de potasio que
daba lugar a una sustancia soluble en 4cidos inorganicos, fue inicialmente denominada
“quitina modificada”. Su denominacion actual (quitosano) fue propuesta afos mas tarde
(1894) por Hoppe-Seyler, como recogen distintas revisiones de esta sustancia (Diaz

Crespin, 2002).

CHOH CH¥OH
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Figura 1.10. Estructura quimica de la quitina (izquierda) y del quitosano (derecha).

La quitina es tratada con soluciones alcalinas y acidas para eliminar distintas impurezas
y finalmente se procede a su desacetilacion para obtener quitosano (Figura I.11) (Felt et
al., 1998). Las condiciones usadas para la desacetilacion son las que van a determinar el
peso molecular del quitosano que varia entre 10 y 1000 KDa, asi como el grado de
desacetilacion que suele encontrarse en el intervalo 70-90% (Sonia y Sharma et al.,
2011). Los grupos funcionales en la estructura del quitosano son los grupos hidroxilos y
las aminas libres en posicion C, de los residuos de glucosa de la cadena polisacaridica.
Dependiendo del grado de desacetilacion resulta posible controlar el nimero de grupos
aminicos responsables de la elevada reactividad del quitosano (Arizmendi-Morquecho

etal., 2013).

21



Capitulo I. Introduccién
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Figura 1.11. Esquema de obtencion del quitosano.

El quitosano es insoluble en disolventes organicos y soluciones acuosas neutras o
alcalinas, siendo soluble en soluciones acuosas débilmente acidas, donde los grupos
aminicos libres estdn protonados (Chandy y Sharma, 1990). A diferencia de la quitina,
forma sales con acidos organicos como el acético, lactico o glutdmico e inorganicos
diluidos como el acido clorhidrico. La solubilidad acuosa del quitosano depende de su
grado de desacetilacion, asi como del pK,, pH y fuerza ionica del medio (Illum, 1998).
La administracion oral de quitosano no produce efectos adversos (Hirano et al., 1990;
Dornish et al., 1997; Kim et al., 2001; Gades y Stern, 2003; Naito et al., 2007; Tapola et
al., 2008), no obstante se haya puesto de manifiesto que su administraciéon oral
prolongada puede dar lugar a algunos efectos secundarios leves como nauseas y
estrefiimiento (Ylitalo et al., 2002). El quitosano no presenta potencial carcinogénico
(Takashashi et al., 2009) ni genotéxico (Ishiara et al., 2002; Lee et al., 2004). Algunos
autores han planteado posibles efectos citotoxicos relacionados con el tipo de sal y peso
molecular del polimero (Carrefio-Goémez y Duncan, 1997; Chae et al., 2005; Opanasopit
et al., 2007). Su uso en implantes no da lugar a reacciones adversas especificas (Aspden
et al., 1997; Calvo et al., 1997; Rao y Sharma, 1997; Tomihata e Ikada, 1997; Haffejee
et al., 2001; VandeVord et al. 2002; Azab et al., 2007).

El quitosano es biocompatible, dado que tanto la N-acetilglucosamina como la

glucosamina que constituyen su estructura estan presentes en la mayoria de las
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macromoléculas de los 6rganos y tejidos del cuerpo humano (Peh et al., 2000; Chatelet
et al., 2001). En el organismo, el quitosano se biodegrada por hidrolisis de los enlaces
glucosidicos que unen las unidades de N-acetilglucosamina y glucosamina (Chae et al.,
2005) para dar lugar a productos de degradacion no toxicos que son eliminados
(Nordtveit et al., 1996). La velocidad de degradacion disminuye al aumentar el grado de
desacetilacion (Baxter et al., 1992; Paradossi et al., 1992; Raymond et al., 1993; Lee y
Ha, 1995; Kamiyama et al., 1999). Tras su administracion oral es degradado por las
enzimas de la flora bacteriana presente en el colon (Illum et al., 1998).

El quitosano muestra actividad antibacteriana frente a determinados microorganismos
tales como Escherichia coli entre otros (Muzzarelli et al., 1990; Bowler et al., 2001;
Morimoto et al., 2002) debida a la interaccion de los grupos aminos protonados del
polimero con las cargas negativas presentes en las paredes celulares bacterianas que dan
lugar a cambios en la permeabilidad de membrana (accion bactericida) junto con la
inhibicion de la sintesis de ARNm y proteinas por la union del quitosano al ADN
(accidn bacteriostatica) (Sudarshan et al., 1992; Chung et al., 2008). Asimismo, es capaz
de inhibir el crecimiento de una gran variedad de hongos y levaduras (Aimin et al.,

1999).

1.2.2.- INTERES EN TECNOLOGIA FARMACEUTICA

Como hemos indicado, el quitosano es biodegradable, biocompatible y presenta baja
toxicidad. A estas propiedades, comunes con otros polisacaridos, se une la presencia de
grupos amino protonables en su estructura capaces de interaccionar tanto con el sistema
bioldgico en contacto con el medicamento al que aporta su capacidad mucoadhesiva,
como con otros componentes del medicamento para obtener complejos farmaco-
quitosano. Ambas propiedades tienen interés en el desarrollo de sistemas de liberacion
modificada de farmacos.

El quitosano posee buenas propiedades mucoadhesivas (Lehr et al., 1992; Needleman y
Smales, 1995; Rillosi y Buckton, 1995; He et al., 1998; Shimoda et al., 2001; Kockisch
et al., 2003). Esta caracteristica hace que sea un candidato excelente para liberacion
prolongada de farmacos ya que, aumenta el tiempo de permanencia del principio activo
en la mucosa (Soane et al., 1999), disminuyendo la necesidad de administrar varias
dosis. La propiedades mucoadhesivas del quitosano se deben a la interaccion entre sus

grupos aminos protonados y la capa de mucus, constituida por una glicoproteina
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llamada mucina, que presenta cargas negativas debido a la presencia de residuos del
acido sialico (Figura 1.12) (Bernkop-Schniirch y Diinnhaupt, 2012). En la mucoadhesion
influyen una serie de factores relacionados con el quitosano como la formacion de
puentes de hidrégeno (Shipper et al., 1997), la elevada densidad de carga (Dodane et al.,
1999), la longitud de las cadenas poliméricas y su penetracion en la mucina (Schipper et
al., 1996; Kotz¢ et al., 1998), la flexibilidad de las cadenas (He et al., 1998) o la baja
capacidad de difusion del polimero a través de la mucosa (Luefen et al., 1994). El pH
también influye en las propiedades mucoadhesivas del quitosano, ya que a pH &cido se
encuentra cargado positivamente y, por tanto, es capaz de interaccionar con el mucus.
También se ha descrito que un elevado peso molecular favorece la mucoadhesion ya
que cuanto mas largas son las cadenas poliméricas, mas penetran en la capa de mucina
(Borchard et al., 1996 ; Majithiya et al., 2005). Se puede concluir que un quitosano de
elevado peso molecular y grado de desacetilacion favorece la mucoadhesion. No
obstante, el quitosano presenta una baja cohesividad que limita su mucoadhesion, que
puede mejorarse aumentando su caracter cationico mediante trimetilacion de los grupos
amino (Jintapattanakit et al., 2009) o tiolacién que induce la formacion de enlaces
disulfuros entre las cadenas del polimero y las glicoproteinas del mucus mejorando

tanto sus propiedades mucoadhesivas como (Werle et al., 2008).

Cadenas de quitosano

Figura 1.12. Mecanismos de interaccion con mucina: 1) penetracion de cadenas; 2) no covalente (i6nica y
puentes de hidrogeno) y covalente (enlaces disulfuro)(de Bravo-Osuna et al., 2007).

La liberacion modificada de farmacos ionizables puede lograrse mediante interaccion
electrostatica con excipientes que se comporten como polielectrolitos. De esta forma, se
plantea la interaccidon de farmacos catidonicos con polimeros anidnicos (poliacrilatos,
carboximetilcelulosa sodica o alginato) o bien de firmacos anidnicos con polimeros
catidnicos, entre los que destaca el quitosano. Con esta premisa, el quitosano ha sido

empleado para modificar la liberacion de naproxeno (Bhise et al., 2008). La interaccion
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se hace incluso muy fuerte cuando el firmaco tiene caracter polianidnico, como el
enoxaparin (Sun et al., 2010). Como resultado de la interaccion se obtienen sistemas
que, no obstante, presentan deficiencias mecanicas. Para evitarlo, algunos autores han
planteado la formacion de complejos de quitosano con polimeros anidnicos (alginato,
pectina, carragenano, etc) para obtener matrices estables de elevada densidad desde las
que el farmaco se libera por mecanismos de difusion y/o erosion (Tapia et al., 2005).
Otros autores, en lugar de usar polimeros anidnicos, emplean aniones inorganicos
multivalentes como el tripolifosfato (Figura 1.13) para conseguir matrices estables

(Shavi et al., 2011).

Tripolifosfato (TPP)

Quitosano

Figura 1.13. (a) Formacion del complejo quitosano-tripolifosfato mediante gelificacion ionotropica y (b)
Imagen SEM. Bar, 200nm (Chavez de Paz et al., 2011).

En virtud de estas interacciones el quitosano ha sido empleado para el desarrollo de
sistemas de liberacion modificada de farmacos administrados por distintas vias. La
administracion de farmacos a través de la mucosa bucal proporciona ventajas con
respecto a la via oral ya que se evita el efecto de primer paso hepatico, el medio acido
del estomago y la actividad proteolitica del resto del tracto gastrointestinal (Punitha y
Girish, 2010). Un sistema ideal de administracién bucal debe permanecer en la boca
durante el tiempo suficiente para que el farmaco se libere de forma controlada. El
desarrollo de estos sistemas para el tratamiento de patologias como la periodontitis,

estomatitis, infecciones fingicas y virales, entre otras, implica el uso de polimeros como
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el quitosano y sus derivados, que son candidatos excelentes, dadas sus propiedades
mucoadhesivas (comunes con otros polisacaridos) y capacidad de favorecer la
penetracion de farmacos (Aiedeh y Taha, 2001). Con estas premisas, se han
desarrollado comprimidos bucales de quitosano con diacetato de clorhexidina capaces
de liberar el fdrmaco de forma prolongada (Sinha et al., 2004). Asimismo, se han
preparado peliculas de quitosano entrecruzado con tripolifosfato para el control de la
liberacion de gluconato de clorhexidina (Patel y Amiji, 1996). El quitosano de bajo peso
molecular ha sido usado con éxito para la administracion parenteral de distintos
principios activos (Kamiyama et al., 1996; Vasishtha et al., 1997; Richardson et al.,
1999). Uno de los principales inconvenientes de la administraciéon de gotas oftalmicas
es su escaso tiempo de permanencia en el ojo. Para subsanar este problema, se han
disefiado distintos hidrogeles, microesferas y nanoparticulas empleando quitosano
(Genta et al., 1997; Fernandez-Urrusuno et al., 1999; De Campos et al., 2001; Fisher et
al., 2010; Gupta y Vyas 2010; Gupta et al., 2010) para la administracion ocular de
diferentes principios activos. Con objeto de aumentar la biodisponibilidad de los
principios activos administrados por via nasal se han disefiado asimismo, sistemas
mucoadhesivos basados en quitosano (Illum et al., 1998; Soane et al., 1999). El
entrecruzamiento de quitosano con glutaraldehido (El-Kamel et al., 2002) y el uso de
derivados del polimero (Sandri et al., 2004) han sido planteados para aumentar la
biodisponibilidad de farmacos administrados por via vaginal. Se han propuesto
microsferas de quitosano incorporadas a un hidrogel de hidroxipropilmetilcelulosa y
carbopol para via rectal (El-Leithy et al., 2010). Asimismo, se han propuesto hidrogeles
para el control de la liberacion por via transdérmica (Tapan Kumar et al., 2012) y
parches transdérmicos (Thein-Han y Stevens, 2004; Viyoch et al., 2005). Con el
objetivo de conseguir una liberacion colon-especifica, se han usado polisacaridos
biodegradables como el quitosano en peliculas de recubrimiento de comprimidos y otras
formas de administracion susceptibles de ser degradadas por las bacterias del colon
(Tozaki et al., 1997, 1999; Macleod et al., 1999; Chourasia y Jain, 2004; Thakral et al.,
2010). Dada la capacidad del quitosano para estimular la producciéon de
inmunoglobulinas (Maeda et al., 1992) ha sido usado en vacunas contra Bordetella
pertussis (Jabbal-Gill et al., 1998), Bacillus anthracis (Bivas-Benita et al., 2003),
diphtheria (Xie et al., 2007) y virus de la gripe (Hasegawa et al., 2007) que se

administran por distintas vias (Van der Lubben et al., 2001; Flood et al., 2010) en forma
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de geles o de nanoparticulas cargadas con el antigeno (Sieval et al., 1998; Des Rieux et
al., 2006, 2007). Para asegurar que mantenga su capacidad mucoadhesiva en el intervalo
de pH del intestino, se emplea el quitosano trimetilado el cual al estar cargado
positivamente independientemente del pH, aumenta el tiempo de contacto del antigeno
con el intestino incrementando su penetracion (Van der Lubben et al., 2001; Van der
Merwe et al., 2004; Sandri et al., 2007; Zhou et al., 2007; Chen et al., 2008;).
Asimismo, el polimero ha sido usado en sistemas de liberacion de plasmidos
(MacLaughlin et al., 1998). Su capacidad para transportar genes se debe a las
interacciones electroestaticas que se establecen entre sus grupos protonados y los grupos
fosfatos del ADN (Figura 1.14) (Duceppe y Tabrizian, 2010) presentando ademas las
ventajas de ser biocompatible y biodegradable (Prabaharan y Mano, 2005) y tener una
baja toxicidad celular (Murata et al., 1997; Roy et al., 1997). Para mejorar su eficacia
de transfeccion de los genes transportados se han llevado a cabo distintas
modificaciones del polimero que incluyen su cuaternizacion (Germershaus et al., 2008),

tiolacion (Zhao et al., 2010) y galactosilacion (Jiang et al., 2010).

@ ® e @
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Quitosano ADN Interaccion electrostatica

Figura 1.14. Interaccion del quitosano con el ADN (de Liu et al., 2011).
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1.3. MONTMORILLONITA

La montmorillonita es un mineral que constituye el componente mayoritario de un tipo
de materiales de interés farmacéutico; las arcillas. Las arcillas han sido usadas en la
elaboracion de medicamentos desde el origen de la Farmacia y siguen siendo un

material de elevado interés en la actualidad.

1.3.1- ARCILLAS

El término “arcilla” deriva del griego “argilos”, cuya raiz (“argos”) significa blanco. El
diccionario de la Real Academia de la Lengua Espafiola (RAE 2001), define arcilla
como: “Tierra finamente dividida, constituida por agregados de silicatos de aluminio
hidratados, que procede de la descomposicion de minerales de aluminio, blanca cuando
es pura y con coloraciones diversas segin las impurezas que contiene”. Profundizando
en su concepto, encontramos dos criterios a tener en cuenta, uno granulométrico o
textural, que define las arcillas como “particulas de dimensiones inferiores a 2 um” y
otro mineralogico que las define como “minerales estratificados o semi-estratificados
hidratados” (Rautureau et al., 2004). El concepto de arcilla ha ido evolucionando a lo
largo del tiempo. El tratado de Georg Bauer (al que se le conocia como Agricola) “De
Natura Fossilium” (1546) define a las arcillas como materiales finos, de
comportamiento plastico, que se endurecen en el horno pero manteniendo su forma.
Siglos después, Grim amplia el concepto definiéndolas como “‘sustancias terrosas y de
grano fino, que presentan comportamiento plastico en presencia de agua, y que estan
formadas fundamentalmente por silice, 6xido de aluminio, agua y cantidades variables
de hierro y metales alcalinos y alcalinotérreos” (Grim, 1968). Posteriormente, Bailey
(Bailey, 1980) y Weaver (Weaver, 1989) manifestaron la dificultad que existe de
combinar los requisitos granulométricos y mineraldgicos en una misma definicion de
arcilla. La comision de nomenclatura de la Asociacion Internacional para el estudio de
arcillas (AIPEA) y de la “Clay Mineral Society” (CMS) han definido a las arcillas como
“un material natural, compuesto principalmente de minerales de pequefo tamafio de
particula (la mayor parte filosilicatos), que es generalmente plastico en presencia de una

cantidad apropiada de agua, y que se endurece al secarse” (Guggenheim y Martin,
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1995). Notese que desde la definicion dada por “Agricola” hasta nuestros dias, la nocién
y concepto de este material ha cambiado relativamente poco, y sigue siendo hoy dia
definido fundamentalmente por sus propiedades y no por su naturaleza.

Puesto que las arcillas estan compuestas principalmente por un grupo de minerales
denominados filosilicatos, muchos autores utilizan la denominacion de “minerales de la
arcilla” para referirse a los filosilicatos (Hurbult y Klein, 1991) y no resulta de extrafiar
que se solapen ambos términos. El Comité de Nomenclatura de la AIPEA utiliza el
término de “minerales de la arcilla” tanto para referirse a los filosilicatos como a otros
materiales presentes en fases minoritarias y coparticipes en las propiedades
fisicoquimicas de la arcilla. Tales minerales se denominan “fases asociadas a los

minerales de la arcilla” e incluyen el cuarzo, feldespato, calcita y dolomita.

1.3.2. FILOSILICATOS

El término filosilicato deriva de la palabra griega phullon, hoja, y de la latina silex,
silice. Estos minerales estdn constituidos esencialmente por estratos tetraédricos y
octaédricos, dispuestos regularmente el uno del otro a lo largo del eje ¢ (Figura I.15).
Los estratos tetraédricos estan formados por tetraedros de SiO4*, en los que un 4tomo
de Si se encuentra en el centro, equidistante de cuatro vértices de O (o grupos OH)
(coordinacion tetraédrica). Los tetraedros estan dispuestos en anillos concatenados de
seis unidades, en el que cada uno comparte tres de sus cuatros vértices. Estos anillos se
repiten indefinidamente, dando lugar a la unidad Si,Os* (Figura 1.16a). La formula
mineral del estrato tetraédrico se completa con grupos OH localizados en el centro de la
mayor parte de los anillos para dar Si,Os(OH)> (Figura 1.16b). Los O no compartidos,
que constituyen los vértices de los tetraedros estan orientados todos en la misma

direccion y la base de todos los tetraedros dispuestas en el mismo plano (Figura 1.16¢).
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Terminologia:

oag o Plano de a&tomos (O, OH, Si).
Zal e Estrato: combinacién de planos individuales de
atomos (ej. estrato tetraédrico).
e Lamina o Paquete: combinaciéon de estratos (ej.
w® lamina TO, estrato tetraédrico y octaédrico
consecutivos).
j o Cristal: combinacion de paquetes o laminas.
¥ p Cystel o Interlamina: espacio entre dos laminas sucesivas.
Puede ser ocupado por agua, iones, moléculas
organicas.
e Espacio basal (d): parametro caracteristico de los
fillosilicatos que deriva de la repeticiéon de los
Interlayer space 1 planos de atomos a distancia regular en los
cristales. Se considera constituido por la suma del
paquete y la interlamina.

Planar (cleavage) face

.
@
Lamella or layer

-

Basal spacing, d

=

Figura 1.15. Estructura general de los filosilicatos.

Para cada capa o estrato tetraédrico, podemos distinguir por tanto tres planos sucesivos
de atomos: un plano de O, representado por las bases de los tetraedros; un plano de
atomos de Si (en el que cada Si se encuentra en el punto de conjuncion de tres O), y un
plano de grupos hidroxilos, en el cual cada OH se encuentra en el 4pice del tetraedro,

directamente por encima de los atomos de Si (Grim, 1968).

Si () O (OH)

Figura 1.16. Estrato tetraédrico.

Algunos atomos de O apicales y los grupos OH del estrato tetraédrico pueden unirse a

. 1 + 2+ + 2+ : iy I :3;
cationes metalicos (AI’", Fe*", Fe’*, Mg™") en coordinacion octaédrica (equidistante de
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O u OH). El estrato octaédrico estd formado de modo que se encuentra constituido por

dos planos de atomos de O u OH (Figura 1.17).

Figura 1.17. Estrato octaédrico.

Con cationes divalentes (Mg”", Fe’) el estrato octaédrico asume la estructura de la
brucita [Mg(OH);], mientras que con cationes trivalentes (A", Fe*") la de la gibbsita
[AI(OH);]. En el primer caso, el cation ocupa todas las posiciones octaédricas
disponibles (3/3) (filosilicatos trioctaédricos), mientras que en el segundo las posiciones
ocupadas son so6lo 2 de 3 (filosilicatos dioctaédricos).

Los estratos tetraédricos (T) y octaédricos (O) se asocian para formar paquetes
estructurales, que pueden ser eléctricamente neutros o presentar una carga negativa,
compensada por cationes no coordinados que se localizan en el espacio interlaminar.
Los principales criterios de clasificacion para los filosilicatos (recomendados por la
AIPEA) se basan en el tipo de apilamiento, tipo de cation en el estrato octaédrico, carga
neta del paquete estructural y tipo de cation (moléculas o agua) en el espacio
interlaminar. Segun estos criterios, se clasifican de acuerdo a los tipos recogidos en la
Tabla 1.2.

Como sustancias naturales, las arcillas nunca estan constituidas por un solo mineral. La
denominacion de la arcilla puede hacerse empleando en nombre del mineral mayoritario
en ella (criterio seguido en el ambito de la mineralogia) o con un nombre que informe
de su calidad farmacéutica (criterio de Farmacopea), aunque en ambos casos no hay que
perder de vista tanto la fase mineral mayoritaria en la sustancia como las fases asociadas
(Lopez Galindo et al., 2007). Con esta premisa, usaremos por sencillez la denominacion
arcilla cuando no sea necesario especificar mas la composicion o calidad de la sustancia

en cuestion.
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Tipo

Material

interlaminar

Subgrupo

Mineral

(ejemplos)

Tabla 1.2. Clasificacion de los filosilicatos de acuerdo con la AIPEA.

Formula mineraldgica

Ninguno o agua Serpentina- Serpentinas Crisotilo ALS1,05(OH),4
Kaolinita Kaolin Kaolinita, Mg;Si,05(OH)4
1:1 (x=0)
Halloysita
Ninguno Talco-Pirofilita Talco Talco Mg;Sis040(OH),
x=0) Pirofilita Pirofilita ALSi4,019(OH),
Saponita, Cay5Siq
Esmectita Saponita Hectorita (Mg 5)Lig5)O;o(OH),nH,O
(x=0.2-0.6) Montmorillonita Montmorillonita,  (Na,Ca)(Al,Mg),(Sis010)(OH),nH,O
Cationes Nontronita
hidratados Vermiculitas Vermiculitas
intercambiables  Vermiculita dioctaédricas dioctaédricas
(x=10.6-0.9) Vermiculitas Vermiculitas Cag 65(Sia.s6Al114)(Mg2.83Al0.15F€0.01)O1
trioctaédricas trioctaédricas o(OH);nH,O
2:1 Micas Moscovita, KAL(Al, Si;040)(OH),
Mica dioctaédricas Paragonita
(x=0.5-1) Micas K(Fe,Mg)3(AL,Si;)O;o(OH),
Cationes no trioctaédricas Biotita, Lepiolita
hidratados Micas fragiles Ca(Si,AL)ALOo(OH),
Mica fragil dioctaédricas Margarita
(x=2) Ca(Mg,Al);(AL3S1)0,o(OH),
Micas fragiles Clintonita
trioctaédricas
Hidroxidos Clorita Cloritas Donbassita Al (Al 33)(Si3Al040)4(OH)s
X variable Dioactaédricas
Cloritas Di, Cookeita Li, ALy(Si;Al)O4(OH)s
Trioctaedricas (Fe,Mg,Al)s(Si, Al)40,0(OH)sS112030
Cloritas Clinochloro
Trioctaedricas
Ninguno Sepiolita- Sepiolitas Sepiolita Mgs(OH)4(OH,)8H,0
Palygorskita
(x variable) Palygorskitas Palygorskita (Mg,Fe,Al)sSis0,0(OH),(OH,)4H,0

X = carga por unidad de férmula

Las arcillas (en particular la caolinita, talco, esmectitas y las arcillas fibrosas) son
excipientes de uso comun en la formulacién de formas farmacéuticas (so6lidas, liquidas y
semisolidas) para uso topico y sistémico (Lopez-Galindo et al., 2007; Viseras et al.,
2007). Ademas son usadas como antiacidos y antidiarreicos en muchas especialidades
publicitarias (Braun, 1994). Entre las esmectitas se utilizan la saponita y la

montmorillonita, las cuales en el campo farmacéutico son conocidas como “bentonitas”.
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Las monografias de éstos materiales estan incluidas en las principales farmacopeas En
la Tabla 1.3 se sefialan las arcillas utilizadas en el campo farmacéutico, con sus
respectivas denominaciones farmacéuticas, quimicas y algunos de los nombres comunes
mas frecuentes. Se debe considerar algunas discrepancias entre la denominacion
mineraldgica y la farmacéutica (Lopez Galindo et al., 2007; Rowe et al., 2013). No
obstante, por lo que se refiere a esta Tesis, basta sefialar que una muestra de arcilla
constituida principalmente por montmorillonita se denomina Bentonita en el dmbito

farmacéutico.

Tabla 1.3. Denominaciones de los minerales de la arcilla usados en el campo farmacéutico.

Nombre farmacéutico Nombre
Especie Mineral Formula molecular teérica quimico

Nombre

(n° de CAS) comun

Caolinita

Talco Talco Piedra-jabon,
Mg5(81205)4(OH)4 Talco (14807-96-6) esteatita,
polvo de talco

Montmorillonita

Saponita Silicato de Al y Veegum®R-K-
MgAL (SiOs), Silicato Silicato Mg(12511-31-8), HV-F,

Aluminico Magnésico Silicato de Mg y  Carrisorb®,
Magnésico Aluminico Al (1327-43-1) Gelsorb®,
Complejo
coloideal

(Na)o3(Li,Mg);SisO1o(F,0H), Hectorita Hectorita Hectabrite,
(12173-47-6) Laponite

Palygorskita

Sepiolita

*La hectorita no tiene monografia en ninguna farmacopea, pero aparece recogida en la ultima edicion del
Handbook of Pharmaceutical Excipients (Rowe et al., 2013).
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1.3.3. ESMECTITAS

El término ESMECTITAS se refiere a un grupo de filosilicatos, anteriormente conocido
como “montmorillonita”. La nueva denominacion fue introducida por la AIPEA para
resolver la ambigiiedad del término montmorillonita, que era usado para indicar tanto el
nombre del grupo, como el de las especies minerales individuales dentro del grupo
(Brindley y Pedro, 1976). En el campo farmacéutico se distinguen la montmorillonita
(“bentonita” en las principales Farmacopeas) y la saponita (silicato de Al y Mg o
silicato de Mg y Al). En las esmectitas, los vértices de los tetraedros estdn todos
orientados hacia el centro del paquete T/O/T, donde se unen a los grupos hidroxilos del
estrato octaédrico, de modo que los grupos OH estan compartidos por los dos estratos y
en la interlamina aparecen cationes intercambiables, para neutralizar la carga negativa

del paquete (Figura I.18).

CATIONES INTERCAMBIABLES
nH ,0

Figura 1.18. Estructura de las esmectitas.

Una caracteristica comtin de todas las esmectitas son las sustituciones isomorficas
(cambio de un atomo con otro de similares dimensiones sin modificar la estructura
cristalina) de los 4tomos de Si y Al en los estratos tetraé¢dricos y octaédricos. En

particular en los estratos tetraédricos el Si*" puede estar sustituido por AI*"

(0 mas
raramente por P*7), mientras que para AI’" en coordinacion octaédrica son posibles las
sustituciones con Mg2+ y/o Fe3+, Zn2+, Ni2+, Li’, etc. Como resultado de las distintas
posibilidades aparecen minerales con composicion y propiedades distintas. En la Tabla

1.4 se muestran las formulas de algunas esmectitas, y sus respectivas denominaciones.
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Tabla 1.4. Formulas moleculares de algunas esmectitas.

Dioctaédricas
Montmorillonita  (OH)4Sis(Al3.3sMgo.66)O20

Beidellita (OH)4Sis(Als34 Mgi.66)Al434020

Nontronita (OH)4(Si734 Abgs )Fe? 434 Oao
Trioctaédricas

Hectorita (OH)4Sig(Mg 534 Lig.66 )O20

Saponita (OH)4 (Si7.34 Alo.s6 Mg 6020

La sustitucion de Si*" y AI*" con atomos de valencia inferiores genera la deficiencia de
carga en la red cristalina, y como resultado una carga negativa neta de los paquetes
T/O/T (aproximadamente 0,2-0,6 por unidad de férmula). El tipo de cation que viene
retenido en la interlamina para compensar la carga negativa influye en el contenido de
agua interlaminar y por lo tanto también en la dimension del espacio basal (dy;) de la
esmectita. En ausencia de moléculas de agua o de otras moléculas polares en el espacio
interlaminar, el espacio basal de la montmorillonita mide alrededor de 0,94 nm (Fornes
y Paul, 2003). En las esmectitas que contienen cationes divalentes (predominantemente
Mg®" 0 Ca’") la presencia de dos moléculas de agua interlaminares da como resultado
un espacio basal entorno a 1,4-1,5 nm, mientras que las esmectitas con cationes
monovalentes (Na") y una sola molécula de agua el espacio basal es de alrededor de 1,2
nm, siendo 0,96 nm en el caso de la montmorillonita soédica anhidra (Van Olphen,
1963). Mientras el espacio interlaminar de la montmorillonita es un parametro
cristalografico bien definido, las dimensiones laterales de las laminas no lo son, dado
que dependen de las condiciones en las que han crecido en los procesos geoldgicos que
las han formado. El area de la lamina, A, y su raiz cuadrada viene por tanto normalizada
respecto al espesor (t) (Figura 1.19). Puesto que t es aproximadamente 1 nm, la Figura

1.6 muestra que la dimension lateral mas probable en el rango de 100-200 nm.
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Figura 1.19. Distribucion de la dimension lateral de la ldmina en la montmorillonita sddica nativa
(modificada de Ploehn y Liu, 2006).

La formula de la montmorillonita es (Si7.g Aly2)iv(Alz 4Mgo.6)viO20(OH)4 con sustitucion
de Si*" por A" en la capa tetraédrica y de AI’" por Mg”" en la octaédrica. Su
composicion teorica es Si0,, 66.7%, Al,Os, 28.3%, H,0O, 5%. La carga neta de la capa
de montmorillonita es: [7.8(+4)]+[0.2(+3)]+[3.4 (+3)]+[0.6(+2)]+[20(-2)]+[4(-1)]= -0.8
carga/celda unidad. El resultado neto es negativo y es equilibrado por cationes
intercambiables presentes en las interldminas, asi como alrededor de sus bordes
(Bhattacharyya y Gupta, 2008).

Como resultado de la presencia de cationes interlaminares, la montmorillonita se
comporta como un intercambiador de cationes, que pueden ser farmacos bdasicos en
solucion. Junto con este mecanismo principal, otros posibles mecanismos de interaccion

son descritos en la Tabla I.5.

Tabla 1.5. Interacciones entre arcillas y componentes organicos (Aguzzi et al., 2007).

Mecanismo Ejemplos de minerales Grupos funcionales organicos

Interacciones hidrofobicas Caolinita, esmectitas Sin carga, no polares

(van der Waals) (ej: aromaticos)

Puentes de hidrogeno Caolinita Aminas, carbonilos, carboxilos

Protonacion Bordes de aluminiosilicato, 6xidos de Aminas, carbonilos, carboxilato,
Fe y Al alofano, imogolita heterociclo con N

Intercambio cationico (sitios  Esmectita, vermiculita, ilita Aminas, heterociclo con N

cargados permanentes)

Sitios cargados pH- Bordes de aluminiosilicato, 6xidos de Carboxilatos, aminas, anillo NH,

dependiente  (intercambio Fey al., alofano, imogolita heterociclico de N

anidnico) frecuentemente)

Enlaces cationicos Esmectitas, vermiculita, ilita Carboxilatos, aminas, carbonilo,

OH
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La interaccion de la montmorillonita con un farmaco protonado permite obtener un
complejo susceptible de ser empleado en liberacion modificada (Aguzzi et al., 2007)

(Figura 1.20).

Liberacion al
medio bioldgico
-
c
Contraiones h=]
biologicos A*B- §
Liberacion g
Intercambio del farmaco w
de cationes - XY
©
‘S
5]
Fo.
X+ 5 X+
X+ = X+ X* B B
- +
Particula X .g X+ %+
“de < X+ X+ B
X*\ _arcilla  _ X+ —p X+ Lo B X
cargada X+ B
X_"‘ — x¥ X+ Moléculas libres

de farmaco

Sitio de accién

Figura 1.20. Idealizacion de la formacion de complejos farmaco-arcilla y mecanismos de liberacion de
farmacos (carga de la superficie de la arcilla (-), compensacién de cationes (a"), fArmaco cationico (X"),
farmaco asociado a aniones (Y’), contra-iones in vivo (A"), aniones asociados a los contra-iones (B)
(modificada de Aguzzi et al., 2007).

En virtud de sus interacciones con farmacos de distinta naturaleza, la montmorillonita
ha sido usada para el desarrollo de sistemas de liberacion controlada y sitio especifica
de farmacos, aumento de la solubilidad del principio activo y de su estabilidad (Aguzzi

et al., 2007).

1.3.4. MONTMORILLONITA EN LIBERACION MODIFICADA

En los cinco afios que han pasado desde que en 2007 el grupo de investigacion en cuyo
seno he realizado la tesis doctoral publicase una revision titulada “Use of clays as drug
delivery systems: Possibilities and limitations” (Aguzzi et al., 2007), esta ha recibido
120 citas (una media de 25 citas anuales). Una actualizacion de ese articulo de revision
llevada a cabo en 2010 con el titulo “Current challenges in clay minerals for drug
delivery” ha sido citada otras 24 veces (Viseras et al., 2010). A la vista de estos datos,

parece claro que el empleo de montmorillonita y otros minerales de la arcilla en el
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desarrollo de sistemas de liberacion modificada de farmacos goza de plena salud y es un
area de interés cientifico. Los articulos que han citado estas dos revisiones aparecen
listados en el Anexo I de la tesis.

La montmorillonita, que habia sido y sigue siendo usada como excipiente en formas
farmacéuticas convencionales (disgregante de comprimidos y viscosizante en
suspensiones), recibe en la Gltima década especial atencién como excipiente de formas
farmacéuticas de liberacion modificada, en virtud de sus propiedades. En particular
resultan de interés su capacidad para retener principios activos por distintos
mecanismos, su capacidad de hinchamiento en agua y su tamafio coloidal. La utilidad de
las interacciones entre este excipiente y las moléculas de fArmaco permite desarrollar
sistemas de liberacion prolongada, retardada y sitio especifica, asi como aumentar la
velocidad de disolucion en ocasiones o la estabilidad del principio activo (Aguzzi et al.,
2007).

En la segunda revision a la que anteriormente hacia referencia, y en la que tuve el honor
de participar como coautora, se actualizaban los empleos de las arcillas en liberacion
modificada y se abordaban nuevas areas de interés (Viseras et al., 2010). En particular,
junto con la interaccion de los filosilicatos naturales y/o sintéticos o modificados con
principios activos, se consideraba su interaccion con otros excipientes, en particular
poliméricos, para constituir hibridos de interés en liberaciéon modificada. Este aspecto
entronca directamente con el tema de mi tesis doctoral. La formacion de sistemas
hibridos polimero/arcilla para la liberacion modificada de farmacos y en concreto de
nanocomposites polimero/arcilla fue revisada por nuestro grupo de investigacion en el
articulo “Biopolymer—clay nanocomposites for controlled drug delivery” (Viseras et al.,
2008a) y a partir de ella se ha abordado en el primer apartado de esta introduccion de

tesis.
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1.4. OXITETRACICLINA

La oxitetraciclina clorhidrato (Figura 1.21) es un antibidtico semisintético de amplio
espectro dentro de la familia de las tetraciclinas, producido a partir de cultivos de
Streptomyces aureofaciens, Streptomyces rimosus y Streptomyces viridofaciens. Es una
sustancia cristalina, inodora, de sabor amargo y color amarrillo y presenta
caracteristicas fisicas, quimicas y farmacologicas comunes a otras moléculas de ésta

clase quimica (Dollery, 1999; Katzung, 1997; Sun, 2004).

' pKaZ

o | OH OH
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Figura 1.20. Estructura quimica de la oxitetraciclina.

Posee caracter anfotero con un punto isoeléctrico alrededor de 5. Las principales
propiedades fisico-quimicas se muestran en la Tabla 1.6, donde se observa que la
oxitetraciclina presenta tres valores de pK, que corresponden a los grupos indicados en

la Figura I.10.

Tabla 1.6. Propiedades fisico-quimicas de la oxitetraciclina (de Oleszczuk y Xing, 2011).

PKa
S PKa | PKaz | PKas PM Log Kow
Oxitetraciclina 121 327 | 7.32 | 9.11 460.4 -2.078

S= solubilidad (mg L"), PM=peso molecular (g mol™), Log K= coeficiente de particion octanol-agua

En medio 4cido diluido la oxitetraciclina clorhidrato sufre una reaccion de
deshidratacion y se degrada a anidrositetraciclina; el medio acido también promueve la
epimerizacion del presente grupo dimetilamino en el C4, reacciéon que convierte el

compuesto de partida en la 4-epiositetraciclina (De Liguoro et al., 2003). Todos estos
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productos de degradacion son inactivos como antibacterianos. Es capaz de formar
facilmente sales cristalinas tanto con 4cidos como con bases fuertes (gracias al caracter
anfotero). Los grupos acidos son capaces de formar sales para la quelacion con iones
metalicos polivalentes (Fe*", AI’", Ca**, Mg, dando lugar a quelatos, insolubles a pH
neutro.

La oxitetraciclina es un antibidtico de amplio espectro. Posee actividad bacteriostatica
contra numerosas bacterias gram-positivas y gram-negativas, incluyendo algunos
anaerobios y microorganismos patogenos resistentes a agentes antimicrobianos capaces
de inhibir la sintesis de la pared celular (Chopra et al., 2001). Es activa frente a
rickettsia, clamidia, micoplasmas y algunos protozoos, como por ejemplo las amebas.
Su mecanismo de accién implica la entrada de la oxitetraciclina en los microorganismos
por transporte activo y difusion pasiva, para una vez dentro unirse a la subunidad 30s de
los ribosomas bacterianos causando el bloqueo del enlace del aminoacil-tRNA al sitio
receptor en el complejo ARN,-ribosoma. Como consecuencia, se bloquea la adicion de
nuevos aminoacidos a la cadena peptidica naciente, con inhibicién de la sintesis
proteica. Las células de los mamiferos carecen del sistema de transporte activo de la
oxitetraciclina y por tanto, en los seres humanos, el bloqueo de la sintesis proteica se
produce so6lo en presencia de elevadas concentraciones de farmaco. Entre las bacterias
gram-negativas (Pseudomonas, Proteus y coliformes) existen tipos altamente
resistentes, para las cuales la oxitetraciclina ha perdido utilidad. Debido al uso
indiscriminado, la resistencia estd aumentando también para las especies que en un
principio eran altamente sensibles (como por ejemplo pneumococos). Los mecanismos
de resistencia principales son los siguientes: (a) carecer de un mecanismo de transporte
activo a través de la membrana celular, lo que provoca una reduccion de la acumulacion
intracelular de farmaco; (b) sintesis de proteinas que interfieren con la unién de la
oxitetraciclina a los ribosomas; (c) inactivacion enzimatica.

Cuando se administra por via oral, la oxitetraciclina es absorbida irregularmente en el
tracto gastrointestinal y una parte del farmaco queda en el lumen intestinal donde
modifica la flora intestinal, siendo excretada con las heces. Un porcentaje que varia en
el intervalo 60-80% se absorbe, principalmente en la parte superior del intestino
delgado. La absorcion aumenta en ayunas y disminuye por quelacién con cationes
bivalentes o con AI’" presentes en la leche y antidcidos. Una vez en el torrente

circulatorio, el 40-80% de la oxitetraciclina absorbida es ligada a proteinas plasmaticas.
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Por via oral con dosis de 500 mg cada 6 horas, se producen niveles plasmaticos de 4-6
ug/mL. La oxitetraciclina se distribuye ampliamente en los tejidos y fluidos corporales
con excepcion del liquido cefalorraquideo. Atraviesa la placenta, pudiendo llegar al feto
y es excretada con la leche. Por otra parte, por quelacion con el calcio, la oxitetraciclina
se deposita en los huesos en crecimiento y en los dientes de los nifios, causando
decoloracion y displasia en el esmalte. Un tratamiento prolongado puede conducir a
deformidades e inhibicion del crecimiento 6seo si se administra a niflos menores de 8
afnos. La oxitetraciclina se excreta mayormente por la bilis y la orina, no obstante un
porcentaje entre el 10 y el 40% se puede excretar con las heces. A través de la
circulacion enterohepdtica una parte del farmaco excretado en la bilis es reabsorbido.

La oxitetraciclina es usada como farmaco de primera eleccion en infecciones de
mycoplasma pneumonae, clamidias, rickettsias y algunas espiroquetas. Puede ser usada
para la profilaxis de la malaria, a dosis bajas en la terapia oral para el acné, tratamiento
de ulceras duodenales y gastricas causadas por Helicobacter pylori, infecciones de las
vias aéreas y oftalmicas, enfermedades de transmision sexual, prevencion de diarrea del
viajero, shigelosis, colera, brucelosis y borelosis. La oxitetraciclina por su amplio
espectro, también ha sido ampliamente utilizada en veterinaria en los paises en via de
desarrollo para el tratamiento y la prevencion de infecciones bacterianas (Pérez-Silva et
al., 2012), asi como en alimentacion animal para promover el crecimiento,
contribuyendo a un aumento de la difusién de la resistencia al farmaco (Sponza et al.,
2012).

Los efectos colaterales son causados por toxicidad directa del farmaco o por
alteraciones de la flora bacteriana. A menudo causa nauseas, vomitos y diarrea por
irritacion local del tracto intestinal. Puede alterar la funcion hepatica, especialmente
durante el embarazo o si el paciente presenta insuficiencia hepatica o la dosis
administrada es elevada. La administracion concomitante con diuréticos puede
promover la retencion de compuestos del nitrogeno y agravar la azoemia. La
oxitetraciclina puede causar tromboflebitis si se administra por via intravenosa, por lo
que se prefiere la via oral. La administracion intramuscular es dolorosa debido
probablemente a la formacion de complejos insolubles. Otro efecto colateral es la
fototoxicidad: ya que la oxitetraciclina absorbe luz en el visible pudiendo generar
radicales libres por lo que individuos particularmente sensibles (en particular personas

con piel clara) pueden desarrollar eritemas graves después de la exposicion solar.
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I1. 1- Objetivo

La oxitetraciclina es un antibiético de amplio espectro con actividad bacteriostatica. Su
absorcion en el tracto gastrointestinal es incompleta. Como resultado, son necesarias altas
dosis para obtener concentraciones plasmaticas efectivas por via oral para el tratamiento
de infecciones sistémicas, y una elevada fraccion de la dosis administrada es excretada
inalterada en las heces. La baja biodisponibilidad oral de la oxitetraciclina es debida al
efecto limitante de su absorcién inducido por la glicoproteina P (Schrickx et al., 2007).
Una estrategia atil para aumentar su biodisponibilidad es el desarrollo de un
nanocomposite que actle como nanotransportador aumentando la permeabilidad del
farmaco y con ella su biodisponibilidad, reduciendo la interaccion entre el farmaco y la
glicoproteina P, ya que la absorcion del farmaco transportado en el nanocomposite
tendria lugar principalmente por transcritosis.

Con estas premisas, conocidas las propiedades del quitosano y de la montmorillonita para
formar nanocomposites con capacidad para retener y liberar farmacos, se planted el
desarrollo de nanocomposites con estos excipientes y su dosificacion con oxitetraciclina,
determinando las propiedades biofarmacéuticas de los nanocomposites cargados
mediante el empleo de células Caco-2, que permiten reproducir las condiciones de la
barrera intestinal. Asimismo, y dado que los transportadores nanotecnologicos se
consideran, en el &ambito de los medicamentos basados en nanotecnologia, como sistemas
que deben demostrar su seguridad, con independencia de los componentes usados en su
desarrollo (http://www.emea.eu.int/htms/human/itf/itfguide.htm), se realizaron estudios
de citotoxicidad especificos con los nhanocomposites obtenidos.

Los objetivos especificos de la tesis son:

1. Actualizar el conocimiento sobre el empleo de los excipientes empleados en esta tesis
para el desarrollo de nanocomposites con propiedades mejoradas respecto a las de los
componentes por separado.

2. Preparar nanocomposites con quitosano y montmorillonita.

3. Caracterizar los nanocomposites obtenidos incluyendo su estructura, mecanismos de
interaccion y propiedades que determinan su eficacia como sistemas para transporte de

farmacos, en particular mediante estudios de mucoadhesion.
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4. Determinar la seguridad de empleo de los nanocomposites de quitosano y
montmorillonita mediante estudios de citotoxicidad.

5. Dosificar los nanocomposites con oxitetraciclina, valorando la cantidad de farmaco
retenido y el mecanismo de interaccion.

6. Caracterizar los complejos oxitetraciclina-nanocomposite, incluyendo estudios de
permeabilidad con células Caco-2 para evaluar su eficacia como sistemas capaces de
mejorar el perfil biofarmacéutico del farmaco.

7. Determinar la seguridad de empleo de los complejos oxitetraciclina-nanocomposite

mediante estudios de citotoxicidad.

I1. 2- Plan de trabajo

De acuerdo con los objetivos citados con anterioridad, el plan de trabajo de la tesis
doctoral se organizo en los siguientes apartados, correspondientes a capitulos en esta

memoria de tesis:

Capitulo I11. ElI empleo como excipientes farmacéuticos de los excipientes usados en
esta tesis en aplicaciones convencionales es sobradamente conocido. No obstante, su uso
en el desarrollo de sistemas hibridos de tipo nanocomposite que presenten propiedades
significativamente mejoradas respecto de los componentes por separado requiere de una
revision y actualizacién de los conocimientos que consideramos el primer paso del
método cientifico para el desarrollo galénico de estos sistemas nanotecnologicos de
interés farmacéutico. En este apartado de la tesis se da cumplimento al primer objetivo

planteado.

Viseras, C., Cerezo, P., Sanchez, R., Salcedo, I. y Aguzzi, C. (2010). Current

challenges in clay minerals for drug delivery. Appl. Clay Sci. 48, 291-295.

Capitulo V. En este capitulo se aborda el objetivo 2 de la tesis. En concreto se puso a
punto el método de obtencion de los nanocomposites de quitosano y montmorillonita
mediante estudios de adsorcién. En el articulo publicado junto con los estudios

propiamente dirigidos a la obtencion de nanocomposites de quitosano y montmorillonita,
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se abordaban estudios con otros silicatos, incluyendo un polimorfo de la caolinita
(halloysita) y su dosificacion con acido 5 amino salicilico, que no obstante no son parte

de los objetivos propiamente dichos de esta tesis doctoral.

Aguzzi, C., Capra; P., Bonferoni, C., Cerezo, P., Salcedo, |., Sanchez, R., Caramella,
C. y Viseras, C. (2010). Chitosan-silicate biocomposites to be used in modified drug
release of 5-aminosalicylic acid (5-ASA). Appl. Clay Sci. 50, 106-111.

Capitulo V. En este capitulo se abordan los objetivos 3 y 4 de la tesis doctoral. En
concreto, estudian las propiedades de los nanocomposites de quitosano y montmorillonita
que determinan su eficacia en la mejora de la biodisponibilidad de farmacos
(mucoadhesion) y seguridad de empleo (citotoxicidad).

Salcedo, 1., Aguzzi, C., Sandri, G., Bonferoni, M.C., Mori, M., Cerezo, P., Sdnchez,

R., Viseras, C. y Caramella, C. (2012). In vitro biocompatibility and mucoadhesion

of montmorillonite chitosan nanocomposite: A new drug delivery. Appl. Clay Sci.
55, 131-137.

Capitulo VI. Este capitulo se centra en los objetivos 5, 6 y 7 de la tesis doctoral. En el se
Ileva a cabo la dosificacion de los nanocomposites de quitosano y montmorillonita con el
antibidtico, la caracterizacion de la interaccion de los componentes y los estudios de

permeabilidad en células Caco-2 (eficacia) y citotoxicidad (seguridad).

Salcedo, 1., Sandri, G., Aguzzi, C., Bonferoni, M.C., Cerezo, P., Viseras, C. y

Caramella, C. Permeability of oxytetracycline from chitosan-montmorillonite

nanocomposites. (En preparacion).
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ABSTRACT

This study reviews current challenges of clay minerals for drug delivery. Clay minerals
are widely used in conventional pharmaceutical dosage forms both as excipients and
active agents. Clay minerals may interact with drug molecules, but also with inactive
components of medicinal products such as polymers. On the basis of these interactions,
clay minerals and their modified forms can be effectively used to modify drug delivery
systems. In this research area, recent advances include the use of montmorillonite and
saponite to retain drug molecules and control their release. Synthetic analogues such as
Laponite and layered double hydroxides are also being used for biopharmaceutical and
technological purposes. Another interesting strategy is the preparation of composites
with clay mineral particles in polymeric matrices to obtain different systems (films,
nanoparticles, hydrogels, matrices...) with improved pharmaceutical properties

compared to the single components.

111.1- INTRODUCTION

Clays and clay minerals play an important role in the field of health products. They can
be considered as raw pharmaceutical materials that once evaluated and/or modified to
fulfil regulatory pharmacopoeial requirements may achieve the status of pharmaceutical
substances suitable for use in the manufacture of medicinal products (Lopez-Galindo et
al., 2007). The progression from raw material, to pharmaceutical grade substance, and
finally to pharmaceutical forms suitable for administration to the body is achieved first
through general pharmaceutical operations to adjust the material grade, and then by

specific pharmaceutical operations leading to the final dosage form (Figure II1.1).

Administration

Raw I Pharmaceutical i Pharmaceutical ] Human
Materials L--p> Substances L--p Dosage Forms L--p> Body

Figure I11.1. Phases in the manufacture of medicinal products from raw materials (GPO: general
pharmaceutical operations; SPO: specific pharmaceutical operations).
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Consequently, clay minerals are fundamental components in several medicinal products,
where they are used as excipients and fulfil some technological function (Lopez-
Galindo and Viseras, 2004). Table 1 shows the administration routes and dosage forms

of clay minerals used as excipient in currently commercialized pharmaceutical products

in the USA (FDA, 2009).

Table I11.1. Inactive clay/clay mineral ingredients in pharmaceutical dosage forms (FDA, 2009).

Clay/clay mineral

Route of

administration

Dosage form

Talc Oral Solid (conventional and modified release capsules and tablets,
chewable tablets and granules)
Liquid (drops, mucilage, solutions, elixir, suspensions and
syrups)
Activated Buccal Chewing gums and tablets
Attapulgite Sublingual Tablets
Bentonite Topical Lotions, ointments and powders
Rectal Tablets
Oral Powder
Oral Solid (capsules and tablets)
Magnesium Topical Lotions, powders and suspensions
Aluminium Transdermal Films and patches
Silicate (MAS) Rectal Suspensions
Vaginal Ovules
Oral Solid (conventional and modified tablets, granules, capsules,
chewable tablets and powders)
Magnesium Topical Liquid (drops, suspensions and syrups)
trisilicate Rectal Emulsions, creams, lotions and suspensions
Kaolin Vaginal Suspensions
Oral Ointments
Oral Conventional, modified and chewable tablets
Solid (conventional and modified tablets and capsules,
powders)
Liquid (syrups)
Topical Controlled release films

*Magnesium trisilicate is the pharmaceutical denomination of sepiolite

Clay minerals are also used in pharmacy because of their biological activity, that is, as
active substances or drugs (Lopez-Galindo and Viseras, 2004). Pharmacological
functions of clay minerals as active substances are summarized in Table III.2. As
observed, clay minerals are mainly used in the treatment of gastrointestinal and topical

diseases.
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Table 111.2. Therapeutic uses of clays/clay minerals (modified from Lopez-Galindo and Viseras, 2004).

Clay/clay mineral Attapulgite and
Kaolin Bentonite and Talc magnesium
MAS Trisilicate”
Therapeutic use Antidiarrthoeal ~ Antidiarrhoeal Anti- Antidiarrhoeal
Gastrointestinal ~ Gastrointestinal haemorrhoids Antacid
protector protector Anti-rubbing
Anti- Antipruritic Pleurodesis
inflammatory Antacid
Antacid
Homeophatic
product

"Magnesium trisilicate is the pharmaceutical denomination of sepiolite

I11.2- THE NEED FOR MODIFIED DRUG DELIVERY
SYSTEMS

Besides these classic pharmaceutical uses, clay minerals may be effectively used in the
development of new drug delivery systems (DDS). Strictly speaking, all pharmaceutical
dosage forms are DDS, as they are used to administer drugs meant to reach the site of
action and maintain a certain concentration during treatment. However, the ultimate
therapeutic effect of a pharmaceutical treatment will depend on several factors (Figure

1. 2).

Dosage Form__Dose

Pharmaceutical Frequency,
Technology

Administration

Biopharmacy

Genetic Constitution
Organ Function
Enzyme Activity
Psychological Condition

Potency

Disposition

Site of biological Effect
Concentration-effect Relationship

Pharmacology

Figure 111.2. Pharmaceutical treatment: determining elements (drug, administration and patient), study
areas (Pharmacology, Pharmaceutical Technology and Biopharmacy) and variables affecting the final
therapeutic effect.
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Some concern the drug itself, such as potency, disposition (distribution and elimination)
in the body, site of biological effect or concentration—effect relationship; others concern
the patient, such as genetic constitution, organ function, and so on. A third group of
factors concern pharmaceutical considerations such as optimal dosage forms and route
of administration, frequency and dose of drug in the dosage forms, etc. Pharmacology
studies the effect of a drug on a patient. Pharmaceutical technology works in the area
between the drug and the dosage form, selecting and preparing the most adequate
pharmaceutical product. Finally, biopharmacy studies the evolution of a dosage form
(and the drug that it contains) after administration to the patient.

As might be expected, the intensity of the therapeutic effect will depend firstly on drug
concentration at the site of action. Consequently, in drug therapy, it is very important to
provide therapeutic levels of drug to the site of action (or at least in the blood) and
maintain them during the treatment (Ding et al., 2002). Furthermore, it is desirable to
minimize temporal variations in drug concentration by using some modified drug
delivery system to avoid periods of overdosing or underdosing (Directive 75/318/EEC,
1992). As Fig. 3 shows, there is a direct relationship between drug release from the

DDS and drug concentration in plasma.

=eeeses Inmediate release
== Prolonged zero order release

'’ 8
L 1 1 1

Drug Released (percentage

Adverse effects

''''''''

Plasma concentration
L
Therapeutic interval

¢ folomaceinls dolice P e s Y i
o VoS Minimum effective concentration

No effect

T T T T T T T T T T
Time

Figure 111.3. Correlation between drug release profiles and plasma concentrations.
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Consequently, pharmaceutical products evolve through modification of drug delivery
systems (MDDS). The modifications involve changes in the rate and/or the time of
release and/or the site of release, compared to conventional pharmaceutical dosage
forms. These changes are achievable by several possible mechanisms, including
modifications in pharmaceutical formulations and/or method of preparation (EP 6.0
2008; USP 31, 2008). At the moment, there are several pharmaceutical products on the
market that modify the release of the drug by one of these mechanisms. In almost all
these new pharmaceutical products, new excipients with specific targets must be
included, as for example decreasing or increasing dissolution rate, delaying drug
release, targeting drug release (biopharmaceutical targets), prevention or reduction of
side effects (pharmacological targets), taste masking or increasing stability
(technological targets). Clay minerals as recognized pharmaceutical excipients may be

used in these new pharmaceutical products.

111.3- RECENT ADVANCES OF CLAY MINERALS IN
MODIFIED DRUG DELIVERY SYSTEMS

Clay minerals have been proposed as fundamental constituents of several MDDS, with
different purposes and acting through various mechanisms (Aguzzi et al., 2007). At this
new frontier in the development of pharmaceutical dosage forms, these uses of clay
minerals are changing very quickly, and new applications and clay minerals are
continuously being proposed. Since the fully comprehensive review published by
Aguzzi et al. (2007), some interesting advances have emerged that will be discussed

below.

111.3.1- CLAY MINERALS AND SYNTHETIC CLAY MINERALS

The most recent examples of clay minerals use in MDDS include ibuprofen release
control by interaction with montmorillonite (Zheng et al., 2007) and intercalation of
Donepezil, a well-known drug for Alzheimer's disease, in montmorillonite, saponite or
Laponite (Park et al., 2008). These studies characterized the clay mineral-drug

interaction products and then examined the drug release kinetics. In all cases, drug
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release depended on the method of preparation of the interaction products, and was
affected by changes in the pH of the dissolution medium. In the case of donezepil,
biphasic release patterns were found, consisting of an initial burst effect followed by
slow release of the drug. Other examples of drugs effectively carried by clay minerals
include nicotine (Pongjanyakul et al., 2009) and timolol (Joshi et al., 2009). Nicotine, a
volatile liquid widely used in smoking cessation therapy to relieve addiction symptoms,
has been carried by magnesium aluminium silicate to reduce drug evaporation and
modulate drug release behaviour (Pongjanyakul et al., 2009). The pH determined the
amount of drug retained and the release patterns, and cation exchange seemed to be the
principal interaction mechanism. Magnesium aluminium silicate is a pharmaceutical
denomination of a natural clay material mainly consisting of montmorillonite and
saponite (Lopez-Galindo and Viseras, 2004). Timolol was loaded on montmorillonite,
but the release of the drug did not reach 100%. This is one of the main problems to be
avoided. A release of 100% dose for oral MDDS cannot last over 24 h and, ideally,
should take place within the first 12 h (Directive 75/318/EEC, 1992). Magnesium
aluminium silicate has been also used to retain propranolol (a B-blocking agent) and
release patterns have been correlated to particle size, drug loading, and release medium
(Rojtanatanya and Pongjanyakul, 2008). Other authors compare results from natural and
synthetic silicates. For example, montmorillonite and a siliceous mesoporous synthetic
material have been loaded with sertraline (an antidepressive drug). The resultant
complexes showed very different release profiles because of their diverse interaction
mechanisms, resulting in different therapeutic indications for each system (Nunes et al.,
2007).

Layered double hydroxides (LDHs), also known as hydrotalcite like compounds, are
layered solids with positively charged layers and charge-balancing anions in the
interlayer space. Their cationic layered framework leads to safe accommodation of
many biologically important molecules including genes or drugs (Choy et al., 2007). In
recent years, layered double hydroxides with different cations in the layers and
consequently diverse exchangeable characteristics have been used to obtain interaction
products with several non-steroid anti-inflammatory drugs (mefenamic and
meclofenamic acids and naproxen), leading to slow release profiles (Del Arco et al.,

2007, 2009).
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Drug release from MDDS must be carefully studied and if possible it is very interesting
to determine the mechanism underlying the release kinetics. Frequently, drug molecules
are retained by different mechanisms and consequently the kinetics of drug release are
complex. For example, halloysite was used to retain mesalazine, an anti-inflammatory
drug used in the treatment of inflammatory bowel disease (Viseras et al., 2008b, 2009).
As a result of this interaction, drug molecules were included in both the clay mineral
nanotubes and on the external surface of the clay mineral particles. Consequently,
release kinetics was the sum of drug released from the surface of the particles and that

retained in the tubes with a much slower release rate (Viseras, 2008).

111.3.2- CLAY MINERAL POLYMER COMPOSITES

A very interesting possibility is to use clay minerals polymer composites (CPC) to
modify drug release. Several polymers are used in the modification of drug release,
including hydrogels, soluble polymers, biodegradable and non-biodegradable
hydrophobic polymers. Although clay mineral and polymers are frequently used in their
pure form, a single polymer or clay mineral often does not meet all the requirements.
Preparation of CPC improves the properties of the single components; those of clay
mineral particles alone (stability of clay mineral dispersions and changes in ion
exchange behaviour) and, more frequently, those of the polymer (mechanical properties,
swelling capacity, film forming abilities, rheological properties, bioadhesion or cellular
uptake) (Viseras et al., 2008a; Meenach et al., 2009).

Recent examples of MDDS based on CPC include intercalation of montmorillonite
particles in polylactic glycolic acid to obtain nanoparticles loaded with Docetaxel (an
anticancer drug) (Si-Shen et al., 2009). The in vitro drug release profiles of these drug
loaded nanoparticles showed prolonged release over 25 days. Moreover, the presence of
a clay mineral enhanced cellular uptake efficiency of the nanoparticles by Caco-2 and
HT-29 cells, prolonging the therapeutic effect of the drug. Campbell et al. (2008)
prepared composites of a modified montmorillonite with poly(ethylene glycol) by hot
melt extrusion for controlled release of paracetamol. The presence of clay mineral
particles in the polymer matrix resulted in retarded drug diffusion and improved

dissolution behaviour.
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Sodium alginate and magnesium aluminium silicate were used to prepare films loaded
with nicotine to be used in buccal release (Pongjanyakul and Suksri, 2009). CPC
operated as microreservoirs in the films showing adhesion properties to mucosal
membranes and allowing controlled release of the drug molecules. Composite films
with the same components have also been used to coat tablets and control drug release
(Pongjanyakul, 2009).

Electrostatic interaction between chitosan, a deacetylated derivative of chitin, consists
of D-glucosamine and N-acetyl-D-glucosamine units, and magnesium aluminium
silicate caused a change in flow behaviour and flocculation of the composite dispersions
(Khunawattanakul, et al., 2008). Chitosan has also been used to prepare composites with
montmorillonite for prolonged release and biomedical applications (Xiaoying et al.,
2008). The resultant composites were added to calcium alginate solutions to obtain
nanoparticles loaded with bovine serum albumin as protein model drug, combining the
drug adsorption action and mucosa protection effect of the clay mineral with the
mucoadhesive and permeability enhancing properties of the chitosan. Montmorillonite
has also been used as additive to retard ibuprofen release from delivery systems
prepared with lactic acid-grafted chitosan (Depan et al., 2009). More recently,
composites of chitosan and montmorillonite have shown a synergic effect between the
clay mineral and the polysaccharide regarding the ability to retain 5-aminosalicylic acid
(an anti-inflammatory drug) but also in the control of drug release in acidic medium,
when compared to interaction products prepared with the drug and the single

components (Aguzzi et al., 2010).

I11. 4- CONCLUDING REMARKS

Some “special” clay minerals are components of medicines, both as active and inactive
ingredients, once processed to fulfill regulatory requirements. The particular properties
of these pharmaceutical grade clay minerals can be also exploited in the development of
new drug delivery systems, designed to provide therapeutic levels of drug to the site of
action and maintain them throughout the treatment. In recent years, some interesting
advances have been proposed by using natural, but also modified and synthetic
phyllosilicates, on the basis of their interaction with drug molecules. Finally,

composites prepared with different polymers and clay minerals are attracting great
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attention in this pharmaceutical field because of their synergic characteristics regarding

biopharmaceutical and technological features.
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ABSTRACT

Biocomposites of chitosan (CS) and montmorillonite (VHS) were prepared by solid—
liquid interaction of the components. The resultant composites were characterized by
thermal analysis and the cation exchange capacity of the clay mineral was compared to
polysaccharide retention. The results showed that chitosan was effectively retained by

montmorillonite particles through cation exchange.

IV.1- INTRODUCTION

Biopolymers and clay minerals are common ingredients in pharmaceutical products.
Although they are frequently used in their pure form, a single polymer or clay mineral
often does not meet all the requirements. A way to further extend their applications is to
modify polymers by incorporation of inorganic fillers to obtain biocomposites with
improved properties (Viseras et al., 2008a).

Recently, synthesis of micro and nanocomposites with clay minerals was proposed as a
novel approach to modify some of the properties of polysaccharides, including swelling
and water uptake (Pongjanyakul et al., 2005a), mechanical and thermal behaviour (Wang
et al., 2005; Wu and Wu, 2006), rheology (Giinister et al., 2007; Khunawattanakul et al.,
2008) and bioadhesion (Pongjanyakul and Suksri, 2009).

Given these premises, we prepared and characterized composites of chitosan and

pharmaceutical grade montmorillonite.

IV.2- MATERIALS AND METHODS

Biopolymer: chitosan base (CS) (average molar mass = 251000 g mol ') containing an
average of 1559 glucosamine units (glucosamine molar mass = 161 g mol "), with 98%
deacetylation purchased from Faravelli (I).

Clay mineral filler: pharmaceutical grade montmorillonite (Veegum HS®, VHS) was

kindly gifted by Vanderbilt Company (USA).
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IV.21- DETERMINATION OF THE CATION EXCHANGE
CAPACITY (CEC) OF THE CLAY MINERAL

Clay mineral powder (1 g) was dispersed in 20 ml tetramethylammonium bromide (1 M)
aqueous solution, in order to displace constituent cations. Dispersions were shaken
overnight at 50 rpm in water bath at 25.0 + 1.0 °C and then filtered. Supernatant was
diluted to 100 ml with distilled water and dissolved cations were individually assayed by
atomic absorption (Na', Ca’", Mg®") or atomic emission (K") spectroscopy (Perkin—
Elmer spectrophotometer). CEC was calculated as the sum of exchangeable cations,
expressed in meq/100 g dry clay mineral. The same solution, minus the clay mineral

sample, was used for the blank. Each experiment was done in triplicate.

IVV.2.2- CLAY MINERAL/CHITOSAN INTERACTION STUDIES

CS solutions (1% mass/vol) were prepared according to Darder et al. (2003, 2005), by
adding the corresponding amount of polymer to an aqueous acetic acid solution 1% (v/v)
and stirring for about 4 h. Different amounts of clay mineral powder (ranging from 75 mg
to 2000 mg) were then dispersed in 40 ml of CS solution at 10000 rpm for 5 min
(Ultraturrax T25, Janke and Kunkel GMBH and Co. KG, G). CS solution was previously
adjusted to pH 5.0 with 1 M NaOH, in order to provide ~NH;" groups in the chitosan
structure and to avoid any structural alteration of the clay mineral (Darder et al., 2003,
2005).

The resulting dispersions were shaken for 2 days in water bath at 25 °C £ 1.0°C and the
solid phases were then recovered by filtration, washed with distilled water and oven-dried
at 50°C for 24 h. The uptake of CS (mass/mass %) was determined by assaying the C
content of the samples with a CHNS analyzer (FISONS EA 1108, Carlo Erba, I). Data
were fitted according to the Langmuir equation to calculate the amount of CS retained by
the clay mineral (monolayer adsorption capacity, np,). Experiments were done in

triplicate.
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IV.2.3- THERMAL ANALYSIS

Differential scanning calorimetry of the samples was performed at 10°C/min in the 30—

320 °C temperature range (DSC Mettler FP800, Mettler-Toledo GMBH, CH).

IV.3- RESULTS AND DISCUSSION

IV.3.1- CEC

Table IV.1 summarizes the composition of individual exchangeable cationic species of
the clay mineral. The total cation exchange capacity was 142 meq/100 g. Exchangeable
species were mainly Na™ and Ca®’, with amounts reaching 71% and 24% of the total,
respectively. The material may be considered as a “sodium montmorillonite”, but the

presence of a noticeable Ca>" amount in the interlayer space must be taken into account.

Table IV.1. Amount of exchangeable cations (meq/100g) and CEC of VHS (mean values + s.d.; n = 3).

Ca™™ Mg™™ K™ Ma™ CEC

3467 +0.353 1.78 £0.251 4327 +0.234 10135+ 0478 14207

IV.3.2- CLAY MINERAL/CHITOSAN INTERACTION STUDIES

The interaction curve between VHS and CS followed the form of the Giles L3 type
isotherm (Giles et al., 1974) (Fig. IV.1). At low concentrations it was convex in shape,
with the amount of adsorbed polymer initially increasing until it reached a plateau, where
monolayer coverage of CS over the homogenous clay mineral surface was assumed. At
higher concentrations, the curve showed an inflection point where the shape changed
from convex to concave and the amount retained further increased, almost certainly by
precipitation of CS onto the clay mineral surface. Langmuir linearization of the isotherm
allowed calculation of the average amount of CS retained by the clay mineral at the

saturation point (ny), resulting in 14.47 % (mass/mass) + 3.054 (R? = 0.997). This value,

65



Chitosan-silicate biocomposites to be used in modified drug release of 5-aminosalicylic acid

corresponding to 107.43 meq of CS/100 g dry clay mineral, was slightly lower than the
CEC of VHS (142 meq/100 g), most probably due to the particularities of the organic
cation. These results are also lower than those obtained by other authors working at
higher temperatures (Darder et al., 2005). However, in the experimental conditions used,
the uptake of chitosan in the interlayer space of the clay mineral via cation exchange was
considered adequate to prepare interaction products with drug molecules.

21
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Figure IV.1. Interaction isotherm showing the amount of CS adsorbed on the clay mineral
(mean values + s.d.; n = 3).

IV.3.3- THERMAL ANALYSIS

Figure IV.2 shows the results of thermal characterization of the CS/VHS composites, and,
for comparison purposes, it also includes DSC profiles of the single components and their
physical mixtures at different wt/wt ratios. The calorimetric curve of CS showed a broad
endothermic peak in the 60-150°C range, corresponding to polymer dehydration,
followed by an exothermic phenomenon (around 220°C) due to the decomposition of the
polymer chain. VHS showed a single band from 70 to 130°C, corresponding to the loss of
free water at the clay mineral surface.

The DSC profiles of physical mixtures resembled those of their individual components.

The decomposition peak of CS rose as the proportion of polymer in the mixtures
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increased (C vs B). The presence of chitosan in the composites was confirmed by the

slope increase in the curves at 200 °C - 220°C, corresponding to polymer decomposition.
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Figure 1V.2. DSC curves of CS (A); Physical mixture CS:VHS 50,50 (B); Physical mixture CS:VHS 33:66
(C); composite CS:VHS 33:66 (D) and VHS (E).

IV.4- CONCLUSIONS

Composites of CS and VHS were prepared at 25°C by simple solid—liquid interaction.
The results confirmed the effective complexation of CS by the clay mineral. The
interaction mechanism involved interlayer exchange of the polymer with the
exchangeable cations of the clay mineral, followed by precipitation of CS on VHS

surfaces.
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ABSTRACT

A “Clay Bio Polymer Nanocomposite” (CBPN) to be used in drug release was prepared
by dispersion of montmorillonite (VHS) particles in chitosan (CS) solution. The
obtained hybrid material was characterized for in vitro biocompatibility on Caco-2 cell
cultures. Cytotoxicity and cell proliferation of the nanocomposite were tested,
comparing results with free chitosan and montmorillonite. Cell proliferation was
assessed both by WST-1 test and wound-healing measurements by means of Image
Analysis Software. The last method is a proof of concept test that has the advantage of
direct visualization and quantification of cell growth. Nanocomposite was also
characterized for hydration (water uptake) pattern and mucoadhesive properties, which
were considered as important features for the application of this material in modified
release systems.

Results showed that the prepared CBPN showed good biocompatibility in the range 5—
500 pg/ml, being also able to effectively stimulate cell proliferation. Moreover,
nanocomposite possessed mucoadhesive properties combined with low solubility in
acidic environment. We conclude that interaction between chitosan and montmorillonite
produced a new biohybrid material that can be considered as promising candidate for

modified drug delivery formulations.

V.1- INTRODUCTION

In the last decade, there has been growing interest in the development of
nanocomposites between clay minerals and biopolymers for pharmaceutical applications
(Viseras et al., 2008a, 2010). These hybrid materials can combine the properties of both
components (inorganic and organic), such as swelling, water uptake, mechanical
characteristics, thermal behavior, rheology and bioadhesion (Pongjanyakul et al., 2005a;
Wu and Wu, 2006; Giinister et al., 2007; Khunawattanakul et al., 2008; Pongjanyakul
and Suksri, 2009, 2010). They could be formed from a variety of biopolymers and clay
minerals. Among them, VHS/CS nanocomposites are receiving greater attention,

especially for biomedical (tissue engineering) (Katti et al., 2008; Haroun et al., 2009;
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Verma et al., 2010) and biopharmaceutical (modified release) (Wang et al., 2007; Wang
et al., 2009; Khunawattanakul et al., 2010; Nanda et al., 2011) applications.

CS is a cationic copolymer formed by N-acetylglucosamine and Dglucosamine units,
being obtained by the natural occurring polysaccharide chitin (Figure. V.1). It is widely
used in pharmaceutical field, because of its suitable characteristics, including chemical
safety, biodegradability, biocompatibility, antibacterial activity and mucoadhesive

properties (Illum, 1998).

CH:0H NHCOCH; [ cHoH NH:
i - !

- o

HO—_\ '-\

HO-— N - C
CH:OH

Figure V.1. Chemical structure of chitin (left) and CS (right).

VHS is a layered hydrated aluminium silicate whose unit cell is composed of one Al-
octahedral sheet (O) sandwiched between two Si—tetrahedral sheets (T). It possesses a
net negative charge due to isomorphous ionic substitutions in the T-O-T structure. This
charge is compensated by interlayer hydrated cations, which can be exchanged by a
variety of organic molecules (Bergaya et al., 2006; Aguzzi et al., 2007). In particular,
CS chains have been described to intercalate with Na'—montmorillonite, because of
their hydrophilic and cationic character, giving hybrid nanocomposite materials with
interesting properties (Darder et al., 2003). Other works showed that the concentration
of the clay mineral is a critical parameter in VHS/CS nanocomposites to achieve
materials with enhanced properties (mechanical, thermal and/or electro-stimuli
response) in comparison with the pure components (Wang et al., 2005; Xu et al., 2006;
Liu et al., 2007). For example, nanocomposite hydrogels containing 2% (wt/wt) of VHS
showed improved release behavior of vitamin B12, compared with that of the pure CS
(Liu et al., 2008). Ratio between VHS and CS was a crucial factor also in the case of
nanocomposites prepared to control release of the chemotherapeutic agent doxorubicin
(Yuan et al., 2010). pH dependent release profiles were found for these nanocomposites,
which were described as promising supports for colonic prolonged drug delivery. The

majority of the studies are devoted to the physicochemical and biopharmaceutical
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characterisation of VHS/CS nanocomposites; however, their biocompatibility for drug
release has been evaluated only by Depan et al. (2009).

In a previous work, a nanocomposite between CS and VHS was prepared by simple
solid—liquid interaction; the effective polymer/clay mineral complexation was
confirmed by thermal analysis and slower drug release was observed in comparison
with CS and VHS alone (Aguzzi et al., 2010). In vitro biocompatibility was followed by
cytotoxicity and cell proliferation in this paper, for further characterization. The effects
of the nanocomposite were screened on Caco-2 cell cultures as a representative type of
intestinal cells considering an oral administration and delivery. Cell proliferation was
assayed by two different techniques: WST-1 test and wound-healing measurements. The
last method has the advantage that allows a direct visualization of cell growth.
Nanocomposites were also characterized for hydration (water uptake) pattern and
mucoadhesive properties, which were considered as important features for the

application of these materials in modified release systems.

V.2- MATERIALS AND METHODS

The polymer used was CS base with low Viscosity* (12 mPa*s) and deacetylation
degree of 98% (Giusto Faravelli, Italy) (" Viscosity measurements were performed on
1% (w/v) solutions in HCI 0.1 M at 90 1/s with rotational rheometer equipped with
coaxial cylinders C14 (Bohlin CS, Bohlin Instrument Division, Metrics Group Ltd.,
Cirencester, UK). CS acetate was used as control in cell experiments. It was obtained by
dissolving CS base in aqueous acetic acid (1 % vol/vol) and freeze drying (Edwards
mod RVS8) the polymer obtained solution. The clay mineral was a marketed
pharmaceutical-grade montmorillonite (Veegum HS®), kindly gifted by Vanderbilt
Company S.A. (USA).

CS and VHS powders were pulverized in a ball miller (IG.W2/E, Giuliani, Italy) and
then sieved to separate a rigorous size fraction (45—75 pum) to limit variability of the

data. The selected fraction was kept in a desiccator until required.
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V.2.1- PREPARATION OF CHITOSAN/CLAY MINERAL
NANOCOMPOSITE

VHS/CS nanocomposite was prepared following Aguzzi et al. (2010). Briefly, CS was
dissolved in aqueous acetic acid (1 % vol/vol) at the concentration of 1 % (wt/vol).
Then, VHS was added to the polymer solution in the wt:wt ratio (2:1 CS:VHS)
corresponding to their maximum binding capacity, as calculated by interaction
isotherms. Dispersion was stirred by a magnetic bar for 48 h at room temperature,
washed with distilled water and then freeze dried. The product obtained was milled and

sieved to select the size fraction between 45 and 75 pum.

V.2.2- WATER UPTAKE MEASUREMENTS

Water uptake experiments were carried out using a modified Enslin apparatus (Ferrari et
al., 1991). Measurements were performed on 20 mg of nanocomposite, in acidic
medium (0.1 M HCI) for 2000 s. For comparison, measurements were also performed
on pure CS and clay mineral powders, at the same granulometric fraction as the
nanocomposite. Powders were laid on dialysis membrane discs (cut off 14,000 Da),
which were placed on the sample holder of the apparatus to retain dissolved CS
molecules and avoid sample mass lost. Membranes alone were used for blank

measurements. Six replicates were performed on each sample.

V.2.3- MUCOADHESION MEASUREMENTS

Mucoadhesive properties were investigated by TA-XT2 Plus Texture Analyser (Stable
Micro Systems, Enco, Italy) using porcine gastric mucin (Type II) (Sigma, Italy) as
biological substrate. 40 mg of samples were hydrated in pH 5.0 phosphate buffer
(European Pharmacopeia (EP 6.0)) and then laid on a filter paper fixed with double
sided adhesive tape on the bottom of the upper probe of the apparatus. 30 pl of an 8%
(wt/wt) mucin dispersion in phosphate buffer pH 7 (EP 6.0) were applied on a filter

paper disc (diameter = 10 mm), fixed in the lower probe of the apparatus and faced to

74



Inmaculada Salcedo Bellido

the sample. The upper probe with the sample was lowered at a speed of 1.0 mms ' onto
the surface of the lower probe and a downward force (preload) of 2500 mN was applied
for 1 min to ensure intimate contact between the sample and the mucin dispersion and to
allow the formation of the mucoadhesive joints. After a 1 min rest, the upper probe was
moved upwards at a constant speed of 4.0 mms ™" until the complete separation of the
two surfaces occurred. The detachment force (mN) and the adhesive work (calculated
from the area under the force—distance curve, AUC (mN*s) were recorded and
simultaneously collected on a personal computer (Texture Exponent Software 32, Stable
Microsystem, Enco, Italy). Blank measurements were performed using phosphate buffer
pH 7 instead of the mucin suspension.

The normalized mucoadhesion parameter (AAUC/AUC) was calculated according to the

following equation (Ferrari et al., 1997):

AAUC/AUC=(AUC,—AUCplank)/AUCplank

where AUC,, is the work of adhesion obtained in presence of mucin and AUCyjak 1S the
work of adhesion obtained by the blank. Such normalization allowed comparing the
mucoadhesive properties of samples characterised by different cohesive properties

(viscosity) (Ferrari et al., 1997). Eight replicates were performed on each sample.

V.2.4- CELL CULTURES

Human colorectal adenocarcinoma cell lines (Caco-2) were obtained from the American
Type Culture Collection (ATCC, USA). Cells were grown at 37 °C, 5 % CO,
atmosphere (PBlinternational, Italy) in pH 7.4 Dulbecco's Modified Eagle's Medium
(DMEM) (Lonza, Italy) containing 20 % vol/vol heat inactivated Fetal Bovine Serum
(FBS) (Euroclone, Italy), penicillin (100 IU/ml), streptomycin (0.1 mg/ml) and 1 %
vol/vol non essential aminoacids (Sigma Aldrich, Italy). The culture medium was

changed twice weekly during maintenance.
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V.2.4.1- CELL VIABILITY MEASUREMENTS

Cell viability was estimated by the (4-(3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio)-1,3-benzene disulfonate) (WST-1) assay (Roche Diagnostics GmbH, Roche
Molecular Biochemicals, Bioidea, Italy). This reagent is metabolically reduced mainly
by mitochondria in viable cells to a water soluble formazan product, allowing direct
absorbance measures after experiments (Ishiyama et al., 1996).

Confluent Caco-2 cells (70 — 90 % confluence) were plated with the above described
medium in 96-well plates (growth area 0,36 cmz, Greineger Bio-one, PBI International,
Italy) at a density of 1x10° cells/cm” and cultured for 24 h (37 °C, 5 % CO,). Then, the
medium was removed and 200 pl of nanocomposite dispersions at three different
concentrations (5, 50, 500 pg/ml in medium without serum) were added to each well.
For comparison, experiments were also done on CS and clay mineral alone, at the same

concentrations as the nanocomposites (Table V.1).

TableV. I. Concentration of the samples for cell cultures studies.

Sample  Concentration (ug/ml)
CS/VHS low: 5
medium: 50
high: 500
CS low: 3.3
medium: 33.3
high: 333
VHS low: 1.67
medium: 16.7
high: 167

Complete medium and Triton®X100 (Fluka, Italy) were used as positive and negative
controls, respectively. The plates were then incubated (37°C, 5% CO,) for different
times, before being subjected to the WST-1 assay. The incubation time was 3 h for
cytotoxicity and 24 h for cell proliferation assays. Subsequently, the medium was
replaced by 100 pl of WST-1 10% v/v in HBSS (“Hanks’ balanced salt solution”) pH
7.4 and incubated for 3 h. At the end of the tests, the absorbance was assayed by using
ELISA plate reader (iMark™ Microplate Absorbance Reader mod. 550, Bio-Rad, Italy)
equipped with mechanical plate shaker at 450 nm wavelength with a reference
wavelength of 650 nm. The data were expressed as the mean percentage of viable cells

as compared to the respective control (untreated cultures).
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V.2.4.2- WOUND-HEALING MEASUREMENTS

Wound-healing measurements were performed to directly evaluate cell proliferation.
Experiments were carried out using a p-Dish (Ibidi, Giardini, Italy) with an insert which
delineates two distinct growth areas (growth area 2 x (0.22 cm?) (Figure V.2). Caco-2
cells were seeded at 10> cells/cm” in each chamber (seeding volume of 70 pl) grown to
confluence. After removal of the insert a cell free gap (“wound”) (500 um + 50 pm)
remained. Cells were put in contact with 500 pl of medium without serum containing
nanocomposite (50 pg/ml), with corresponding concentrations of free CS and clay
mineral. Dishes were re-incubated over a total period of 72 h. The growth of cells over
each sample was investigated by taking photographs after fixed times (24, 48 and 72 h)
using an inverted microscope (PBI international, Italy) at a magnification of 250 and
the size of the gap between the chambers was taken as a measure of cell proliferation as
a function of time. The digitalized images were elaborated by a suitable software
(UTHSCSA Image Tool version 3.00, The University of Texas Health Science Center,
USA), that allowed to measure the area left by the cell growth at each time.

The % of wound areas at different times were calculated considering 100 the mean area
measured for each sample at time zero. At least three different pictures were analyzed

for each sample and each time.

Figure V.2. Culture inserts used for wound-healing measurements.

77



In vitro biocompatibility and mucoadhesion of montmorillonite chitosan nanocomposite...

V.2.4.3- STATISTICAL ANALYSIS

One-way analysis of variance (ANOVA) with the post hoc Sheffé test for multiple
comparisons was performed using the software Siphar 4.0 (France). The comparison of
two groups (t Student test) was performed with Statgraphics® 5.0 statistical package
(Statistical Graphics Corporation, Rockville, MD, USA). Differences between groups

were considered to be significant at a level of P less than 0.05.

V.3- RESULTS AND DISCUSSION

V.3.1- WATER UPTAKE MEASUREMENTS

Figure V.3 shows the water uptake profiles of nanocomposite (VHS/Ch) and free
components (Ch base and VHS) in 0.1 M HCI. As observed the behaviour of the clay
mineral was different from that of the pure polymer. VHS immediately levelled off in a
plateau, whereas CS hydrated gradually, due to the progressive formation of the
corresponding soluble hydrochloride salt in contact with the medium. After 20 min
(1200 s) approximately, the polymer was fully hydrated and the total amount of medium
absorbed was 11.5 g/g dry polymer, that is, significantly higher ( P < 0.001, one-way
ANOVA, post hoc Scheffé test) than the amount absorbed by the clay mineral.
Nanocomposite achieved final amount absorbed of about 9 g/g. Data were normalized
as a function of the actual amount of CS present in the VHS/Ch nanocomposite. The
water uptake profile seemed have the same pattern of that of VHS, indicating that the
solubility of the polymer in 0.1 M HCI was reduced by the presence of the clay mineral.
Since drug release is strictly related with hydration, this result corroborated the
hypothesis postulated in a previous work, where drug release from VHS/Ch
nanocomposite in acidic medium was lower than the observed with CS alone (Aguzzi et

al., 2010).
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Figure V.3. Water uptake profiles of the samples in 0.1 M HCI (mean values +£s.e.; n=6).

V.3.2- MUCOADHESIVE PROPERTIES

Mucoadhesion measurements followed the trend CS > nanocomposite > clay mineral.
CS was characterized by the highest mucoadhesive potential (2.75 &+ 0.10). In fact it is
known that CS possesses mucoadhesive properties, due to the presence of many amino
groups in the polymer chains that form hydrogen bonds with glycoproteins in the mucus
(Lim et al., 2000) and also ionic interactions between positively charged amino groups
and negatively charged sialic acid residues of mucin. Clay mineral was also able to
interact with the mucin, although the normalized mucoadhesion parameter (0.71 + 0.03)
was significantly lower compared with CS (p < 0.001, one-way ANOVA post hoc
Scheffé test). Nanocomposite showed an intermediate behavior (0.85 + 0.03). Probably,
in the nanocomposite the mobility of the polymer chains was reduced by the interaction
of the clay mineral, reducing contact/interpenetration with the substrate. A similar
behavior was observed by other authors, studying bioadhesion of nanocomposite
between alginate and other kind of layered clay mineral (Pongjanyakul and Suksri,

2009).
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V.3.3- CELL VIABILITY

In Figure V.4a, cell viability over each sample after 3 h of incubation is given. At the
concentrations studied, CS and nanocomposite did not significantly reduce cell viability
compared with the blank (culture medium without serum), indicating good
biocompatibility properties for these materials. However, in the case of clay mineral at
high concentration a significant reduction of cell viability (p < 0.001, one-way ANOVA
post hoc Scheffé test) was observed. This effect was observed by other authors: they
suggested that high amounts of clay particles could block the most of the channels on
cell membranes, causing the cell death (Wang et al., 2008).

Figure V.4b refers to cell viability obtained after 24 h of incubation with nanocomposite
and pure components. For all the samples at all the concentrations considered the
viability values were comparable or higher than that of the blank (culture medium
without serum). In the case of Ch, viability increased progressively with increasing
polymer concentration, compared to the blank. It is known that CS chains can enhance
cell growth both because of their capacity to adhere to the (negatively charged) cell
membranes (Wang et al., 2010) and their ability to bind serum factors, such as growth
factors (Howling et al., 2001). Clay mineral also increased cell viability at low and
intermediate concentrations, reaching values significantly (p < 0.05, one-way ANOVA
post hoc Scheffé test) higher than the obtained with CS at the same concentration. It
could be suggested that a limited amount of clay mineral particles might be engulfed by
the cells through endocytosis, resulting in increased mitochondrial activity, rather than
in effective cell proliferation activity (Lin et al., 2006; Wang et al., 2008). At higher
concentrations, cell viability was reduced in line with the aforementioned observed
results (Figure V.4a). The nanocomposite partially reflected the behaviour of the free
components.

Cell viability increased with increasing nanocomposite concentration from low to
intermediate level. However, at higher concentrations cell viability did not further

increase, showing an intermediate value between CS and VHS.
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Figure V.4. Cell viability after 3 hours (a) and 24 h (b) of incubation with the samples studied. Positive
control: untreated cells in complete medium; blank: untreated cells in medium without serum; negative
control: Triton®X100 (Fluka, Milan, Italy) (mean values * s.e.; n = 8). See Table V.1 for the meaning of
the sample concentrations (low, medium, high) (mean values + s.e.; n=8).

V.3.4- WOUND-HEALING MEASUREMENTS

Wound-healing measurements were done in order to verify the results of cell
proliferation obtained by WST-1 test. These measurements allowed a direct observation
of cell growth, excluding possible misunderstandings in the interpretation of WST-1
test. Experiments were performed on nanocomposite and free components at the
intermediate concentration, where WST-1 test revealed an increase in cell proliferation
for all the samples studied, compared with the blank.

In Figure V.5 photographs of cell cultures after different incubation times are given,
showing the progression of the gap over each sample as a function of time. Results were
expressed as average percentage of gap size after established times compared to time
zero, as it is shown in Figure V.6. At time zero, gap's size was in all cases the maximum

allowed (assumed 100 %). For each sample there was a significant total effect of time in
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the reduction of wound area in the range 0-72 h (p < 0.001, one-way ANOVA). When
comparison of two samples was performed (considering subsequent time intervals for
each sample), in almost all cases the differences of area at different times were still

significant at a 95 % level.

Blank CS/VHS Cs VHS
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—

Figure V.5. Photographs of cell cultures from wound-healing test (bar is 200 pm).
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t

The results of these comparisons are given in Table V.2, where the p values of statistical

evaluation performed are reported.

Table V.2. P values obtained for two sample comparison of groups at different times (t Student).

Time (h) Blank CS/VHS CS VHS
0-24 0.013 0.003 0.008  0.063
24-48 0.118  <0.001  0.003 0.053
48-72 0.037  0.004 0.019  0.032
0-48 0.004  <0.001 <0.001 0.011
0-72 <0.001 <0.001 <0.001 0.003
24-72 0.007  <0.001 <0.001 0.002

p value considered significant below 0.05
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Figure V.7. Gap reduction after different incubation times (mean values + s.e.; n = 4).

As for blank sample, the area reduction was not significant for the comparison between
24 and 48 h indicating a slow proliferation at early time. As for the VHS/CS
nanocomposite and Ch, the area reduction was significant at all times, indicating a
constant and progressive reduction of wound area, faster than that determined for blank
sample. As for VHS sample, the reduction of the wound area was significant only
between 48 and 72 h, indicating also in this case a slower proliferation as that of blank
and corroborating that the previously observed augment in cell viability (WST-1 test at
24 h) might be due to an increase in mitochondrial activity, induced by the cellular
uptake of the clay particles. It is known that in endocytosis processes, mitochondria
provide the necessary energy (trapped in ATP) for vesicular transport and for the
processing of lysosomal enzymes in the endoplasmic reticulum and Golgi apparatus
(Nelson et al., 2008). These results indicated that the Caco-2 growth rate was
predominantly enhanced by the nanocomposite and Ch. The observed area reduction
also suggested an effective stimulation of cell growth by CS (as previously described in
literature (Howling et al., 2001; Wang et al., 2008)) and nanocomposite. According to
Lavie and Stotzky (1986) montmorillonite may develop London—van der Waals forces
and hydrogen bonding with cells, promoting cell adhesion that, in nanocomposite,
should allow CS to enhance cell growth. For each time there was not a significant effect
of sample in the reduction of wound area (one-way ANOVA). When comparison of two
samples was performed the only significant difference that could be evidenced was
between blank and nanocomposite at 48 h (p < 0.05). At 24 h all samples presented an

area of 80% with respect to the initial value, without significant differences between
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samples (one-way ANOVA). At 48 h the wound area ranged between 40% (VHS/CS)
and about 60% for blank with intermediate values for the other samples. After 72 h, in

all cases the wound area was reduced to less than 20 % of the initial area.

V.4- CONCLUSIONS

According to the results, the prepared VHS/CS nanocomposite possessed mucoadhesive
properties combined with lower hydration properties in acidic environment compared
with pure CS. From cell cultures experiments, CS and nanocomposite showed good
biocompatibility on Caco-2 cells in the concentration range studied (5-500 pg/ml).
Nanocomposite and CS also exhibited a progressive reduction in wound area, indicating
an effective stimulation of Caco-2 proliferation by these samples.

We conclude that a new biohybrid material was produced by interaction between CS
and VHS, showing promising properties for pharmaceutical applications, especially for

designing of modified drug delivery systems.
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ABSTRACT

The aim of the present paper was the development of a nanocomposite based on
chitosan and montmorillonite to deliver oxytetracycline, improving its oral
bioavailability. The nanocomposite was prepared by simple solid—liquid interaction and
loaded with the drug. Then, it was characterized by X-Ray diffraction, thermal analysis,
FTIR, zeta potential and particle size distribution. Cytotoxicity of the nanocomposite
was also evaluated over Caco-2 cell cultures. Subsequently, drug permeation from the
nanocomposite was also evaluated across cellular monolayers. The amount of drug
permeated was determined and the monolayers were also analysed by means of confocal
laser scanning microscopy (CLSM) to evaluate the eventual entrapment of drug into the

Caco-2 cells.

V1.1- INTRODUCTION

Among the different advantages of nanocarriers in drug development, improvement of
drug absorption is well described in literature (Ghaffarian et al., 2012). Transport of
drugs across the intestinal epithelium occurs mainly by one or more of the following
mechanisms: passive transcellular and paracellular difussion, carrier mediated transport
and by transcytosis. Rapidly and completely absorbed drugs are generally transported
by the passive transcellular route, whereas drugs that are slowly and incompletely
passively absorbed are assumed to be transported in equal amounts by the paracellular
and transcellular routes. However, in reality, the tight junctions which gate the entrance
to the paracellular pathway restrict this transport. The low efficiency of the paracellular
pathway has stimulated investigations into ways to enhance the permeability by this
route. Many of these studies have been performed in monolayers of intestinal epithelial
cells and have provided new insight into the regulation of tight junctions (the rate
limiting barrier of the paracellular pathway).

Some hydrophilic drugs whose chemical structures mimic those of various nutrients can
be transported across the intestinal epithelium by active, carrier-mediated transport.
Often, transport is mediated partly by the carrier and partly by passive routes. Since

carrier-mediated transport is saturable, the contribution of the passive route will increase
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with increasing dose. If the drug has a low passive permeability, saturation of the carrier
will result in a decreased absorbed fraction. This may occur either when the carrier is
saturated by nutrients or at high dose levels of the drug. There are also active
transporters such as P-glycoprotein (P-gp), which mediate drug transport in the serosal
to mucosal direction. In this case, saturation of the carrier could result in an increase in
the absorbed fraction of drug. The low capacity of the transcytosis route from the
mucosal to the serosal side of the intestinal epithelium makes this route less attractive
for the transport of drugs. It has therefore mainly been considered as a route for highly
potent drugs (such as peptide antigens) which are excluded from the other transport
pathways due to their size. Another disadvantage is that transport generally occurs in
membrane vesicles which contain large amounts of proteolytic enzymes.

Oxytetracycline is frequently used for its extensive spectrum of antimicrobial activity.
However, the antibiotic shows a low bioavailability following oral administration.
Absorption of this drug from the gastrointestinal tract is incomplete, with major
differences between species (Dyer, 1989; Mevius et al., 1986; Pijpers et al., 1991;
Nielsen and Gyrd-Hansen, 1996). The low oral bioavailability of oxytetracycline poses
the question to what extent P-gp expression in the intestines accounts for its limited
absorption, as this would offer the possibility to improve the oral availability of the
drug. It has been demonstrated that oxytetracycline is a substrate for the efflux
transporter P-pg, being able to saturate the carrier (Schrickx and Fink-Gremmels, 2007).
Caco-2 cell line is an established model to investigate the mechanisms involved in the
bioavailability after oral administration, as the cells grown as confluent monolayers,
form tight junctions, and thus resemble the intestinal barrier (Calcagno et al., 2006).
Depending on the chemical characteristics of the compound under consideration,
passive diffusion and active transport, contributing to absorption and secretion through a
Caco-2 cell monolayer, can be measured (Yamashita et al., 1997; Artursson et al.,
2001). Consequently, Caco-2 mono layers have been used to study drug transport by all
four routes. Caco-2 cell cultures are extensively used in studies aimed to evaluate both
the permeability of drugs through the gastrointestinal wall and to evaluate cytotoxicity
of the different components of a given formulation (Garcia-Casal et al., 2000). Caco-2
cells express morphological and biochemical characteristics similar to those of healthy

human enterocytic cells, even if they are smaller than enterocytes (Pontier, 1998).
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With this premises, aim of this paper was to asses the suitability of a chitosan-
montmorillonite nanocomposite to improve oxytetracycline bioavailability. The
nanocomposite was prepared following Salcedo et al. (2012), and Caco-2 cell model
was used to evaluate the penetration enhancement properties of the nanocomposite
towards the antibiotic. Cytotoxicity of the nanocomposite was also evaluated by using
Neutral Red assay. The amount of drug permeated across the cellular substrates was
determined and the monolayers were also analysed by means of Confocal Laser
Scanning Microscopy (CLSM) to evaluate the eventual entrapment of drug into the

Caco-2 cells.

V1.2- MATERIALS AND METHODS

Chitosan base (CS) with deacetylation degree of 98% and low viscosity (12 mPa*s) was
used (Giusto Faravelli, Italy). CS was dissolved in aqueous acetic acid (1% v/v) and
then freeze dried to obtained the corresponding acetate soluble salt (CSAc) to be used
as control in sample characterisation. The clay mineral was a pharmaceutical-grade
montmorillonite (Veegum HS® (VHS) kindly gifted by Vanderbilt Company S.A.
(USA). The selected model drug was Oxytetracycline hydrochloride (OXT), purchased
from Panreac (Spain), with pK, 3.3, 7.3 and 9.1. Pentasodium trypolyphosphate (TPP)

from Sigma Aldrich (Spain) was used as cross-linking agent.

V1.2.1- PREPARATION OF POLYMER/CLAY NANOCOMPOSITE

CS (2% w/v) and VHS (1% w/v) were dispersed under magnetic stirring in aqueous
acetic acid (1% v/v) and then freeze dried to obtain dry polymer clay nanocomposite
powder (PCNC) (Salcedo et al., 2012). The 2:1 CS:VHS w/w ratio was used in

agreement to their previously calculated binding capacity (Aguzzi et al., 2010).

V1.2.2- PREPARATION OF DRUG-LOADED PCNC

To prepare dug loaded PCNC, CS and VHS were dispersed, at the same w/w % as

described above, in acetic acid solution (1% v/v) containing 0.8 % (w/v) of OXT. 5%
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(w/v) of TPP aqueous solution was then added to the dispersion to promote drug
entrapment, by inducing ionotropic gelation the remaining free amino groups of CS.
The resultant component concentrations in the final dispersion were the following: OXT
(2% w/v), CS (0.7 % w/v), VHS (0.35% w/v) and TPP (1.125% w/v). The loaded
PCNC was separated from the aqueous suspension by centrifugation at 10000 rpm for
10 min. The amount of free OXT was measured in the supernatant by UV spectroscopy
at 270 nm. The OXT encapsulation efficiency (EE) of the process was calculated from
equation [1], resulting in 15% (w/w) in presence of TPP vs 10% (w/w) in absence of

ionotropic gelation of the polysaccharide chains.

EE = (Total amount of OXT - Free amount of OXT)/Total amount of OXT * 100 [1]

V1.2.3- THERMAL ANALYSIS

Thermogravimetric analysis (TGA) was carried out using a METTLER TOLEDO mod.
TGA/DSC1 with FRS5 sensor and a microbalance (precision 0,1 pg) (Mettler-Toledo

GMBH). The samples were heated under nitrogen atmosphere in the interval 30-400°C
at 10°C/min.

VI1.2.4. FTIR SPECTRA

FTIR spectra were recorded on a FTIR spectrophotometer (JASCO 6200, with software
SPECTRA MANAGER v2). The FT-IR measurements of the samples were carried out
in the transmission mode in the region from 600 cm™ to 4000 cm™ at 0.5 cm™ resolution

and using KBr pellets.

VI1.2.5- ZETA POTENTIAL AND PARTICLE SIZE DISTRIBUTION

The zeta potential of sample suspensions (0.1 mg/ml) was measured using a laser
Doppler electrophoresis analyzer (Zetasizer Model Nano ZS, Malvern Instruments Ltd.

UK). The temperature of the samples was maintained at 25 °C.
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Granulometric distribution of the studied samples was studied by the laser diffraction
method using a particle size analyser Mastersizer 2000 (Malvern Instruments Ltd. UK).

Previously, the nanocomposite samples were sieved to separate the < 63 um fraction.

V1.2.6- CYTOTOXICITY

Caco-2 cells were seeded in 96-well plates with area of 0.34 cm® at density of 10° cells
per square centimetre. After 7 days, the growing cells are attached to the well bottom
composed of a monolayer, and at the eighth day the experiments are performed. The
toxicity study was performed using the neutral red (NR) assay (Tox Kit 4, Sigma-
Aldrich, Milan, Italy), consisting in a vital dye able to penetrate into living cells. Each
well bottom was washed with saline phosphate buffer (PBS) and 500 pl of each sample
(diluted 1:1 with Hank’s Balanced Salt Solution (HBSS; CaCl, anhydrous 140 mg/l,
MgCl, 6H,O 100 mg/l, MgSO4 7H,O 100mg/l, KCl 400 mg/l, KH,PO4 60 mg/l,
NaHCO; 350 mg/l, NaCl 8,000 mg/l, Na,HPO4 48 mg/l, D-glucose 1,000 mg/l, Phenol
Red 10 mg/l; Sigma, Milan, Italy)) at pH 5.5 was put in contact with the cells (the same
sample concentration and the same sample amount/area ratio were maintained as used in
permeation experiment across Caco-2 cells). After 3 h, the samples were removed and
the cell substrates washed with PBS. Two hundred microliters of NR solution (0.33
mg/ml in Dulbecco’s Modified Eagle’s Medium (DMEM)) was put in each well for
either 1 or 2 h of contact time. Cell substrates were then washed with PBS to remove
NR not entrapped in the cells, and the fixing medium (1% CaCl, and 0.5%
formaldehyde aqueous solution) was added to fix the substrate. After removal of the
fixing solution, a solubilizing solution (1% of acetic acid in ethanol) was added to the
cell substrates to cause cell disruption and to release NR captured by viable cells. The
NR solution absorbance was determined by means of a plate reader (Perkin Elmer,
Milan, Italy) at wavelength of 490 nm. The absorbance read for each sample was
compared with that of HBSS, negative control, that is not toxic and that was assumed to

allow maximum cell viability (100%).
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V1.2.7- PERMEABILITY STUDIES

The nanoparticle suspensions were diluted 1:1 using pH 5.5 HBSS and were subjected
to permeability tests across Caco-2 cell monolayers. Caco-2 cells were seeded on tissue
culture-treated polycarbonate filters (Figure VI.1) (area 113.1 mm?®; inner diameter
13.85 mm, pore size 0.4 pum) in 12-well plates (Greiner Bio-one, PBI international,
Milan, Italy) at seeding density of 10° cells per square centimeter. DMEM (pH 7.40;
Bioindustries, PBI international, Milan, Italy) supplemented with 10 % fetal bovine
serum, benzylpenicillin G (160 U/ml), streptomycin sulfate (100 pg/ml; Bioindustries,
PBI international, Milan, Italy) and nonessential amino acids (Sigma, Milan, Italy) was
used as culture medium. Cell cultures were kept at 37 °C in an atmosphere of 95 % air
and 5 % CO; and 95 % of relative humidity. Filters were used for transepithelial
electrical resistance (TEER) measurements and transport experiments 21-23 days after
seeding.

Five hundred microliters of the nanocomposite suspensions was diluted 1:1 in HBSS at
pH 7.4 and were used as the apical (donor) phase of the monolayers. HBSS at pH 7.4 (2
ml) was used as the basolateral (receptor) phase and added to the basolateral side of the
monolayers. At 0.5, 1.5, and 3 h, each filter and its mounting donor chamber filled with
the apical phase were moved into a fresh basolateral (receptor) phase. During the
experiments, the integrity of the monolayers was assessed by means of TEER
measurements at fixed times using a Millicell ERS-meter (Millipore Corp., Bedford,
MA, USA). OXT at the same concentration than that of nanocomposite was subjected to

the same assay and used as control.

Electrods for the TEER

Apical phase

Caco-2 cell monolayer on v l 7 4 I
tissue culture-treated —————— | » X

polycarbonate filters

Basolateral side

Figure V.1. Plate with tissue culture-treated polycarbonate filters for the TEER measurements.
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V1.2.8- CLSM EVALUATION

Caco-2 cells grown on filters in 12-well plates and subjected to permeation/penetration
measurements were analysed by using CLSM to visualize nanocomposites loaded with
OXT eventually entrapped in the cells. The cell substrates were fixed in ethanol and
dried overnight. Cell nuclei of cell substrates were stained by dipping the biological
substrates into a solution (1:100 000) of Hoechst 33258 (Sigma, Milan, Italy). Each cell
filter was mounted using PVA-DABCO, polyvinyl alcohol mounting medium with
DABCO antifading (mixture of tris (hydroxymethyl) aminomethane/tris
(hydroxymethyl) aminomethane hydrochloride, polyvinyl alcohol 22 000 Da, glycerol
anhydrous and DABCO; BioChemika, Fluka, Milan, Italy) and covered with cover
glass. A confocal microscope (Leica DM IRBE/Leica TCS SP2, Leica Microsystems,
Milan, Italy) was used to observe the cellular uptake of nanocomposites at an excitation
wavelength of 390 nm and an emission wavelength of 512 nm for OXT and at an
excitation wavelength of 346 nm and an emission wavelength of 460 nm for Hoechst
33258. The acquired images were processed by means of specific software (Leica

Microsystem, Milan, Italy).

V1.2.9- HPLC ASSAY OF OXYTETRACYCLINE

Drug assay was performed using an HPLC system (series 200, Perkin Elmer, S)
equipped with Dbinary pump, autosampler, column oven and UV-VIS
spectrophotometer. The stationary phase was a column Kromasyl® C18, 5 pm, 250 X
4.6 mm (Teknokroma, S) and the mobile phase was a mixture of phosphoric acid
(HsPO4 pH 2.3) and CH3CN (76/24 vol/vol). The flow rate was set at 1 ml/min, the
injection volume was 10 pl, the detector wavelength 365 nm and the run time 8 min.
Data were recorded using TotalChrom WS 6.2 software package (Perkin Elmer, S). The
method was linear (y = 7¥10°k — 8532) in the range from 0.01 to 0.1 mg/ml, with R* =
0.9997.
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V1.3- RESULTS AND DISCUSSION

V1.3.1- XRPD

CSAc (chitosan acetate) showed the typical pattern of a low crystalline powder (Figure
V1.2), with diffraction bands around 8 °, 11 ° and 20 ° 26. VHS pattern corresponds to
that of a montmorillonite rich clay sample, as described in a previous work (Aguzzi et
al., 2005). In the PCNC, the peak at 7.3 © 20 of VHS (corresponding to the reflection of
the dgo; spacing of the clay mineral (12.0 A)) moves to 6.7 ° 260 (13.2 A). This expansion
can be explained by the intercalation via cation exchange between the positively
charged amino groups of the polysaccharide and the interlayer Na" associated to the
clay mineral. In agreement with Darder et al. (2003), the dyo; spacing of the PCNC
corresponded to the intercalation of CS as a monolayer inside the montmorillonite

interlayer.
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Figure VI1.2. X-Ray diffraction patterns of the pure materials and nanocomposites.

XRPD patterns of OXT, TPP and drug-loaded PCNC are also included in Figure VI.2.
OXT showed characteristics intense reflections at 9 ° and 10 ° 20 (Kulshrestha et al.,

2004), while various prominent crystalline peaks corresponding to a mixture of sodium
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and potassium phosphates were observed in the case of TPP. As for loaded PCNC, the
d-spacing (dgo;) of the clay mineral further shifted to 15 A, as a result of the
intercalation of the drug molecules. Reflections corresponding to crystalline OXT and
phosphates were also observed, indicating some degree of precipitation of the single

constituents in the obtained nanocomposite.

V1.3.2- THERMOGRAVIMETRIC ANALYSIS

TGA curves of the samples are shown in Figure VI.3 CSAc showed three stages of
weight loss with corresponding differential thermal analysis (DTA) peaks at 58.8°C,
153.3 °C and 292.6 °C, respectively. The first stage occurred between 25°C and 100°C,
being assigned to evaporation of absorbed water (11 % w/w). The second stage

corresponds to the dehydration of polymer chains, occurring between 120 °C and 250 °C

(17 % of weight loss).
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Figure V1.3. Thermogravimetric curves of the pure materials and nanocomposites.

Once dehydrated, the polymers chains undergo to the depolymerization and
decomposition of the acetylated and deacetylated units (250- 350 °C; 30 % w/w loss).
Weight loss of VHS occurred in the interval between 25 °C and 100 °C (5 % w/w loss)
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corresponding to loss of water moisture of external and interlayer clay surfaces. Above
100 °C the clay did not show any other weight loss in the studied conditions. OXT
showed a first weight loss below 100 °C (DTA peak at 66.8 °C) corresponding to free
moisture (8 % w/w), followed by a second weight loss interval (180-260 °C) ascribed to
the degradation of the drug molecule.

In comparison with starting chitosan, TGA curve of PCNC did not show any weight
loss in the interval 120-200 °C. Only two weight loss steps were observed: the first one
in the range 25-100 °C, producing a mass loss of 6.5% (w/w), and the second between
200 and 300 °C (DTA peak at 232.1 °C), that can be assigned to dehydration,
depolymerization and decomposition of the polymer chains. On the basis of these
results, two important conclusions can be obtained. First of all, the amount of water
retained by VHS increased (from 5 % to 6.5 %) as a result of the polymer chains
intercalation, and finally, dehydration of chitosan was delayed up to 200 °C, suggesting
a higher thermal stability of the organic matter when intercalated into the clay mineral.
A similar behavior was observed for loaded PCNC, in which weight loss step (180-210
°C) corresponding to the oxytetracycline degradation was also observed (DTA peak at

194.3 °C).

VI1.3.3-FTIR

FTIR spectra of CSAc showed a broad peak in the range of 3450-3100 cm ', assigned
to stretching vibrations of O-H bonds, overlapping in the same region of a NH
stretching (Figure VI.4). The peaks observed at 2944 cm™' and 2890 cm™' corresponded
to C—H bonds and —CHj groups, respectively. Bending vibrations of —CH, (v = 1380
cm ') and —CH3 (v = 1420 cm ™) (Mano et al., 2003) were also observable. The 1645
cm ' peak was associated to the vibration of carbonyl bonds of amide group CONH-R
and the 1540 cm ' peak corresponded to the bending vibrations of protonated amino
groups (-NH;3") (Marchessault et al., 2006). Vibrations appearing in the interval 1160
cm ' to 1000 cm ™' were ascribed to vibrations of —CO groups (Shigemasa et al., 1996;
Nunthanid et al., 2001; Duarte et al., 2002; Xu et al., 2005). VHS spectrum showed a
peak at 3640 cm ', ascribed to the stretching vibrations of interlayer O—H groups. The
peak at 1658 cm™' was attributed to the water molecules directly coordinated to the

exchangeable cations of the clay. Stretching vibrations of Si-O bonds (v =997 cm '), as
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well as bending vibrations of AIMgOH (v = 798 cm ') and AIAIOH (v =930 cm™")
bonds were also clearly observed (Madejova et al., 1999). The frequency of the
vibrational bands at 1540 cm™' in the starting CSAc was shifted toward lower frequency
in the nanocomposite (1520 cm'). This fact can be related to the electrostatic
interaction between the protonated amine group and the negatively charged sites in the
clay structure. The peak at 3640 cm ™' of interlayer O—H groups of VHS disappeared,
confirming the intercalation via cation exchange of the polysaccharide in the clay
interlayer. In the interval between 1030 cm ' and 570 cm ' overlapping of Si—O-Si
absorbance band of VHS with C-O—-C band of CSAc did not allow a clear description

of the spectra, in line with other previous works (Paluszkiewicz et al., 2011).

TFP
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4000 3000 2000 1000
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Figure V1.4, FTIR spectra of the pure materials and nanocomposites.

Loaded PCNC showed the typical peaks of oxytetracycline corresponding to amide I
and II vibrations at 1630 cm' (amide I bands) and 1553 cm ' (amide II bands). IR
bands in the region 1400 - 600 cm ' did not correspond to functional groups involved in

possible drug-nanocomposite interactions and overlapped with TPP characteristic peaks
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(1186 cm ' (P=0O stretching)), 1148 cm (symmetric and antisymmetric stretching
vibrations in PO, group), 1093 cm™' (symmetric and antisymmetric stretching vibrations
in PO;3 group), 912 cm™' (antisymmetric stretching of the P-O-P bridge) (Corbridge et
al., 1954; Gierszewska-Druzynska et al., 2010). Papadimitriou et al. (2008) found that
interaction of TPP with CS induced changes in the characteristic band of amide groups
of the polymer in the region (1650 — 1600 cm ). Similar results were also obtained by
Hua et al. (2010). These changes were not visible in our spectra because of overlapping

of amide bands of CS with those of the drug.

VI1.3.4- ZETA POTENTIAL AND PARTICLE SIZE DISTRIBUTION

Zeta potential of VHS was -45,1 mV (£ 0.4 mV) corresponding to the negative charged
clay particles. After intercalation of chitosan, the resulting nanocomposite particles
showed positive values of zeta potential (35.1 mV + 0.2 mV)), indicating that clay
particles were covered by ionized CS molecules. This result corroborates the
electrostatic interaction between CSAc and VHS. In fact, the nanocomposite structure
resulted from a homogeneous dispersion of VHS particles in a chitosan matrix with
intercalation of polysaccharide chains inside the phyllosilicate interlayer space. In the
loaded PCNC, the measured zeta potential was 23.5 mV (= 0.6 mV). This decrease in
zeta potential in comparison with the unloaded PCNC might be due to the partial
anionic character of the exchanged drug molecule (pk, 3.3; 7.3; 9.1).

In figure VI1.5., particle size distribution of loaded PCNC is shown. Mode was 50 um
and resulting statistical diameter were 82.91 pm (do), 35.87 um (dos) and 8.98 pm

(do.1).
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Figure V1.5, Granulometric distribution of loaded PCNC (< 63 um sieve fraction).

It can be concluded that even if the interaction between the nanocomposite components
(in particular, the intercalation of the polysaccharide chains into clay interlayers) are, as
discussed previously, in the nanometer scale, the resulting particle size of the

nanocomposites are in the micrometer scale.

VI1.3.5-CYTOTOXICITY

In Figure VI.6. the results of cytotoxicity assay are reported. The viability was evaluated
for the following samples: drug alone (OXT) at 0.075 and 0.0375 mg/ml; the
corresponding loaded nanocomposites PCNC-OXT at 0.25 and 0.5 mg/ml and unloaded
nanocomposites (PCNC) at 0.25 and 0.5 mg/ml. The nanocomposites crosslinked with

TPP were also evaluated PCNC-TPP at 0.25 and 0.5 mg/ml.
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Figure V1.6. Caco-2 cell viability (%) after contact with OXT, PCNC, PCNC crosslinked with TPP,
and loaded PCNC, at various concentrations (mean values =+ sd; n=8).

All the samples resulted in % viability values close to 100%, to indicate good
biocompatibility of the systems at the studied concentrations. This means that the
montmorillonite and chitosan also combined to form nanocomposites are biocompatible
as well as the nanocomposites crosslinked with TPP (in agreement with Salcedo et al.
2012). Moreover the OXT loading into the nanocarriers did not cause cytotoxic effect
on Caco-2 cell line. Concentrations of nanocomposites that showed higher average
values of cell viability (PCNC 0.25 mg/ml and OXT 0.0375 mg/ml) were selected for

further characterization, in particular drug permeability.

V1.3.6- DRUG PERMEABILITY

Figure V1.7 shows the TEER % profiles as a function of time for nanocomposites at the
concentration of 0.25 mg/ml and for OXT at the concentration equal to 0.0375 mg/ml.
The TEER % profile of OXT was almost close the 100% for all the experiment time, to
indicate that the substrates did not change the interconnections between cells due to the
drug alone. As for the nanocomposite there was a moderate but significant decrease of

the TEER % that reached the minimum value after three hours of contact time (the end
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of the experiment). This decrease even if is quite limited could be due to the presence of
chitosan in the nanocomposites which could interfere with the junctional proteins

causing a widen of the paracellular route.
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Figure VI.7. TEER % profiles of loaded PCNC (0.25 mg/ml) and OXT (0.0375 mg/ml)
(mean values + sd; n = 3).

Figure VI.8 shows the % of OXT permeated to the basolateral phase during the
permeability experiments. Permeated amount was almost constant for the drug alone but
increases for the nanocomposites. This probably means that OXT alone was subjected
to P-gp action and the permeation was limited, while the nanocomposite could elude the
P-gp efflux and consequently the amount of drug permeated to the basolateral phase

increases with time.
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Figure V1.8. % profiles of drug permeated (mean values + sd; n = 3).

V1.3.7- CLSM

To investigate the fate of OXT and the interaction with Caco-2 cell monolayers, CLSM
analysis was performed on the substrates subjected to the permeability experiments.
CLSM microphotographs obtained after 1.5 h (Figure V1.9.) and 3 h (Figure VI.10.) of
contact time between Caco-2 substrates and either nanocomposite or drug alone showed
the nuclei of the cells in blue and the nanocomposites loaded with oxytetracycline or the
drug alone in light red. As both the contact time the OXT loaded nanocomposite were
present in the cell substrates. In particular some particles are visible and in the z-
projection it can be notice that the particles are into the depth of the cell substrate to

indicate an actual internalization and not only a membrane interaction.
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Figure V1.9. CLSM microphotographs of Caco-2 substrates treated with loaded PCNC or OXT for 1.5 h.

The nuclei were well defined without signal of apoptosis, to confirm the lack of

cytotoxicity of the chitosan montmorillonite nanocomposite.
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Figure VI1.10. CLSM microphotographs of Caco-2 substrates treated with loaded PCNC or OXT for 3 h.

V1.4- CONCLUSIONS

It was possible to prepare a nanocomposite based on montmorillonite and chitosan and
loaded with oxytetracycline, as confirmed by thermogravimetry and FTIR analysis.
Such a system was characterized by good biocompatibility towards Caco-2 cells.

The nanocomposite slightly decreased the permeation rate of the drug in the first phase
of the permeation assay, nevertheless the permeation was linear and proceeded all over
the experiment time.

The CLSM analysis suggests that there was an interaction between the nanocomposites

and the cell substrates thus causing the uptake of the nanocomposite into the cells.
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Even if a limited enhancement of drug permeation was determined by the
nanocomposites the mechanism of internalization/uptake should be a chance for the
drug to elude the P-gp. This should be promising to obtain high bioavailability in vivo

after oral administration of the drug.
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En esta Tesis doctoral se han desarrollado nanocomposites de quitosano y
montmorillonita, evaluando su seguridad y eficacia como sistemas de transporte del
antibidtico Oxitetraciclina. Fruto del trabajo desarrollado se han publicado (uno adn
pendiente de publicacién) cuatro articulos JCR situados entre los primeros de su
categoria, en los que se abordan los objetivos planteados en la Tesis. En cada uno de
ellos se dan conclusiones parciales que han quedado plasmadas en los capitulos
anteriores. En el presente capitulo de conclusiones de esta memoria de Tesis doctoral se
sefialan aquellas que consideramos conclusiones generales a las que cabe llegar, que son

las siguientes:

1. El quitosano es un polisacéarido susceptible de ser empleado como matriz para la
obtencion de sistemas hibridos de tipo nanocomposite de interés farmacéutico, mediante

la incorporacidn a escala nanométrica de particulas de montmorillonita.

2. La incorporacion de montmorillonita a un gel de quitosano puede realizarse a
temperatura ambiente y por interaccion soélido-liquido, en la que a través de un
mecanismo de intercambio cationico se obtiene una estructura formada por la

intercalacion de cadenas de polimero en la interlamina del filosilicato.

3. La matriz polimerica resultante de la incorporacion del filosilicato presenta
propiedades diferenciadas, que incluyen cambios en el potencial electrocinético de las

particulas de los componentes cuando forman el nanocomposite.

3. Los nanocomposites quitosano/montmorillonita obtenidos presentan propiedades
mucoadhesivas de especial interés en sus aplicaciones como excipientes de liberacion

modificada.

4. Los nanocomposites quitosano/montmorillonita obtenidos presentan buena

biocompatibilidad y estimulan la proliferacion celular en cultivos de células Caco-2.

5. Los nanocomposites quitosano/montmorillonita obtenidos pueden actuar como
soportes de oxitetraciclina dando lugar a complejos farmaco-nanoexcipiente con

presencia del antibidtico a nivel de la interlamina del filosilicato.
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6. Los nanocomposites cargados con oxitetraciclina no presentan citotoxicidad en las
concentraciones ensayadas en cultivos de células Caco-2 y promueven la permeabilidad
del farmaco, evitando el conocido efecto limitante de su biodisponibilidad inducido por

la glicoproteina P.

Como corolario de la Tesis Doctoral puede inferirse que:

El desarrollo tecnolégico centrado en la interaccion a escala nanomeétrica de excipientes
“clasicos”, como la montmorillonita y el quitosano, puede conducir a la obtencion de
materiales novedosos susceptibles de empleo como excipientes de Gltima generacion

con prometedoras funcionalidades de interés biofarmaceéutico.
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This study reviews current challenges of clay minerals for drug delivery. Clay minerals are widely used in
conventional pharmaceutical dosage forms both as excipients and active agents. Clay minerals may interact
with drug molecules, but also with inactive components of medicinal products such as polymers. On the
basis of these interactions, clay minerals and their modified forms can be effectively used to modify drug
delivery systems. In this research area, recent advances include the use of montmorillonite and saponite to
retain drug molecules and control their release. Synthetic analogues such as Laponite and layered double
hydroxides are also being used for biopharmaceutical and technological purposes. Another interesting
strategy is the preparation of composites with clay mineral particles in polymeric matrices to obtain different
systems (films, nanoparticles, hydrogels, matrices...) with improved pharmaceutical properties compared to

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Clays and clay minerals play an important role in the field of health
products. They can be considered as raw pharmaceutical materials
that once evaluated and/or modified to fulfill regulatory pharmaco-
poeial requirements may achieve the status of pharmaceutical
substances suitable for use in the manufacture of medicinal products
(Lopez-Galindo et al., 2007). The progression from raw material, to
pharmaceutical grade substance, and finally to pharmaceutical forms
suitable for administration to the body is achieved first through
general pharmaceutical operations to adjust the material grade, and
then by specific pharmaceutical operations leading to the final dosage
form (Fig. 1).

Consequently, clay minerals are fundamental components in
several medicinal products, where they are used as excipients and
fulfill some technological function (Lopez-Galindo and Viseras, 2004).
Table 1 shows the administration routes and dosage forms of clay
minerals used as excipient in currently commercialized pharmaceu-
tical products in the USA (FDA, 2009). Clay minerals are also used
in pharmacy because of their biological activity, that is, as active
substances or drugs (Lopez-Galindo and Viseras, 2004). Pharmaco-
logical functions of clay minerals as active substances are summarized
in Table 2. As observed, clay minerals are mainly used in the treatment
of gastrointestinal and topical diseases.
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Universidad de Granada, Facultad de Farmacia, Campus de Cartuja, s/n, 18071 Granada,
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2. The need for modified drug delivery systems

Besides these classic pharmaceutical uses, clay minerals may be
effectively used in the development of new drug delivery systems
(DDS). Strictly speaking, all pharmaceutical dosage forms are DDS, as
they are used to administer drugs meant to reach the site of action
and maintain a certain concentration during treatment. However, the
ultimate therapeutic effect of a pharmaceutical treatment will depend
on several factors (Fig. 2). Some concern the drug itself, such as
potency, disposition (distribution and elimination) in the body, site of
biological effect or concentration-effect relationship; others concern
the patient, such as genetic constitution, organ function, and so on. A
third group of factors concern pharmaceutical considerations such as
optimal dosage forms and route of administration, frequency and dose
of drug in the dosage forms, etc. Pharmacology studies the effect of
a drug on a patient. Pharmaceutical technology works in the area
between the drug and the dosage form, selecting and preparing the
most adequate pharmaceutical product. Finally, biopharmacy studies
the evolution of a dosage form (and the drug that it contains) after
administration to the patient.

As might be expected, the intensity of the therapeutic effect will
depend firstly on drug concentration at the site of action. Consequently,
indrug therapy, it is very important to provide therapeutic levels of drug
to the site of action (or at least in the blood) and maintain them during
the treatment (Ding et al.,, 2002). Furthermore, it is desirable to mini-
mize temporal variations in drug concentration by using some modified
drug delivery system to avoid periods of overdosing or underdosing
(Directive 75/318/EEC, 1992). As Fig. 3 shows, there is a direct rela-
tionship between drug release from the DDS and drug concentration in
plasma.
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Consequently, pharmaceutical products evolve through modifica-
tion of drug delivery systems (MDDS). The modifications involve
changes in the rate and/or the time of release and/or the site of release,
compared to conventional pharmaceutical dosage forms. These
changes are achievable by several possible mechanisms, including
modifications in pharmaceutical formulations and/or method of
preparation (EP 6.0, 2008; USP 31, 2008). At the moment, there are
several pharmaceutical products on the market that modify the release
of the drug by one of these mechanisms. In almost all these new
pharmaceutical products, new excipients with specific targets must be
included, as for example decreasing or increasing dissolution rate,
delaying drug release, targeting drug release (biopharmaceutical
targets), prevention or reduction of side effects (pharmacological
targets), taste masking or increasing stability (technological targets).
Clay minerals as recognized pharmaceutical excipients may be used in
these new pharmaceutical products.

3. Recent advances of clay minerals in modified drug
delivery systems

Clay minerals have been proposed as fundamental constituents of
several MDDS, with different purposes and acting through various
mechanisms (Aguzzi et al., 2007). At this new frontier in the devel-
opment of pharmaceutical dosage forms, these uses of clay minerals are
changing very quickly, and new applications and clay minerals are
continuously being proposed. Since the fully comprehensive review
published by Aguzzi et al. (2007), some interesting advances have
emerged that will be discussed below.

3.1. Clay minerals and synthetic clay minerals
The most recent examples of clay minerals use in MDDS include

ibuprofen release control by interaction with montmorillonite (Zheng

Table 1
Inactive clay/clay mineral ingredients in pharmaceutical dosage forms (FDA, 2009).

et al.,, 2007) and intercalation of Donepezil, a well-known drug for
Alzheimer's disease, in montmorillonite, saponite or Laponite (Park
et al, 2008). These studies characterized the clay mineral-drug
interaction products and then examined the drug release kinetics. In
all cases, drug release depended on the method of preparation of the
interaction products, and was affected by changes in the pH of the
dissolution medium. In the case of donezepil, biphasic release patterns
were found, consisting of an initial burst effect followed by slow
release of the drug. Other examples of drugs effectively carried by clay
minerals include nicotine (Pongjanyakul et al., 2009) and timolol
(Joshi et al., 2009). Nicotine, a volatile liquid widely used in smoking
cessation therapy to relieve addiction symptoms, has been carried
by magnesium aluminium silicate to reduce drug evaporation and
modulate drug release behaviour (Pongjanyakul et al., 2009). The pH
determined the amount of drug retained and the release patterns, and
cation exchange seemed to be the principal interaction mechanism.
Magnesium aluminium silicate is a pharmaceutical denomination of a
natural clay material mainly consisting of montmorillonite and
saponite (L6pez-Galindo and Viseras, 2004). Timolol was loaded on
montmorillonite, but the release of the drug did not reach 100%. This is
one of the main problems to be avoided. A release of 100% dose for oral
MDDS cannot last over 24 h and, ideally, should take place within the
first 12 h (Directive 75/318/EEC, 1992).

Magnesium aluminium silicate has been also used to retain pro-
pranolol (a 3-blocking agent) and release patterns have been correlated
to particle size, drug loading, and release medium (Rojtanatanya and
Pongjanyakul, 2008). Other authors compare results from natural and
synthetic silicates. For example, montmorillonite and a siliceous
mesoporous synthetic material have been loaded with sertraline (an
antidepressive drug). The resultant complexes showed very different
release profiles because of their diverse interaction mechanisms,
resulting in different therapeutic indications for each system (Nunes
et al., 2007).

Clay/clay mineral (USA pharmacopoeial name)  Route of administration

Dosage form

Talc Oral Solid (conventional and modified release capsules and tablets, chewable tablets, and granules)
Liquid (drops, mucilage, solutions, elixir, suspensions, and syrup)
Buccal Chewing gums and tablets
Sublingual Tablets
Topical Lotions, ointments, and powders
Rectal Tablets
Activated Attapulgite Oral Powder
Bentonite Oral Solid (capsules and tablets)
Liquid (suspensions)
Topical Lotions, powders, and suspensions
Transdermal Films and patches
Rectal Suspensions
Vaginal Ovules
Magnesium Aluminum Silicate (MAS) Oral Solid (conventional and modified tablets, granules, capsules, chewable tablets, and powders)
Liquid (drops, suspensions, and syrups)
Topical Emulsions, creams, lotions, and suspensions
Rectal Suspensions
Vaginal Ointments
Magnesium trisilicate* Oral Conventional, modified and chewable tablets
Kaolin Oral Solid (conventional and modified tablets and capsules, powders)
Liquid (syrups)
Topical Controlled release films

* Magnesium trisilicate is the pharmaceutical denomination of sepiolite.
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Clay/clay mineral (pharmaceutical names) Kaolin

Bentonite and MAS

Talc Attapulgite and magnesium Trisilicate*

Antidiarrhoeal
Gastrointestinal protector
Anti-inflammatory
Antacid

Homeopathic product

Therapeutic use

Antacid

Antidiarrhoeal
Gastrointestinal protector
Antipruritic

Antidiarrhoeal
Antacid

Anti-haemorrhoids
Anti-rubbing
Pleurodesis

* Magnesium trisilicate is the pharmaceutical denomination of sepiolite.

Layered double hydroxides (LDHs), also known as hydrotalcite like
compounds, are layered solids with positively charged layers and
charge-balancing anions in the interlayer space. Their cationic layered
framework leads to safe accommodation of many biologically important
molecules including genes or drugs (Choy et al., 2007). In recent years,
layered double hydroxides with different cations in the layers and
consequently diverse exchangeable characteristics have been used to
obtain interaction products with several non-steroid anti-inflammatory
drugs (mefenamic and meclofenamic acids and naproxen), leading to
slow release profiles (Del Arco et al., 2007, 2009).

Drug release from MDDS must be carefully studied and if possible it
is very interesting to determine the mechanism underlying the release
kinetics. Frequently, drug molecules are retained by different mechan-
isms and consequently the kinetics of drug release are complex. For
example, halloysite was used to retain mesalazine, an anti-inflamma-
tory drug used in the treatment of inflammatory bowel disease (Viseras
et al,, 20083, 2009). As a result of this interaction, drug molecules were
included in both the clay mineral nanotubes and on the external surface
of the clay mineral particles. Consequently, release kinetics was the sum
of drug released from the surface of the particles and that retained in the
tubes with a much slower release rate (Viseras, 2008).

3.2. Clay mineral polymer composites

A very interesting possibility is to use clay minerals polymer com-
posites (CPC) to modify drug release. Several polymers are used in the

modification of drug release, including hydrogels, soluble polymers,
biodegradable and non-biodegradable hydrophobic polymers. Although
clay mineral and polymers are frequently used in their pure form, a
single polymer or clay mineral often does not meet all the requirements.
Preparation of CPC improves the properties of the single components;
those of clay mineral particles alone (stability of clay mineral dispersions
and changes in ion exchange behaviour) and, more frequently, those of
the polymer (mechanical properties, swelling capacity, film forming
abilities, rheological properties, bioadhesion or cellular uptake) (Viseras
et al,, 2008b; Meenach et al., 2009).

Recent examples of MDDS based on CPC include intercalation of
montmorillonite particles in polylactic glycolic acid to obtain nano-
particles loaded with Docetaxel (an anticancer drug) (Si-Shen et al.,
2009). The in vitro drug release profiles of these drug loaded
nanoparticles showed prolonged release over 25 days. Moreover, the
presence of a clay mineral enhanced cellular uptake efficiency of the
nanoparticles by Caco-2 and HT-29 cells, prolonging the therapeutic
effect of the drug. Campbell et al. (2008) prepared composites of a
modified montmorillonite with poly(ethylene glycol) by hot melt
extrusion for controlled release of paracetamol. The presence of clay
mineral particles in the polymer matrix resulted in retarded drug
diffusion and improved dissolution behaviour.

Sodium alginate and magnesium aluminium silicate were used
to prepare films loaded with nicotine to be used in buccal release
(Pongjanyakul and Suksri, 2009). CPC operated as microreservoirs in
the films showing adhesion properties to mucosal membranes and

Dosage Form  Dose

Pharmaceutical
Technology

Potency
Disposition

Site of Biological Effect

Concentration-effect Relationship

Administration

Biopharmacy

Genetic Constitution
Organ Function
Enzyme Activity

Psychological Condition

Pharmacology |

Fig. 2. Pharmaceutical treatment: determining elements (drug, administration and patient), study areas (Pharmacology, Pharmaceutical Technology and Biopharmacy) and variables

affecting the final therapeutic effect.
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Fig. 3. Correlation between drug release profiles and plasma concentrations.

allowing controlled release of the drug molecules. Composite films
with the same components have also been used to coat tablets and
control drug release (Pongjanyakul, 2009).

Electrostatic interaction between chitosan, a deacetylated derivative
of chitin, consists of p-glucosamine and N-acetyl-p-glucosamine units,
and magnesium aluminium silicate caused a change in flow behaviour
and flocculation of the composite dispersions (Khunawattanakul, et al.,
2008). Chitosan has also been used to prepare composites with
montmorillonite for prolonged release and biomedical applications
(Xiaoying et al., 2008). The resultant composites were added to
calcium alginate solutions to obtain nanoparticles loaded with
bovine serum albumin as protein model drug, combining the drug
adsorption action and mucosa protection effect of the clay mineral
with the mucoadhesive and permeability enhancing properties of
the chitosan. Montmorillonite has also been used as additive to
retard ibuprofen release from delivery systems prepared with lactic
acid-grafted chitosan (Depan et al., 2009). More recently, composites
of chitosan and montmorillonite have shown a synergic effect
between the clay mineral and the polysaccharide regarding the
ability to retain 5-aminosalicylic acid (an anti-inflammatory drug)
but also in the control of drug release in acidic medium, when
compared to interaction products prepared with the drug and the
single components (Aguzzi et al., 2009).

4. Concluding remarks

Some “special” clay minerals are components of medicines, both as
active and inactive ingredients, once processed to fulfill regulatory
requirements. The particular properties of these pharmaceutical grade
clay minerals can be also exploited in the development of new drug
delivery systems, designed to provide therapeutic levels of drug to the
site of action and maintain them throughout the treatment. In recent

years, some interesting advances have been proposed by using natural,
but also modified and synthetic phyllosilicates, on the basis of their
interaction with drug molecules. Finally, composites prepared with
different polymers and clay minerals are attracting great attention in
this pharmaceutical field because of their synergic characteristics
regarding biopharmaceutical and technological features.
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Biocomposites of chitosan (CS) and montmorillonite (VHS) were prepared by solid-liquid interaction of the
components. The resultant composites were characterized by thermal analysis and the cation exchange
capacity of the clay mineral was compared to polysaccharide retention. The composites were loaded with 5-
amino salicylic acid (5-ASA), comparing the drug loading capacity and drug release behavior with those of
the interaction products prepared with the drug and chitosan or montmorillonite alone. The results showed
that chitosan was effectively retained by montmorillonite particles through cation exchange. In comparison

Keywords: o . ) e ,
Montmorillonite with interaction products prepared using the drug and the individual components, there was a synergic
Chitosan effect between the clay mineral and the polysaccharide regarding both their ability to retain drug molecules,

and also the control of drug release in acidic medium. In particular, the 5-ASA/CS/VHS composites showed
higher drug loading and slower drug release compared to both 5-ASA/VHS and 5-ASA/CS interaction
products, with almost linear release profile throughout test. According to the results, biocomposites of
chitosan and montmorillonite were promising supports for modified formulations of 5-amino salicylic acid.

Biocomposites
5-amino salicylic acid
Drug release

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Biopolymers and clay minerals are common ingredients in
pharmaceutical products. Although they are frequently used in their
pure form, a single polymer or clay mineral often does not meet all the
requirements. A way to further extend their applications is to modify
polymers by incorporation of inorganic fillers to obtain biocomposites
with improved properties (Viseras et al., 2008).

5-ASA (Fig. 1) has been extensively used for the long-term
maintenance therapy of Crohn's disease and ulcerative colitis
(Dollery, 1991). It is an amphoteric molecule with pH-dependent
aqueous solubility. According to the pK, values of the carboxyl and
amino groups (2.30 and 5.69, respectively), solubility of 5-ASA
increases at pH<2 and pH>5.5 and is reduced in the 2-5.5 pH
interval (French and Mauger, 1993).

Numerous in vitro studies found that the beneficial effects of
5-ASA were related to its anti-inflammatory and anti-oxidant
properties within the inflamed gut (Clemett and Markham, 2000).
In order to maximize the efficacy of the drug and avoid adverse effects
associated with systemic absorption (Novis et al., 1988; Sachedina
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et al., 1989; Isaacs and Murphy, 1990), target release of 5-ASA to the
site of action (small bowel and/or colon) would be desirable.
However, the drug is quickly absorbed in the upper gastrointestinal
tract and the amount reaching the colon is fairly reduced (Crotty and
Jewel, 1992). Hence, many approaches aimed at delivery of 5-ASA to
the colon, including prodrugs (Baron et al., 1962; Chan et al., 1983;
Wadworth and Fitton, 1991), time-dependent approaches based on
the gastrointestinal (GI) transit time (Hardy et al., 1993), pH-
dependent approaches utilizing the changes in pH along the GI tract
(Dew et al., 1982; Rudolph et al., 2001), pH- and time-dependent
systems (Gupta et al., 2001), pressure dependent systems relying on
the strong peristaltic waves in the colon (Muraoka et al., 1998) and
biodegradable polymers which exploit metabolism by the colonic
microflora to release the drug (Davaran et al., 1999). Among these
strategies, the use of bacterial degradable polymers, such as
polysaccharides, seems to be a more site specific approach for colonic
drug delivery (Sinha and Kumria, 2001). In particular, chitosan is a
non-toxic, biodegradable and biocompatible (Illum, 1998) polycatio-
nic polysaccharide that has been extensively used for drug release into
the colon (Zhang and Neau, 2002; Chourasia and Jain, 2003; Friend,
2005). However, due to its high solubility and swelling properties in
acidic media, chitosan alone is unable to prevent the release of drugs
from dosage forms during their transit through the stomach and the
small intestine. To avoid such problems, pH-dependent coating
(Tozaki et al., 1997; Lorenzo-Lamosa et al., 1998; Varshosaz et al.,
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Fig. 1. Structure of 5-ASA.

2006; Nunthanid et al., 2009), cross-linking (Zhang et al., 2002) and
grafting with other polymers (Meshali and Gabr, 1993; MacLeod et al.,
1999; Takeuchi et al., 2000; Hiorth et al., 2003) have been studied as
useful strategies.

Recently, synthesis of micro and nanocomposites with clay
minerals was proposed as a novel approach to modify some of the
properties of polysaccharides, including swelling and water uptake
(Pongjanyakul et al., 2005), mechanical and thermal behavior (Wang
et al., 2005; Wu and Wu, 2006), rheology (Giinister et al., 2007;
Khunawattanakul et al., 2008) and bioadhesion (Pongjanyakul and
Suksri, 2009).

Given these premises, we prepared and characterized composites
of chitosan and pharmaceutical grade montmorillonite, which we
then loaded with 5-ASA. The resultant loaded composites were tested
to assess their possibilities in modified release formulations by
performing preliminary release studies.

2. Materials and methods

Drug: 5-ASA (Sigma, S). Biopolymer: chitosan base (CS) (average
molar mass=251000g mol™!) containing an average of 1559
glucosamine units (glucosamine molar mass=161gmol~!), with
98% deacetylation purchased from Faravelli (I). Clay mineral filler:
pharmaceutical grade montmorillonite (Veegum HS©, VHS) was
kindly gifted by Vanderbilt Company (USA).

Analytical grade reagents (glacial acetic acid, sodium hydroxide,
hydrochloric acid 37% mass/mass) and acetonitrile HPLC grade were
purchased from Panreac Quimica Sau (S) and used as received.

2.1. Determination of the Cation Exchange Capacity (CEC) of the clay
mineral

Clay mineral powder (1g) was dispersed in 20 ml tetramethy-
lammonium bromide (1 M) aqueous solution, in order to displace
constituent cations. Dispersions were shaken overnight at 50 rpm in
water bath at 25.04- 1.0 °C and then filtered. Supernatant was diluted
to 100 ml with distilled water and dissolved cations were individually
assayed by atomic absorption (Na™, Ca?*, Mg?™) or atomic emission
(K*) spectroscopy (Perkin-Elmer spectrophotometer). CEC was
calculated as the sum of exchangeable cations, expressed in meq/
100 g dry clay mineral. The same solution, minus the clay mineral
sample, was used for the blank. Each experiment was done in
triplicate.

2.2. Clay mineral/chitosan interaction studies

CS solutions (1% mass/vol) were prepared according to Darder
etal. (2003, 2005), by adding the corresponding amount of polymer to
an aqueous acetic acid solution 1% (v/v) and stirring for about 4 h.
Different amounts of clay mineral powder (ranging from 75 mg to
2000 mg) were then dispersed in 40 ml of CS solution at 10000 rpm
for 5 min (Ultraturrax T25, Janke and Kunkel GMBH and Co. KG, G). CS
solution was previously adjusted to pH 5.0 with 1 M NaOH, in order to
provide —NH3 groups in the chitosan structure and to avoid any

structural alteration of the clay mineral (Darder et al., 2003, 2005).
The resulting dispersions were shaken for 2 days in water bath at
25 °C+ 1.0 °C and the solid phases were then recovered by filtration,
washed with distilled water and oven-dried at 50 °C for 24 h.

The uptake of CS (mass/mass%) was determined by assaying the C-
content of the samples with a CHNS analyzer (FISONS EA 1108, Carlo
Erba, I). Data were fitted according to the Langmuir equation to
calculate the amount of CS retained by the clay mineral (monolayer
adsorption capacity, ny,). Experiments were done in triplicate.

2.3. Drug loading

Dialysis tubing cellulose membranes (average flat width 25 mm;
cut off 12 400) (Sigma, S) were hydrated following the preparation
procedure provided by the manufacturer. The membranes were then
filled with 20 ml of CS:VHS dispersions in mass:mass ratio
corresponding to the monolayer binding capacity, as calculated from
interaction studies. The filled membranes were put in amber glass
flasks with 200 ml of 500 ppm 5-ASA solution (in aqueous acetic acid
1% vol/vol) and stirred by a magnetic bar for 48 h at room
temperature. CS and drug solutions were previously adjusted to pH
5.0 with 1 M NaOH.

Initial and final drug concentrations were assessed by HPLC in
order to calculate the amounts of drug adsorbed at equilibrium. At the
end of the experiment, membranes were emptied for freeze drying of
the dispersions in order to obtain solid samples (5-ASA/CS/VHS drug
loaded composites). Binary interaction products (5-ASA/CS and 5-
ASA/VHS) were also prepared for comparison purposes. Each
experiment was done in triplicate.

2.4. Drug assay

Drug assay was performed using an HPLC system (series 200,
Perkin-Elmer, S) equipped with quaternary pump, autosampler,
column oven and UV-VIS diode-array spectrophotometer. The
stationary phase was a column Kromasyl® C18, 5 um, 250 X4.6 mm
(Teknokroma, S) and the mobile phase was a mixture of H,0 and
CH5CN (78/22 vol/vol) and acetic acid 0.5% (vol/vol) (Cendrowska
et al.,, 1990). The flow rate was set at 1 ml/min, the injection volume
was 20 pl, the detector wavelength 300 nm and the run time 5 min.
Data were recorded using TotalChrom WS 6.2 software package
(Perkin-Elmer, S). The method was validated in acetic acid 1% v/v and
HCl 0.1 M by determining in both cases the analytical (linearity,
detection limit, quantification limit, repeatability, accuracy) and
system suitability (column efficiency, tailing factor) parameters,
according to both international (ICH, 1995) and pharmacopoeial
(USP 32, 2009) indications.

2.5. Thermal analysis

Differential scanning calorimetry of the samples was performed at
10 °C/min in the 30-320 °C temperature range (DSC Mettler FP800,
Mettler-Toledo GMBH, CH).

2.6. Intrinsic dissolution studies

250 mg of 5-ASA/VHS, 5-ASA/CS and 5-ASA/CS/VHS composites
were compressed in a Perkin-Elmer hydraulic press (Specac, S)
equipped with flat 10 mm punches at 5T for 3 min. The resultant
matrices were coated, except for one face (0.785 cm? area), with a
water insoluble polymer (cellulose acetate propionate 15% mass/vol
in acetone), in order to maintain constant surface area during tests.
Matrices were then glued (uncoated face up) to an inert disc to be
maintained at the bottom of the vessels. Experiments were carried out
for 2 hin a USP apparatus 2 (Sotax AT7, S) at 50 rpm, 37 °C and 600 ml
of medium (HCl 0.1 M) previously degassed under vacuum. At
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established time intervals, samples of dissolution medium (2 ml)
were withdrawn, filtered through 0.45 um Millipore® (S) membranes
and analyzed via HPLC for drug content. The data (mg released/cm?)
were normalized according to the different dose of drug in the
composites. The drug release rate was expressed as mg released per
unit of time and area (mg/min/cm?) by linear fitting of the
experimental points (mg released/cm?) as a function of time in the
time interval 0-20 min (linear portion of the curves). Each experi-
ment was done in triplicate. Some tablets, prepared as described, but
uncoated, were hydrated for 2 h in HCl 0.1 M without agitation, so
that some photographs could be taken.

2.7. Statistical analysis

One-way analysis of variance (ANOVA) with the post hoc Sheffé
test for multiple comparisons was performed using Siphar 4.0
software (F). Differences between groups were considered to be
significant at a level of P<0.05.

3. Results and discussion
3.1. CEC

Table 1 summarizes the composition of individual exchangeable
cationic species of the clay mineral. The total cation exchange capacity
was 142 meq/100 g. Exchangeable species were mainly Na™ and Ca?*,
with amounts reaching 71% and 24% of the total, respectively. The
material may be considered as a “sodium montmorillonite”, but the
presence of a noticeable Ca®* amount in the interlayer space must be
taken into account.

3.2. Clay mineral/chitosan interaction studies

The interaction curve between VHS and CS followed the form of the
Giles L3 type isotherm (Giles et al,, 1974) (Fig. 2). At low concentrations it
was convex in shape, with the amount of adsorbed polymer initially
increasing until it reached a plateau, where monolayer coverage of CS
over the homogenous clay mineral surface was assumed. At higher
concentrations, the curve showed an inflection point where the shape
changed from convex to concave and the amount retained further
increased, almost certainly by precipitation of CS onto the clay mineral
surface. Langmuir linearization of the isotherm allowed calculation of the
average amount of CS retained by the clay mineral at the saturation point
(ny), resulting in 14.47% (mass/mass) - 3.054 (R? = 0.997). This value,
corresponding to 107.43 meq of CS/100 g dry clay mineral, was slightly
lower than the CEC of VHS (142 meq/100 g), most probably due to the
particularities of the organic cation. These results are also lower than
those obtained by other authors working at higher temperatures (Darder
etal,, 2005). However, in the experimental conditions used, the uptake of
chitosan in the interlayer space of the clay mineral via cation exchange
was considered adequate to prepare interaction products with the drug.

3.3. Drug assay

Detector response was linear in the 10-50 pg/ml range (five data
points, replicated three times, were considered) in both media tested
(acetic acid 1% vol/vol and HCl 0.1 M). The related linearity equations
were y = 17653x + 11529 (R? = 0.9994) in acetic acid and y = 18278x +
16119 (R?=0.9997) in HC.

Table 1
Amount of exchangeable cations (meq/100 g) and CEC of VHS (mean values +s.d.;
n=3).

Catt Mg " Kt Na* CEC
34.67+0.393 1.78 £0.251 4.27+0.234 101.35+0.478

142.07

251

201

Amount of CS retained (mass/mass %)

0 20 40 60 80
CS concentrationegyilibrium (Mass/mass %)

Fig. 2. Interaction isotherm showing the amount of CS adsorbed on the clay mineral (mean
values+s.d.; n=3).

Table 2 summarizes analytical and suitability parameters calcu-
lated according to ICH and USP recommendations. The slope of the
curves obtained by plotting log of drug concentration vs log of peak
area (“log-log slope”) fulfilled ICH recommendations (0.95-1.05
accepted interval). The limit of detection (LD) and the limit of
quantification (LQ), determined from the signal-to-noise ratio, were
respectively 1pug/ml and 5pg/ml in both media. Repeatability
(variation within-day) of peak area (A) and retention time (tg),
expressed as relative standard deviation (Sg) and assessed using 9
determinations (3 concentrations/3 replicates each) of 5-ASA stan-
dard solutions covering the linearity range, was <1% for all samples
tested. The column efficiency, expressed as the number of theoretical
plates (N), was about 8000. The tailing factor (T) was about 1,
indicating that suitable peak symmetry was reached under the
experimental conditions in both media. Finally, accuracy, evaluated
as the amount of 5-ASA recovered (mass/mass%) from samples
prepared by adding known amounts of drug to known volume of
blank solutions, was satisfactory (>97%) in all cases.

3.4. Drug loading

The amount of 5-ASA bound to VHS in the drug/clay mineral
interaction product was about 10% (mass/mass) of the initial drug
concentration (500 ppm), whereas, in the case of chitosan, the
amount bound was slightly greater (14% (mass/mass); P<0.05). It
was probable that, under the experimental conditions of the
interaction (pH 5), the negative surface charge of the clay mineral
partially rejected the drug, whose molecules were dissolved at a pH
very close to anionic dissociation (French and Mauger, 1993). In the
composites, with a combination of chitosan and clay mineral, a
synergic effect took place as shown by the significant increase in the
amount of 5-ASA loaded (23% mass/mass; P<0.001) in comparison
with the binary systems (drug/clay mineral and drug/polymer).

Table 2
Parameters of the analytic method used for drug assay in both media studied.
Parameter Medium
Acetic acid (1% v/v) HCl 0.1 M
Log-log slope 0.97 0.96
LD (pg/ml) 1 1
LQ (ng/ml) 5 5
Repeatability (SR) (%) Peak area (A) 0.89 0.22
tr 0.03 0.08
Accuracy (recovery, %) 97.8-99.2 98.5-99.9
Column efficiency (N) =8000 =8000

Tailing factor (T) 1.12 0.9
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3.5. Thermal analysis

Fig. 3 shows the results of thermal characterization of the CS/VHS
composites, and, for comparison purposes, it also includes DSC
profiles of the single components and their physical mixtures at
different wt/wt ratios. The calorimetric curve of CS showed a broad
endothermic peak in the 60-150 °C range, corresponding to polymer
dehydration, followed by an exothermic phenomenon (around
220 °C) due to the decomposition of the polymer chain. VHS showed
a single band from 70 to 130 °C, corresponding to the loss of free
water at the clay mineral surface.

The DSC profiles of physical mixtures resembled those of their
individual components. The decomposition peak of CS rose as the
proportion of polymer in the mixtures increased (C vs B). The
presence of chitosan in the composites was confirmed by the slope
increase in the curves at 200 °C-220 °C, corresponding to polymer
decomposition.

Fig. 4 shows the results of thermal characterization of the 5-ASA/CS/
VHS composites. The fusion peak of 5-ASA around 280 °C disappeared in
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Fig. 4. DSC curves of loaded composite (5-ASA:CS:VHS) (A), corresponding physical
mixture (B) and 5-ASA (C).
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Fig. 5. Drug release profiles from the composite and interaction products in HCl 0.1 M
(mean values +s.d.; n=3).

the composite (A), whereas it was presented in the corresponding
physical mixture (B).

3.6. Intrinsic dissolution studies

Fig. 5 shows the release curves (mg released/cm? vs time) obtained
from the interaction products (5-ASA/CS and 5-ASA/VHS) and compo-
sites (5-ASA/CS/VHS). The release profile of 5-ASA/VHS exhibited high
initial burst effect and drug release was rapidly completed, because the
matrices disintegrated in contact with the dissolution medium. 5-ASA/
CS interaction products showed an almost linear release profile for the
first 20 min of the test, after which progressive dissolution of the
polymer in the medium lead to a drastic increase in the slope of the
release profile, which became sigmoid, making it impossible to estimate
with sufficient precision the rate of release of the drug by linear
regression of the curve. In the composites the amount of drug released
was slower compared both to 5-ASA/VHS and 5-ASA/CS interaction
products, with an almost linear release profile throughout the entire
test. The estimated values of intrinsic dissolution rate of the studied
samples were in line with the release curves, following the trend 5-ASA/
VHS>5-ASA/CS>5-ASA/CS/VHS (Table 3). 5-ASA/VHS matrices disin-
tegrated very quickly and 5-ASA/CS matrices dissolved in acidic media
in a short time, due to high solubility of the polymer in this medium. On
the contrary, for the composites, the presence of chitosan prevented the
disintegration of the matrix (Fig. 6). Moreover, the presence of the clay
mineral reduced hydration of chitosan resulting in slower drug release
compared to the polymer alone.

4. Conclusions

Composites of CS and VHS were prepared at 25 °C by simple solid-
liquid interaction. The results confirmed the effective complexation of
CS by the clay mineral. The interaction mechanism involved interlayer
exchange of the polymer with the exchangeable cations of the clay
mineral, followed by precipitation of CS on VHS surfaces. According to
the loading results, there was a synergic effect between CS and VHS
resulting in higher incorporation of 5-ASA in comparison to retention
by free polysaccharide or clay mineral alone. Finally, in the composites
drug release in acidic medium was slower compared both to 5-ASA/
VHS and 5-ASA/CS interaction products, with an almost linear release
profile throughout the test, suggesting encouraging possibilities as

Table 3
Intrinsic dissolution rate of the composite and interaction products (mean values + s.d.;
n=3).

Composite Release rate (mg/cm?min) R?
5-ASA/CS 0.247 £0.0157 0.9900
5-ASA/VHS 8.6264+0.0579 0.9990

5-ASA/CS/VHS 0.152 +0.0265 0.9970



image of Fig.�3
image of Fig.�4
image of Fig.�5

110 C. Aguzzi et al. / Applied Clay Science 50 (2010) 106-111

Fig. 6. Photographs of drug/clay mineral (top) and drug/chitosan—clay mineral (bottom) matrices in acidic medium at different hydration time intervals.

supports in modified release formulations. Further studies will
attempt to fully characterize and improve these systems to verify
their possibilities in modified drug delivery.
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A “Clay Bio Polymer Nanocomposite” (CBPN) to be used in drug release was prepared by dispersion of mont-
morillonite (Mt) particles in chitosan (Ch) solution. The obtained hybrid material was characterized for in
vitro biocompatibility on Caco-2 cell cultures. Cytotoxicity and cell proliferation of the nanocomposite
were tested, comparing results with free Ch and Mt. Cell proliferation was assessed both by WST-1 test
and wound-healing measurements by means of Image Analysis Software. The last method is a proof of con-
cept test that has the advantage of direct visualization and quantification of cell growth. Nanocomposite was
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Montmorillonite also characterized for hydration (water uptake) pattern and mucoadhesive properties, which were consid-
Chitosan ered as important features for the application of this material in modified release systems.

Results showed that the prepared CBPN showed good biocompatibility in the range 5-500 pg/ml, being also
able to effectively stimulate cell proliferation. Moreover, nanocomposite possessed mucoadhesive properties
combined with low solubility in acidic environment. We conclude that interaction between Ch and Mt pro-
duced a new biohybrid material that can be considered as promising candidate for modified drug delivery
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formulations.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade, there has been growing interest in the develop-
ment of nanocomposites between clay minerals and biopolymers for
pharmaceutical applications (Viseras et al., 2008, 2010). These hybrid
materials can combine the properties of both components (inorganic
and organic), such as swelling, water uptake, mechanical characteris-
tics, thermal behavior, rheology and bioadhesion (Pongjanyakul et al.,
2005; Wu and Wu, 2006; Giinister et al., 2007; Khunawattanakul
et al., 2008; Pongjanyakul and Suksri, 2009, 2010). They could be
formed from a variety of biopolymers and clay minerals. Among
them, Mt/ch nanocomposites are receiving greater attention, espe-
cially for biomedical (tissue engineering) (Katti et al., 2008; Haroun
et al., 2009; Verma et al., 2010) and biopharmaceutical (modified re-
lease) (Wang et al., 2007; Wang et al., 2009; Khunawattanakul et al.,
2010; Nanda et al.,, 2011) applications.

Ch is a cationic copolymer formed by N-acetylglucosamine and p-
glucosamine units, being obtained by the natural occurring polysac-
charide chitin (Fig. 1). It is widely used in pharmaceutical field,
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because of its suitable characteristics, including chemical safety, bio-
degradability, biocompatibility, antibacterial activity and mucoadhe-
sive properties (Illum, 1998).

Mt is a layered hydrated aluminum silicate whose unit cell is com-
posed of one Al-octahedral sheet (O) sandwiched between two Si-
tetrahedral sheets (T). It possesses a net negative charge due to iso-
morphous ionic substitutions in the T-O-T structure. This charge is
compensated by interlayer hydrated cations, which can be exchanged
by a variety of organic molecules (Bergaya et al., 2006; Aguzzi et al.,
2007). In particular, ch chains have been described to intercalate
with Nat-Mt, because of their hydrophilic and cationic character,
giving hybrid nanocomposite materials with interesting properties
(Darder et al., 2003). Other works showed that the concentration of
the clay mineral is a critical parameter in Mt/ch nanocomposites to
achieve materials with enhanced properties (mechanical, thermal
and/or electro-stimuli response) in comparison with the pure compo-
nents (Wang et al., 2005; Xu et al., 2006; Liu et al., 2007). For exam-
ple, nanocomposite hydrogels containing 2% (wt/wt) of Mt showed
improved release behavior of vitamin By, compared with that of
the pure Ch (Liu et al., 2008). Ratio between Mt and Ch was a crucial
factor also in the case of nanocomposites prepared to control release
of the chemotherapeutic agent doxorubicin (Yuan et al., 2010). pH-
dependent release profiles were found for these nanocomposites,
which were described as promising supports for colonic prolonged
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Fig. 1. Chemical structure of chitin (left) and Ch (right).

drug delivery. The majority of the studies are devoted to the physico-
chemical and biopharmaceutical characterisation of Mt/ch nanocom-
posites; however, their biocompatibility for drug release has been
evaluated only by Depan et al. (2009).

In a previous work, a nanocomposite between Ch and Mt was pre-
pared by simple solid-liquid interaction; the effective polymer/clay
mineral complexation was confirmed by thermal analysis and slower
drug release was observed in comparison with Ch and Mt alone
(Aguzzi et al., 2010). In vitro biocompatibility was followed by cyto-
toxicity and cell proliferation in this paper, for further characteriza-
tion. The effects of the nanocomposite were screened on Caco-2 cell
cultures as a representative type of intestinal cells considering an
oral administration and delivery. Cell proliferation was assayed by
two different techniques: WST-1 test and wound-healing measure-
ments. The last method has the advantage that allows a direct visual-
ization of cell growth. Nanocomposites were also characterized for
hydration (water uptake) pattern and mucoadhesive properties,
which were considered as important features for the application of
these materials in modified release systems.

2. Materials and methods

The polymer used was Ch base with low viscosity* (12 mPa *s)
and deacetylation degree of 98% (Giusto Faravelli, Italy) (*Viscosity
measurements were performed on 1% (w/v) solutions in HCl 0.1M
at 90 1/s with rotational rheometer equipped with coaxial cylinders
C14 (Bohlin CS, Bohlin Instrument Division, Metrics Group Ltd., Ciren-
cester, UK). Ch acetate was used as control in cell experiments. It was
obtained by dissolving Ch base in aqueous acetic acid (1% vol/vol) and
freeze drying (Edwards mod RV8) the polymer obtained solution.

The clay mineral was a marketed pharmaceutical-grade Mt (Vee-
gum HS©), kindly gifted by Vanderbilt Company S.A. (USA).

Ch and Mt powders were pulverized in a ball miller (IG.W2/E, Giu-
liani, Italy) and then sieved to separate a rigorous size fraction
(45-75 pm) to limit variability of the data. The selected fraction was
kept in a desiccator until required.

2.1. Preparation of chitosan/clay mineral nanocomposite

Mt/ch nanocomposite was prepared following Aguzzi et al.
(2010). Briefly, Ch was dissolved in aqueous acetic acid (1% vol/vol)
at the concentration of 1% (wt/vol). Then, Mt was added to the poly-
mer solution in the wt:wt ratio (2:1 Ch:Mt) corresponding to their
maximum binding capacity, as calculated by interaction isotherms.
Dispersion was stirred by a magnetic bar for 48 h at room tempera-
ture, washed with distilled water and then freeze dried. The product
obtained was milled and sieved to select the size fraction between
45 and 75 pm.

2.2. Water uptake measurements

Water uptake experiments were carried out using a modified
Enslin apparatus (Ferrari et al., 1991). Measurements were performed
on 20 mg of nanocomposite, in acidic medium (0.1 M HCI) for 2000 s.
For comparison, measurements were also performed on pure Ch and
clay mineral powders, at the same granulometric fraction as the
nanocomposite. Powders were laid on dialysis membrane discs (cut
off 14,000 Da), which were placed on the sample holder of the

apparatus to retain dissolved Ch molecules and avoid sample mass
lost. Membranes alone were used for blank measurements. Six repli-
cates were performed on each sample.

2.3. Mucoadhesion measurements

Mucoadhesive properties were investigated by TA-XT2 Plus Tex-
ture Analyser (Stable Micro Systems, Enco, Italy) using porcine gastric
mucin (Type II) (Sigma, Italy) as biological substrate. 40 mg of sam-
ples were hydrated in pH 5.0 phosphate buffer (European Pharmaco-
peia (EP) 6.0) and then laid on a filter paper fixed with double sided
adhesive tape on the bottom of the upper probe of the apparatus.
30wl of an 8% (wt/wt) mucin dispersion in phosphate buffer pH 7
(EP 6.0) were applied on a filter paper disc (diameter =10 mm),
fixed in the lower probe of the apparatus and faced to the sample.
The upper probe with the sample was lowered at a speed of
1.0mms~ ! onto the surface of the lower probe and a downward
force (preload) of 2500 mN was applied for 1 min to ensure intimate
contact between the sample and the mucin dispersion and to allow
the formation of the mucoadhesive joints. After a 1 min rest, the
upper probe was moved upwards at a constant speed of 4.0 mms ™!
until the complete separation of the two surfaces occurred. The de-
tachment force (mN) and the adhesive work (calculated from the
area under the force-distance curve, AUC (mN=«s) were recorded
and simultaneously collected on a personal computer (Texture Expo-
nent Software 32, Stable Microsystem, Enco, Italy). Blank measure-
ments were performed using phosphate buffer pH 7 instead of the
mucin suspension.

The normalized mucoadhesion parameter (AAUC/AUC) was calcu-
lated according to the following equation (Ferrari et al., 1997):

AAUC/AUC = (AUC, —AUC,jani) /AUCyjank

where AUC,, is the work of adhesion obtained in presence of mucin
and AUCyank is the work of adhesion obtained by the blank. Such nor-
malization allowed comparing the mucoadhesive properties of sam-
ples characterised by different cohesive properties (viscosity)
(Ferrari et al., 1997). Eight replicates were performed on each sample.

2.4. Cell cultures

Human colorectal adenocarcinoma cell lines (Caco-2) were
obtained from the American Type Culture Collection (ATCC, USA).
Cells were grown at 37 °C, 5% CO, atmosphere (PBlinternational,
Italy) in pH 7.4 Dulbecco's Modified Eagle's Medium (DMEM)
(Lonza, Italy) containing 20% vol/vol heat inactivated Fetal Bovine
Serum (FBS) (Euroclone, Italy), penicillin (100 IU/ml), streptomycin
(0.1 mg/ml) and 1% vol/vol non essential aminoacids (Sigma Aldrich,
Italy). The culture medium was changed twice weekly during
maintenance.

2.4.1. Cell viability measurements

Cell viability was estimated by the (4-(3-(4-lodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio)-1,3-benzene disulfonate) (WST-1)
assay (Roche Diagnostics GmbH, Roche Molecular Biochemicals, Bioi-
dea, Italy). This reagent is metabolically reduced mainly by mitochon-
dria in viable cells to a water soluble formazan product, allowing
direct absorbance measures after experiments (Ishiyama et al., 1996).
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Confluent Caco-2 cells (70-90% confluence) were plated with the
above described medium in 96-well plates (growth area 0,36 cm?,
Greineger Bio-one, PBI International, Italy) at a density of
1x10° cells/cm? and cultured for 24 h (37 °C, 5% CO,). Then, the me-
dium was removed and 200 pl of nanocomposite dispersions at three
different concentrations (5, 50, 500 pg/ml in medium without
serum) were added to each well. For comparison, experiments were
also done on Ch and clay mineral alone, at the same concentrations
as the nanocomposites (Table 1). Complete medium and Triton®X100
(Fluka, Italy) were used as positive and negative controls, respectively.

The plates were then incubated (37 °C, 5% CO,) for different times,
before being subjected to the WST-1 assay. The incubation time was
3 h for cytotoxicity and 24 h for cell proliferation assays. Subsequent-
ly, the medium was replaced by 100 pl of WST-1 10% v/v in HBSS
(“Hanks’ balanced salt solution”) pH 7.4 and incubated for 3 h. At
the end of the tests, the absorbance was assayed by using ELISA
plate reader (iMark™ Microplate Absorbance Reader mod. 550, Bio-
Rad, Italy) equipped with mechanical plate shaker at 450 nm wave-
length with a reference wavelength of 650 nm. The data were
expressed as the mean percentage of viable cells as compared to the
respective control (untreated cultures).

2.4.2. Wound-healing measurements

Wound-healing measurements were performed to directly evalu-
ate cell proliferation. Experiments were carried out using a p-Dish
(Ibidi, Giardini, Italy) with an insert which delineates two distinct
growth areas (growth area 2x0.22 cm?) (Fig. 2). Caco-2 cells were
seeded at 10° cells/cm? in each chamber (seeding volume of 70 ul)
grown to confluence. After removal of the insert a cell free gap
(“wound”) (500 um + 50 pm) remained. Cells were put in contact
with 500 @l of medium without serum containing nanocomposite
(50 pg/ml), with corresponding concentrations of free Ch and clay
mineral. Dishes were re-incubated over a total period of 72 h. The
growth of cells over each sample was investigated by taking photo-
graphs after fixed times (24, 48 and 72 h) using an inverted micro-
scope (PBlinternational, Italy) at a magnification of 250x and the
size of the gap between the chambers was taken as a measure of
cell proliferation as a function of time. The digitalized images were
elaborated by a suitable software (UTHSCSA Image Tool version
3.00, The University of Texas Health Science Center, USA), that
allowed to measure the area left by the cell growth at each time.
The % of wound areas at different times were calculated considering
100 the mean area measured for each sample at time zero. At least
three different pictures were analyzed for each sample and each time.

2.4.3. Statistical analysis

One-way analysis of variance (ANOVA) with the post hoc Sheffé
test for multiple comparisons was performed using the software
Siphar 4.0 (France). The comparison of two groups (t Student test)
was performed with Statgraphics® 5.0 statistical package (Statistical
Graphics Corporation, Rockville, MD, USA). Differences between
groups were considered to be significant at a level of P less than 0.05.

Table 1
Concentration of the samples for cell cultures studies.

Sample Concentration (pg/ml)

Low: 5

Medium: 50

High: 500

Ch Low: 3.3
Medium: 33.3
High: 333

Mt Low: 1.67

Medium: 16.7

High: 167

Mt/ch

uDish

Insert

Fig. 2. Culture inserts used for wound-healing measurements.
3. Results and discussion
3.1. Water uptake measurements

Fig. 3 shows the water uptake profiles of nanocomposite (Mt/ch) and
free components (Ch base and Mt) in 0.1 M HCl. As observed the behav-
ior of the clay mineral was different from that of the pure polymer. Mt
immediately levelled off in a plateau, whereas Ch hydrated gradually,
due to the progressive formation of the corresponding soluble hydro-
chloride salt in contact with the medium. After 20 min (1200 s) approx-
imately, the polymer was fully hydrated and the total amount of
medium absorbed was 11.5 g/g dry polymer, that is, significantly higher
(P<0.001, one-way ANOVA, post hoc Scheffé test) than the amount
absorbed by the clay mineral. Nanocomposite achieved final amount
absorbed of about 9 g/g. Data were normalized as a function of the actual
amount of Ch present in the Mt/ch nanocomposite. The water uptake
profile seemed have the same pattern of that of Mt, indicating that the
solubility of the polymer in 0.1 M HCl was reduced by the presence of
the clay mineral. Since drug release is strictly related with hydration,
this result corroborated the hypothesis postulated in a previous work,
where drug release from Mt/ch nanocomposite in acidic medium was
lower than the observed with Ch alone (Aguzzi et al., 2010).

3.2. Mucoadhesive properties

Mucoadhesion measurements followed the trend Ch>nano-
composite>clay mineral. Ch was characterized by the highest

13 4
——Ch
-8 Mt

12 1

11

10 1

Amount of medium adsorbed (g/g)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
time (s)

Fig. 3. Water uptake profiles of the samples in 0.1 M HCI (mean values + s.e.; n=6).
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mucoadhesive potential (2.75+0.10). In fact it is known that Ch
possesses mucoadhesive properties, due to the presence of many
amino groups in the polymer chains that form hydrogen bonds
with glycoproteins in the mucus (Lim et al., 2000) and also ionic
interactions between positively charged animogroups and nega-
tively charged sialic acid residues of mucin. Clay mineral was also
able to interact with the mucin, although the normalized mucoad-
hesion parameter (0.71+0.03) was significantly lower compared
with Ch (p<0.001, one-way ANOVA post hoc Scheffé test). Nano-
composite showed an intermediate behavior (0.85+ 0.03). Proba-
bly, in the nanocomposite the mobility of the polymer chains was
reduced by the interaction of the clay mineral, reducing contact/in-
terpenetration with the substrate. A similar behavior was observed
by other authors, studying bioadhesion of nanocomposite between
alginate and other kind of layered clay mineral (Pongjanyakul and
Suksri, 2009).

3.3. Cell viability

In Fig. 4a, cell viability over each sample after 3 h of incubation is
given. At the concentrations studied, Ch and nanocomposite did not

a)

significantly reduce cell viability compared with the blank (culture medi-
um without serum), indicating good biocompatibility properties for
these materials. However, in the case of clay mineral at high concentra-
tion a significant reduction of cell viability (p<0.001, one-way ANOVA
post hoc Scheffé test) was observed. This effect was observed by other
authors: they suggested that high amounts of clay particles could block
the most of the channels on cell membranes, causing the cell death
(Wang et al., 2008).

Fig. 4b refers to cell viability obtained after 24 h of incubation with
nanocomposite and pure components. For all the samples at all the
concentrations considered the viability values were comparable or
higher than that of the blank (culture medium without serum). In
the case of Ch, viability increased progressively with increasing poly-
mer concentration, compared to the blank. It is known that Ch chains
can enhance cell growth both because of their capacity to adhere to
the (negatively charged) cell membranes (Wang et al., 2010) and
their ability to bind serum factors, such as growth factors (Howling
et al., 2001). Clay mineral also increased cell viability at low and inter-
mediate concentrations, reaching values significantly (p<0.05, one-
way ANOVA post hoc Scheffé test) higher than the obtained with Ch
at the same concentration. It could be suggested that a limited
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Fig. 4. Cell viability after 3 h (a) and 24 h (b) of incubation with the samples studied. Positive control: untreated cells in complete medium; blank: untreated cells in medium with-
out serum; negative control: Triton®X100 (Fluka, Italy). See Table 1 for the meaning of the sample concentrations (low, medium, high) (mean values +s.e.; n=8).
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Blank Mt/ch

=48 h
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Fig. 5. Photographs of cell cultures from wound-healing test (bar is 200 um).

amount of clay mineral particles might be engulfed by the cells
through endocytosis, resulting in increased mitochondrial activity,
rather than in effective cell proliferation activity (Lin et al., 2006;
Wang et al,, 2008). At higher concentrations, cell viability was re-
duced in line with the aforementioned observed results (Fig. 4a).
The nanocomposite partially reflected the behavior of the free com-
ponents. Cell viability increased with increasing nanocomposite con-
centration from low to intermediate level. However, at higher
concentrations cell viability did not further increase, showing an in-
termediate value between Ch and Mt.

100 1

80 A

60 1

40

(gap Sizetime t/gap size tzero)

201

3.4. Wound-healing measurements

Wound-healing measurements were done in order to verify the
results of cell proliferation obtained by WST-1 test. These measure-
ments allowed a direct observation of cell growth, excluding possible
misunderstandings in the interpretation of WST-1 test. Experiments
were performed on nanocomposite and free components at the in-
termediate concentration, where WST-1 test revealed an increase
in cell proliferation for all the samples studied, compared with the
blank.

t zero 24h

48h 72h

Incubation time (h)

Fig. 6. Gap reduction after different incubation times (mean values +s.e.; n=3-5).
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In Fig. 5 photographs of cell cultures after different incubation
times are given, showing the progression of the gap over each sample
as a function of time. Results were expressed as average percentage of
gap size after established times compared to time zero, as it is shown
in Fig. 6. At time zero, gap's size was in all cases the maximum
allowed (assumed 100%). For each sample there was a significant
total effect of time in the reduction of wound area in the range
0-72 h (p<0.001, one-way ANOVA). When comparison of two sam-
ples was performed (considering subsequent time intervals for each
sample), in almost all cases the differences of area at different times
were still significant at a 95% level. The results of these comparisons
are given in Table 2, where the p values of statistical evaluation per-
formed are reported. As for blank sample, the area reduction was
not significant for the comparison between 24 and 48 h indicating a
slow proliferation at early time. As for the Mt/ch nanocomposite
and Ch, the area reduction was significant at all times, indicating a
constant and progressive reduction of wound area, faster than that
determined for blank sample. As for Mt sample, the reduction of the
wound area was significant only between 48 and 72 h, indicating
also in this case a slower proliferation as that of blank and corroborat-
ing that the previously observed augment in cell viability (WST-1 test
at 24 h) might be due to an increase in mitochondrial activity, in-
duced by the cellular uptake of the clay particles. It is known that in
endocytosis processes, mitochondria provide the necessary energy
(trapped in ATP) for vesicular transport and for the processing of ly-
sosomal enzymes in the endoplasmic reticulum and Golgi apparatus
(Nelson et al., 2008).

These results indicated that the Caco-2 growth rate was predomi-
nantly enhanced by the nanocomposite and Ch. The observed area re-
duction also suggested an effective stimulation of cell growth by Ch
(as previously described in literature (Howling et al., 2001; Wang et
al., 2008)) and nanocomposite. According to Lavie and Stotzky
(1986) montmorillonite may develop London-van der Waals forces
and hydrogen bonding with cells, promoting cell adhesion that, in
nanocomposite, should allow Ch to enhance cell growth.

For each time there was not a significant effect of sample in the re-
duction of wound area (one-way ANOVA). When comparison of two
samples was performed the only significant difference that could be
evidenced was between blank and nanocomposite at 48 h (p<0.05).
At 24 h all samples presented an area of 80% with respect to the initial
value, without significant differences between samples (one-way
ANOVA). At 48 h the wound area ranged between 40% (Mt/ch) and
about 60% for blank with intermediate values for the other samples.
After 72 h, in all cases the wound area was reduced to less than 20%
of the initial area.

4. Conclusions

According to the results, the prepared Mt/ch nanocomposite pos-
sessed mucoadhesive properties combined with lower hydration
properties in acidic environment compared with pure Ch.

From cell cultures experiments, Ch and nanocomposite showed
good biocompatibility on Caco-2 cells in the concentration range
studied (5-500 pg/ml). Nanocomposite and Ch also exhibited a

Table 2

p value obtained for two sample comparison of groups at different times (t Student).
Time (h) Blank Mt/ch Ch Mt
0-24 0.013 0.003 0.008 0.063
24-48 0.118 <0.001 0.003 0.053
48-72 0.037 0.004 0.019 0.032
0-48 0.004 <0.001 <0.001 0.011
0-72 <0.001 <0.001 <0.001 0.003
24-72 0.007 <0.001 <0.001 0.002

p value considered significant below 0.05.

progressive reduction in wound area, indicating an effective stimula-
tion of Caco-2 proliferation by these samples.

We conclude that a new biohybrid material was produced by in-
teraction between Ch and Mt, showing promising properties for phar-
maceutical applications, especially for designing of modified drug
delivery systems.
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