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La piel es el 6rgano mas extenso y accesible del cuerpo, debido a ello la administracion
de farmacos por via topica para efectos locales o sistémicos ha sido ampliamente
documentada. A pesar de todas las ventajas que la administracion topica de farmacos
ofrece, la piel y su compleja estructura formada de multiples capas, la cual le
proporciona excelentes propiedades de barrera, hacen que la administracion de
medicamentos a través de esta via sea un proceso complicado.

En las ultimas décadas, con la finalidad de evadir la extraordinaria funcion de barrera
del estrato cérneo, se han empleado diversas estructuras nanoscopicas que han
aumentado el espectro de fArmacos susceptibles de ser administrados por via topica.
Estos hechos alientan la investigacion en el desarrollo de formulaciones para mejorar la
administracion topica de farmacos.

En la presente investigacion, disefiamos formulaciones de liposomas para la
administracion topica de farmacos, teniendo como hipdtesis que la adicion
extemporanea de un activador de membrana en los liposomas, desestabiliza
parcialmente las vesiculas para que al contacto con la superficie de la piel humana
promueva la liberacion del principio activo y con ello aumente su biodisponibilidad.

Se estudiaron dos farmacos, el ibuprofeno y el 4cido hialurénico (AH), y la eficacia de
las formulaciones fue evaluada mediante ensayos in vitro y ex vivo con piel humana.
Posteriormente, para tener un conocimiento mas profundo acerca de coémo las
formulaciones desarrolladas aumentan la liberacion de los farmacos, se utilizd el
microscopio de fuerza atdbmica (AFM) y se observaron las estructuras que forman las
formulaciones desarrolladas al ser aplicadas en la superficie de la piel humana.
Inicialmente, se utilizoé fosfatidilcolina (PC) para producir los liposomas y en una

segunda etapa de la investigacion, se disefid una composicion biomimética con los



principales componentes del estrato coérneo. En base a esta composicion se siguid la
estrategia de incorporar los farmacos previamente estudiados, en combinacién con los
surfactantes seleccionados. La eficacia de las formulaciones fue evaluada y se verifico
que la adicién de potenciadores de la permeacion (PEs) a liposomas, mejora la
permeacion de AH e ibuprofeno a través de la piel humana.

En relacion a las iméagenes obtenidas mediante el AFM, se observd que la adicion de
PEs promueve claramente la formacion de las estructuras planas, debido a las regiones,
parecidas a bicapas o multicapas de lipidos, en coexistencia con liposomas no
fusionados y/o intactos observadas.

Se estudiaron también las modificaciones de las propiedades elasticas que se producen
en las formulaciones desarrolladas al ser aplicadas, lo que permitié correlacionar estas
propiedades con la permeacion del farmaco incorporado en los liposomas. Por lo tanto,
la técnica empleada en el desarrollo del presente trabajo de investigacion puede
utilizarse como herramienta auxiliar en el desarrollo de sistemas nano vesiculares para

administracion transdérmica de farmacos.
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The skin is the extensive and most accessible organ of the body because of that, topical
and systemic delivery of drugs are widely documented.

Even though all the advantages that topical drug delivery offers, the skin and their
multilayered complex structure, provide excellent barrier properties which imply a
complicated process to delivery of drugs through this administration via.

From the last decades, in order to avoid the SC barrier, several nanocarrier structures
have been developed to accomplish the administration of drugs by topical via.

All of these facts encourage to investigating in the development of formulations to
enhance drug delivery through the skin.

In the present study, we design liposomal formulations for topical delivery according
the thermodynamic stability of the components.

Once obtained the adequate components, we started to develop liposomal formulations
taking into account a preliminary hypothesis: the enhancement of the permeation of the
drugs encapsulated in liposomes are relating with the ability to form planar bilayers.

We studied the permeation through artificial membranes and human skin of two
molecules, ibuprofen and hyaluronic acid, when they were entrapped in liposomes.

To have a deeper knowledge about how the formulations developed are enhancing the
liberation of drugs from the liposomes when applied to the human skin, the atomic force
microscopy (AFM) was used.

Initially, phosphatidylcholine (PC) was used to produce the liposomes. In a second
stage of the investigation, a biomimetic composition with the main components of the

stratum corneum was designed. The efficacy of the formulations was evaluated and we
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confirmed that the addition of permeation enhancers (PEs) to liposomes improves the
permeation of AH and ibuprofen through human skin.

Regarding the images obtained by the AFM, it was observed that the addition of PEs
clearly promotes the formation of planar structures due to the regions like bilayers or
multilayers lipids, in coexistence with liposomes fused and /or intact observed.

Changes in the elastic properties that occur in the formulations developed to be applied
is also studied, allowing to correlate these properties with the permeation of drug
incorporated into liposomes. Therefore, the technique used in the development of this
research can be used as an auxiliary tool in the development of nanovesicular systems

for transdermal drug delivery.
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La pell és 1'organ més extens i accessible del cos, per aquesta rad I'administracio de
farmacs per via topica per a efectes locals o sistémics ha estat ampliament documentada.
Malgrat tots els avantatges que l'administracié topica de farmacs ofereix, la pell i la seva
complexa estructura formada de multiples capes, la qual 1i proporciona excel-lents
propietats de barrera, fan que l'administraci6 de medicaments a través d'aquesta via
sigui un procés complicat.

En les ultimes décades, amb la finalitat d'evadir 1'extraordinaria funcié de barrera de
l'estrat corni, s'han emprat diverses estructures nanoscopiques que han augmentat
l'espectre de farmacs susceptibles de ser administrats per via topica.

Els fets esmentats anteriorment encoratgen la investigacio en el desenvolupament de
formulacions per millorar 'administraci6 topica de farmacs.

En la present investigacid, vam dissenyar formulacions de liposomes per a
I'administraci6 topica de farmacs, tenint com a hipotesi que 'addicio extemporania d'un
activador de membrana en els liposomes, desestabilitza parcialment les vesicules perque
al contacte amb la superficie de la pell humana promogui 1'alliberament del principi
actiu 1 amb aix0 augmenti la seva biodisponibilitat.

Es van estudiar dos farmacs, l'ibuprofén 1 I'acid hialuronic (AH), i l'eficacia de les
formulacions va ser avaluada mitjangant assaigs in vitro i ex vivo amb pell humana.
Posteriorment, per tenir un coneixement més profund sobre com les formulacions
desenvolupades augmenten 1'alliberament dels farmacs, es va utilitzar el microscopi de
forca atomica (AFM) i1 es van observar les estructures que formen les formulacions

desenvolupades en ser aplicades a la superficie de la pell humana.



Inicialment, es va utilitzar fosfatidilcolina (PC) per produir els liposomes i en una
segona etapa de la investigacid, es va dissenyar una composicidé biomimetica amb els
principals components de l'estrat corni. En base a aquesta composicid es va seguir
l'estratégia d'incorporar els farmacs préviament estudiats, en combinacid6 amb els
surfactants seleccionats.

L'eficacia de les formulacions va ser avaluada i es va verificar que l'addicid de
potenciadors de la permeaci6 (PEs) a liposomes millora la permeacié d'AH i d'ibuprofén
a través de la pell humana.

En relaci6 a les imatges obtingudes mitjangant I'AFM, es va observar que 1'addicié de
PEs promou clarament la formacié d'estructures planes, degut a les diferents regions,
semblants a bicapes o multicapes de lipids, en coexisténcia amb liposomes no fusionats
i/0 intactes observats.

Es van estudiar també les modificacions de les propietats elastiques que es produeixen
en les formulacions desenvolupades en ser aplicades. Aixd va permetre correlacionar
aquestes propietats amb la permeacié del farmac incorporat als liposomes. Per tant, la
nova tecnica obtinguda durant la realitzacid del present treball de recerca pot ser
utilitzada com a eina auxiliar en el desenvolupament de sistemes nano vesiculars per a

I'administraci6 transdérmica de farmacs.
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Introduccidn: Vision actual de la administracion
topica de farmacos

1.1 Administracion topica de farmacos

Hoy en dia las vias de administracion de farmacos oral e intravenosa son las mas
comunes, sin embargo en las ultimas décadas el desarrollo de nuevas tecnologias de
liberacion de principios activos se ha centrado en la administracion topica de farmacos.
Esta via ofrece diversas ventajas, entre las que se incluyen: eliminacioén del efecto del
primer paso, reducciéon de las fluctuaciones de los niveles del farmaco a nivel
plasmatico, y presenta una buena aceptacion por el paciente [1].

La administracion topica de farmacos ofrece la posibilidad de obtener efectos a nivel
local o sistémico. La administracion de farmacos en la piel para efectos locales se define
como administracion dérmica, y es principalmente utilizada para tratamientos
dermatoldgicos, vacunas o aplicaciones cosméticas. Por otra parte, la administracion

transdérmica se refiere a la distribucion del farmaco a nivel sistémico [2].

Sin embargo, es necesario desarrollar nuevas estrategias para mejorar la
biodisponibilidad dérmica y transdérmica de los farmacos aplicados en la piel, debido a
la capacidad que ésta posee para actuar como barrera.

Los principales factores para que un farmaco tenga efectos locales o sistémicos se basan
en las caracteristicas del principio activo farmacologico, el tejido (piel) y el vehiculo
[3].

Como la modificacion de las propiedades fisicoquimicas de las moléculas son limitadas
y las caracteristicas fisicoquimicas de la piel pueden afectar a sus funciones fisiologicas,
la mejor alternativa para mejorar la administracion de fArmacos en la piel consiste en

modificar el vehiculo.

Un gran nimero de formulaciones han sido utilizadas tradicionalmente para la
administracion topica de farmacos entre las que se incluyen soluciones, emulsiones,

ungilientos, pastas, polvos, etc. En primera instancia, estas formulaciones fueron



utilizadas para actuar a nivel local, sin embargo en la actualidad se persigue obtener un
efecto sistémico. A finales de la década de los setenta, como resultado de una intensa
investigacion sobre la administracion topica para efectos sistémicos, comenzo la

comercializacion de los parches como una nueva formulacion para la via topica [4].

Actualmente existen en el mercado mas de 100 farmacos formulados como cremas o
ungiientos y hay 19 que combinan diferentes estrategias para la administracion

transdérmica [5].

Como se ha expuesto anteriormente son muchos los beneficios que pueden obtenerse
mediante la administracion tdpica, sin embargo existen aun diversos aspectos sobre el
desarrollo farmacéutico de estos medicamentos que necesitan ser resueltos para obtener
un mayor beneficio y convertirse en una real alternativa para la administracion de

farmacos.

El interés en desarrollar medicamentos de administracion topica se refleja en la cantidad
de ensayos clinicos que actualmente se encuentran activos, tan solo en la FDA existen

registrados 700 estudios enfocados hacia esta via de administracion [6]



Introduccion

1.2 Estructura de la piel: la principal barrera para la
administracion de farmacos

La piel es el 6rgano més grande en extension y peso de nuestro cuerpo, el cual
nos protege contra agentes mecanicos, microbiologicos, fisicos y quimicos. Esta
formado por tres capas, epidermis, dermis e hipodermis. En la figura 1 se muestra la

estructura de la piel con sus principales componentes.

Como consecuencia de su estructura y al complejo sistema de organizacion de estas

capas, la piel cumple con diversas funciones, entre las que se encuentran:

e Proteccion: actia como barrera de interface entre los érganos internos y el medio
ambiente.
o Regulacion: mantiene la homeostasis como resultado de regular la pérdida de agua.

o Percepcion: contiene terminales nerviosas sensoriales.

Glandula sebacea
Musculo erector del pelo

Foliculo piloso

Papila de la dermus
Epidermis
Receptor del frio
Receptor del calor
Dermis Vasos sanguineos
Nervio
Tejido
subcutineo Glandula sudoripara

Figura 1. Estructura de la piel y sus principales componentes [7]
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1.2.1 Epidermis

La epidermis es la capa mas externa de la piel, con un espesor que varia de 0,02
a 0,2 mm segun la zona anatomica. En la figura 2 se muestra la estructura de la
epidermis que estd formada por el estrato corneo, estrato granular, estrato espinoso y

estrato basal [8].

Es un tejido que se renueva constantemente debido al proceso de descamacion. Este
proceso ocurre por la constante division celular de las células madre en la capa basal
que generan queratinocitos, mediante el proceso de maduracion éstas células se
diferencian originando células planas llamadas corneocitos [9]. En la Figura 2 se

representan las diferentes capas que forman la epidermis.

Estrato corneo /%%%

Estrato granuloso ;:__\\ |
. ® | ®
\/—‘L’:‘\ N5 S —— =
Estrato espinoso . J ) ‘,
L ——— _,\_/’

. @ «J 7 O

B Bl

Estrato basal .'....
Células madre Células madre

Figura 2. Esquema de la epidermis y sus cuatro capas. Modificado de [10]

La capa mas externa de la epidermis es el estrato corneo, tal como se observa en el
esquema de la figura 3 estd formada por células muertas bien organizadas embebidas de
queratina, rodeadas por una matriz lipidica; en su conjunto estos elementos forman la

barrera “real” de la piel. Esta estructura es con frecuencia comparada con el modelo



llamado de ladrillo y cemento, brick wall model donde los corneocitos representan los

ladrillos, y el cemento esté representado por la region intercelular de dominios lipidicos

[11].

Bicapa lipidica

T A
IHI HII ‘_‘

Ceramidas

TR F
HHIH’IU!IIIIIIIIHHI!-IHWHI Colesterol

Acidos grasos

Figura 3. Representacion de las estructuras que forman el estrato corneo: corneocitos y matriz lipidica.

Debido a que su composicion y organizacion difiere notoriamente de otras membranas
bioldgicas, la disposicion molecular de estos lipidos es considerada de relevante
importancia para la funcion de barrera de la piel [9]. La matriz lipidica del estrato
corneo contiene aproximadamente cantidades equimolares de ceramidas, acidos grasos

y colesterol [12,13].

En el espacio intercelular del estrato corneo han sido identificadas al menos quince
subclases de ceramidas [14-16]. Las moléculas de ceramidas se componen de un 4cido
graso unido a la esfingosina, las mas comunes tienen cadenas hidrocarbonadas de entre
24 y 26 4atomos de carbono. Estas ceramidas se forman principalmente de esfingosinas
con longitudes de 18 a 22 4tomos de carbono y tres diferentes acidos grasos. Las
combinaciones entre estos tipos de esfingosinas y acidos grasos forman las principales
estructuras de ceramidas en el estrato corneo. En la figura 4 se muestran las estructuras

quimicas de los lipidos presentes en el estrato corneo.
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Figura 4. Estructuras quimicas de los lipidos presentes en el estrato corneo [17]
1.2.2 Dermis

Es la via de entrada de farmacos a la circulacion sistémica después de haber
atravesado la epidermis, es un tejido altamente irrigado con un grosor de 1 a 5 mm. Esta

formado por vasos sanguineos y linfaticos. Los principales tipos de células que forman

e



la dermis son: fibroblastos que se encargan de producir el tejido conectivo, mastocitos
que estan involucrados en las respuestas inmune e inflamatoria y melanocitos,
implicados en la produccion de melanina.

La amplia red vascular que contiene, provee a la piel de nutrientes y para el resto del
cuerpo brinda un papel importante en la regulacion de la presion, temperatura y dolor

debido a los corpusculos sensoriales que posee [18].

1.2.3 Hipodermis

Es la capa mas profunda de la piel, se le llama también tejido subcutdneo. La
hipodermis ofrece proteccidon contra golpes mecénicos, aisla el cuerpo del frio y calor
externos y participa activamente en el metabolismo y almacenamiento de energia [19].
Esta formada por una red de células adiposas interconectadas por fibras de colageno y
elastina, asi como macrofagos y fibroblastos. En esta capa se originan las glandulas

sebaceas y los foliculos pilosos.

Haciendo un resumen sobre las caracteristicas de las diferentes capas que forman la piel,
podemos establecer que la dermis e hipodermis, son las barreras mas eficientes para los
agentes mecanicos y térmicos, mientras que la epidermis constituye la principal barrera

para los agentes quimicos.



1.3 Vias de administracion de farmacos a través de la
piel: rutas para lograr el objetivo

En las ultimas décadas, ha existido un constante debate en relacién a las posibles
rutas de permeacion de farmacos a través de la piel, no obstante estd bien aceptado que
para cualquier molécula que se aplica en este tejido existen dos principales vias de
permeacion: la transepidérmica y la apendicular. En la Figura 5 se muestra una
representacion esquemadtica de éstas vias de permeacion. Sin embargo, también se ha
considerado que podrian estar actuando en paralelo algunos otros mecanismos de

permeacion.

La principal controversia estd relacionada en que, siendo la piel una estructura de
compleja naturaleza y heterogeneidad, es sorpresivo que el principal proceso de
permeacion de farmacos se describa a través de la ecuacion basica que expresa la

primera ley de Fick [20].

(P Via apendicular
Via intercehlalar Naap Via intracehal
Lipido
Espacio Acido g1aso
intercelular
. . Membrana
Lipido  Queratina Colesterol

plasmatica Agua Citoplasma  Ceramida Suifats de cilsstival

Figura 5. Rutas de permeacion de farmacos a través de la piel [21]
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13.1

Via transepidérmica

Esta via constituye la principal ruta en la permeacion de farmacos, se puede definir

como la ruta donde los compuestos permean a través del estrato corneo intacto. Esta

formada a su vez de dos micro vias, la intercelular y la intracelular.

a. Via intercelular. Es el camino del farmaco a través de la matriz lipidica que

1.3.2

existe entre los corneocitos. Los farmacos lipofilos se difunden a través de los
espacios extracelulares y los mas polares a través de la parte hidrofila de los
lipidos. Aunque exista una pequefia superficie disponible para esta ruta, es

considerada como la principal para la mayoria de las moléculas [22].

Via intracelular. En esta via el farmaco pasa a través de los corneocitos y los
lipidos extracelulares que forman el estrato corneo. Esto hace que el paso del
farmaco a través de esta via sea menos relevante, debido a que como se puede
observar en la Figura 5, los f&rmacos que utilizan esta ruta no solamente tienen
que atravesar por las fibras de queratina de los corneocitos, sino también por la

matriz lipidica entre ellos.

Via apendicular

Esta ruta de permeacion es considerada la més rapida para el acceso de los

farmacos, se lleva a cabo a través de las glandulas sudoriparas, sebaceas o foliculos

pilosos. Es considerada también una ruta minoritaria, debido a que solo el 0.1 % de la

superficie de la piel estd cubierta por foliculos pilosos [23].

Normalmente los farmacos utilizaran de forma combinada las diferentes rutas de

permeacion pero la mds importante se definirda de acuerdo a las caracteristicas

fisicoquimicas de dicho farmaco.



1.4 Estrategias para mejorar la administracion topica
de farmacos

Diversos métodos han sido desarrollados para mejorar la permeacion de los
farmacos a través de la piel. En la figura 6 se representa un diagrama con un resumen de
las principales estrategias para mejorar la permeacion transdérmica, entre las que se
incluyen métodos fisicos, manipulacion del estrato corneo, sistemas de liberacion,

optimizacion del farmaco o el vehiculo y la combinacion de estrategias.

Estrategias para mejorar la
permeacion de farmacos a
través de la piel

Derivacion L
Y Optimizacion

manipulacion Sistemas de Combinacioén
del estrato liberacion

corneo

del farmaco
y/o vehiculo

de estrategias

Eliminacion o
abrasion del Métodos fisicos Liposomas
estrato corneo

Micro agujas Nanoparticulas

Electroforacion Nano emulsiones

Figura 6. Diagrama de las estrategias para mejorar la permeacion de farmacos en la piel.

Modificado de [2]
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1.4.1 Derivacién y manipulacion del estrato corneo

La funcion de barrera de la piel la ejerce el estrato corneo, es por ello que una de
las estrategias desarrolladas para mejorar la administracion transdérmica de farmacos se

enfoca en minimizar y/o evadir esta estructura.

Los métodos fisicos estan enfocados a crear una via para que las moléculas puedan
penetrar evitando el paso a través del estrato corneo. Un ejemplo lo constituyen las
micro agujas, donde el farmaco recubre la superficie de las agujas para ayudar a su

absorcion [24].

Estos métodos también incluyen algunas técnicas como la electroporacion y la
iontoforesis, que utilizan gradientes de voltaje para generar una disrupcion en la
organizacion del estrato cérneo [25,26].

Otras tecnologias que se incluyen en estas estrategias son la magnetoforesis, sonoforesis
y la aplicaciéon de ondas fotomecdnicas, las cuales aplican energia electromagnética,

ultrasénica o mecanica, respectivamente a la piel [27].

Estas técnicas han tenido un éxito limitado como métodos para administracion
transdérmica de farmacos y son utilizadas con frecuencia como métodos

complementarios a otros existentes [28].

1.4.2 Optimizacién del farmaco y/o vehiculo

La estrategia mas sencilla para la administracion transdérmica es seleccionar un
farmaco que reuna ciertas caracteristicas fisicoquimicas que lo hardn susceptible para
transportarse a través del tejido con una velocidad aceptable. Las caracteristicas ideales
para que un farmaco penetre de forma efectiva a través del estrato corneo son las

siguientes [29]:
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Bajo peso molecular (< 600 Da). De esta forma su coeficiente de difusion sera alto
debido a que guardan una relacion inversa. El coeficiente de difusion expresa la
velocidad de difusion de un compuesto en un medio.

La estructura quimica del farmaco ejerce influencia sobre su difusion en el estrato
corneo, debido entre otros factores a la formacion de puentes de hidrégeno entre las
cadenas polares de los lipidos y los puentes polares presentes en la estructura del
farmaco. Como regla general el farmaco no debe tener capacidad para formar mas

de dos puentes de hidrogeno [30].

Adecuada solubilidad en medio acuoso y lipofilo. La actividad depende de la
concentracion y solubilidad del farmaco, asi como de las interacciones farmaco-
vehiculo. Las soluciones saturadas tienen la méxima actividad, ya que al aumentar
la concentracion del farmaco disuelto en el vehiculo el gradiente de concentracion
entre el farmaco y la superficie cutanea serd mayor, lo que se traduce en una mayor

cantidad de farmaco liberado [31].

Coeficiente de reparto alto. Existe una relacion parabolica entre el coeficiente de
reparto, normalmente expresado como log P y el reparto en la piel, esto implica que
los compuestos con un bajo log P presentan una baja permeacion debido a su bajo
reparto en los lipidos del estrato corneo (tienen mas afinidad por el vehiculo), sin
embargo los farmacos con un log P elevado también poseen una baja permeabilidad
por su incapacidad de reparto fuera del estrato corneo (tienden a quedarse retenidos

en la matriz lipidica). Se acepta que la maxima permeacion se consigue para valores

de logPdela3[32].

1.4.3 Sistemas de liberacion

Una de las estrategias mas utilizadas en la actualidad es el desarrollo de sistemas
nanoscopicos: nanovesiculares y nanoparticulares como sistemas de administracion
cutaneos. Inicialmente estos sistemas fueron planeados para las vias oral o parenteral, y
actualmente contintian siendo objeto de diversos estudios, sin embargo el uso de estos
sistemas para la administracion dérmica y transdérmica estd justificado por diversos

factores. Por una parte, tienen la ventaja de proteger la sustancia que contienen,
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aumentando la vida util del farmaco. Por otra parte, estos sistemas podrian estar
actuando como potenciadores de la penetracion y ademas funcionar como depoésitos
para una liberacion sostenida.

Estos sistemas han demostrado un aumento de la absorcidon del farmaco, penetracion,
tiempo de vida media, biodisponibilidad y estabilidad. Debido a su tamafio que no es
perceptible para el sistema inmune, pueden liberar el farmaco en el tejido diana usando

dosis mas bajas [21].

Entre los sistemas de liberacion mas utilizados se encuentran los liposomas,

nanoparticulas y nanoemulsiones.

e Los liposomas son vesiculas constituidas por una o varias bicapas fosfolipidicas
concéntricas, con un compartimento acuoso en el interior. Dada su constitucion
tienen la posibilidad de integrar diversas sustancias activas hidrosolubles,
liposolubles o anfifilicas [33]. Debido a que son el objeto de estudio de este

trabajo posteriormente se detallaran diferentes aspectos de estos sistemas.

e Las nanoparticulas estan formadas a partir de materiales como polimeros,
lipidos, polisacaridos y proteinas que las hacen resistentes a cambios de pH,
temperatura y a la accidon enzimatica. Se clasifican en nanoesferas y
nanocapsulas. Las nanoesferas son estructuras de nucleo solido y las

nanocapsulas son estructuras alveolares [34].

e [as nanoemulsiones son dispersiones coloidales translucidas de dos liquidos
inmiscibles estabilizadas por un surfactante, con un tamafio de gota de 20 a 200
nm. Este tamafio de gota hace que posea una estabilidad cinética elevada ante la
sedimentacion, floculacién y coalescencia. No obstante a esta estabilidad
cinética, presenta inestabilidad termodinamica, ya que es necesario emplear

energia para formarlas [35].
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1.5 Liposomas: una estrategia para mejorar la
permeacion transdermica

Los liposomas son sistemas vesiculares que fueron obtenidos por primera vez por
Bangham en 1960 [36], desde entonces sus caracteristicas llamaron la atencion y se
utilizaron para como una estrategia para mejorar la administracion de farmacos. Sin
embargo, no fue hasta inicios de los afios ochenta cuando se publicaron por primera vez
resultados que mostraban su valor potencial como sistemas de liberacion [37]. Desde
entonces, los liposomas se han convertido en una de las estrategias mas estudiadas para

mejorar la administracion de farmacos la via transdérmica.

Los liposomas son vesiculas que envuelven un volumen acuoso. Estan formados por
una o multiples bicapas de lipidos formadas por el autoensamblaje de moléculas
anfifilicas. La figura 7 muestra la estructura y formacion de los liposomas.

Estas vesiculas pueden encapsular moléculas hidrofilas en el espacio acuso interno, o

bien moléculas lipofilas o anfifilicas que se incrustan en sus bicapas concéntricas [38].

Medio acuoso

QO

Bicapa lipidica

Cola hidrofobica

Molécula de fosfolipido

v

4 o

£ e

R4
Liposomas

Figura 7. Estructura de los liposomas
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Los fosfolipidos naturales o sintéticos son las moléculas mas usadas para la preparacion
de los liposomas, sin embargo pueden ser adicionados algunos aditivos para mejorar sus
caracteristicas. Los fosfolipidos naturales como la lecitina (fosfatidilcolina) son
utilizados con mayor frecuencia debido a que son el principal componente de las
membranas bioldgicas.

Por otra parte, con la incorporacion de otras moléculas se modifican las caracteristicas
de las bicapas, por ejemplo: el colesterol es adicionado para reducir la permeabilidad de
la membrana cuando se encapsulan moléculas hidrosolubles, debido a que incrementa la
rigidez de las vesiculas y mejora la estabilidad en presencia de fluidos bioldgicos como

la sangre [39].

Las caracteristicas de los liposomas varian en general en funcién de los lipidos
utilizados en la composicion empleada para su obtenciéon sin embargo, algunas
caracteristicas como el tamafio y la morfologia pueden ser controlados mediante el

método de preparacion.

De forma general los liposomas se obtienen formando una pelicula lipidica la cual se
resuspende en un sistema acuoso determinado, formando vesiculas multilamelares
(MLV), a partir de este tipo de liposomas se pueden obtener diferentes estructuras
vesiculares por medio de un proceso de extrusion o sonicacion. Es mediante estos
procesos que se pueden obtener vesiculas mas pequefias formadas de una sola bicapa,

que generalmente se encuentran en un rango de 20 a 400 nm de didmetro.
Los liposomas se pueden clasificar en funcion de su tamafio y lamelaridad, o bien en

funcién del método de preparacion. En la tabla 1 se incluye la clasificacion de los

liposomas atendiendo al nimero de bicapas y a los métodos de preparacion.
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Tabla 1. Clasificacion de los liposomas en funcion de su tamafio y lamelaridad y en funcion del

método de preparacion.

Clasificacion de los liposomas

1. Numero de bicapas 2. Métodos de preparacion

*SUV (Small unilamellar vesicles)
Vesiculas unilaminares de pequefias
dimensiones.
Diametro de vesicula 20-80 nm.
*LUV (Large unilamellar vesicles)
Unilaminares Vesiculas unilaminares de grandes
dimensiones.
Diametro de vesicula 80-1000 nm.
*GUV (Giant unilamellar vesicles)
Vesiculas unilaminares gigantes.
Diametro de vesicula > 1 pm.

* MLV (Multilamellar large vesicles)
Plurilaminares Vesiculas multilaminares. Diametro de
vesicula 400 nm — varios pm.

Pese a las diferencias morfoldgicas y caracteristicas fisicoquimicas de estos diversos

tipos de liposomas, se pueden clasificar en conjunto como liposomas tradicionales.

Haciendo un resumen sobre los resultados obtenidos con liposomas para la
administracion topica de farmacos se debe destacar el estudio de [37], en el cual se
observd el incremento de hasta cinco veces la cantidad de triamcinolona acetonido
retenida en la epidermis y dermis, con bajos niveles del farmaco a nivel sistémico en
comparacion con formulaciones convencionales. Diferentes estudios de los mismos

autores mostraron resultados similares con econazol y progesterona [40].
Posteriores investigaciones, realizadas con corticosteroides [41] y antibioticos y

antiinflamatorios [42,43] pusieron en evidencia que los liposomas convencionales s6lo

incrementan la deposicion del farmaco en la piel.
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La composicion lipidica de las vesiculas, el método de preparacion y el estado de las
bicapas de los liposomas, son los principales factores que se describen que afectan la

deposicion de los liposomas[44,45].

Después de una extensa investigacion sobre su efectividad como sistemas para
administracion topica de farmacos, se ha establecido que la mayoria de este tipo de
liposomas acttia principalmente a nivel dérmico, debido a que no tienen la capacidad de
penetrar en las capas mas profundas de la piel [1]. Sin embargo, diversos resultados
experimentales muestran su efectividad para la administracion transdérmica,

aumentando la polémica sobre el uso de estos sistemas [46,47].

1.5.1 Desarrollo de sistemas vesiculares para la administracion tépica de
farmacos

Posterior al desarrollo de los liposomas convencionales como sistemas de
administracion topica de farmacos, éstos se fueron modificando dando lugar a nuevas
estructuras que en combinacion con diferentes sustancias darian lugar a diferentes tipos
de liposomas. En la Figura 8 se representan de forma cronologica el desarrollo de los

sistemas mas destacados, los cuales se describen a continuacion:

Niosomas

Formulados por primera vez por L'Oreal en 1970 [48], son vesiculas combinadas con
surfactantes no ionicos. En comparacion con los liposomas convencionales, presentan
mayor estabilidad quimica y menores costes. Estos sistemas incrementan el tiempo del
farmaco en la epidermis reduciendo la absorcion sistémica, por lo que estan enfocados

para en tratamiento de enfermedades dermatolédgicas [49,50].

Vesiculas elasticas
La primera generacion de estas vesiculas fue introducida por Cevc and Blume [51], y

registraron éstos sistemas con el nombre de Transfersomes®. Estos sistemas estin

formados por vesiculas de fosfolipidos y un activador de membrana edge activator que
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les confiere la elasticidad. Los activadores de membrana son tensioactivos de cadena
simple, que incluyen el Span 60, Span 80, Tween 20, Tween 80, entre otros.

Diversos estudios han puesto de manifiesto que éstas vesiculas son capaces de permear
cantidades terapéuticas de farmacos con la eficiencia comparable a la de una inyeccioén

subcutanea en farmacos como lidocaina, insulina y diclofenaco [52-54].

Posteriormente, surgié la segunda generacion de vesiculas elasticas que  fue
desarrollada por van den Bergh en 1999 [55]. Estas vesiculas incluyen en su
composicion surfactantes no i6nicos y se ha demostrado su mayor eficacia frente a los

liposomas convencionales [56,57].

Etosomas

Estos sistemas de liposomas fueron desarrollados en 1997 por Touitou y colaboradores
[58]. Son sistemas formados por fosfolipidos, etanol y agua [59], que han mostrado una
mejor liberacion de farmacos como la testosterona y eritromicina. Su efectividad se ha
conseguido en diferentes condiciones, bajo oclusion [60] y en condiciones de no

oclusion [61].

Invasomas

Fueron desarrollados por Fahren el 2002 [62], sin embargo no fue hasta el 2008 cuando
se publicéd un estudio integral de estos sistemas [63]. Estan compuestos por vesiculas de
fosfatidilcolina, etanol y una mezcla de terpenos como potenciadores de la permeacion.
Debido a que su desarrollo tiene relativamente corto tiempo, su efectividad continua

siendo investigada [64,65].

Liposomas que promueven la formacion de multi o bicapas lipidicas planas

Frente a estas estrategias que combinan caracteristicas de las vesiculas directamente
relacionadas con su composicion, ha surgido un nuevo desarrollo de liposomas que
combina vesiculas de fosfolipidos con la incorporacion extemporanea de promotores de

la permeacion. Estos sistemas de liposomas tienen la particularidad de formar capas

18



lipidicas planas, lo cual puede estar relacionado con el incremento de la permeacion del

farmaco[66].

Liposomas
Vesiculas que
Introduccién elasticas . promueven
de Vesiculas Segunda la formacién
Liposomas elasticas generacion de SLBs

Niosomas Etosomas Invasomas

Figura 8. Representacion cronoldgica del desarrollo de sistemas vesiculares para aplicacion topica de
farmacos

* Nuevas aplicaciones basadas en vesiculas de fosfolipidos

Recientemente, se han desarrollado liposomas como modelos para la prediccién de
permeacion de farmacos a través de la piel, estos sistemas imitan la barrera del estrato
corneo y han surgido debido a la dificultad de obtener tejido humano para evaluar la

eficacia de las nuevas formulaciones desarrolladas para aplicacion topica.

Las vesiculas fueron desarrollados inicialmente para emular el epitelio intestinal y hacer
mas eficiente el cribado de un gran nimero de farmacos [67,68]. Sin embargo,
actualmente este modelo de permeabilidad sirve como herramienta para predecir la
permeacion transdérmica tanto en pieles enfermas como sanas, y es conocido como
PVPA Phospholipid Vesicle-based Permeation Assay.

Han sido utilizados para evaluar la capacidad de permeacion de nuevas moléculas, asi
como en diversas formulaciones [69,70] y en combinacidon con un sistema automatizado

que permite el cribado de moléculas [71].
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Actualmente la investigacion de sistemas vesiculares mas eficaces para la
administracion transdérmica de farmacos contintia siendo explorada, basta con realizar
una busqueda de las mas recientes publicaciones cientificas para obtener un panorama

de los ultimos avances en el desarrollo de estos sistemas.

1.5.2 Mecanismos de accion de los liposomas para administracion tépica

De forma paralela a la intensa investigacion sobre estos sistemas vesiculares, se
ha investigado el mecanismo de accion mediante el cual los liposomas brindan una alta
eficacia en la administracion dérmica y transdérmica de farmacos. En la figura 9 se
muestra un resumen de las principales investigaciones realizadas, donde se puede
observar una discrepancia importante en cuanto a los resultados, los cuales en
combinacion con cada uno de los sistemas descritos con anterioridad, hacen atin mas

compleja la comprension del mecanismo de accion.

De hecho, los mecanismos de liberacion, adsorcion y permeacion a través de la
compleja estructura que forma la piel nunca se han aclarado lo suficiente para explicar

tanto sus beneficios a nivel local como sistémicos [1,22,72-74].
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Figura 9. Principales mecanismos de accion descritos de los liposomas para la aplicacion topica de
farmacos.

A partir de los diferentes mecanismos de permeacion de los liposomas, se pueden
agrupar en cuatro categorias. En la figura 10, se muestra una representacion de los
posibles mecanismos de accién de los liposomas como sistemas de administracion

topica.

a) Mecanismo de farmaco libre

De acuerdo con este proceso el farmaco permea de forma independiente una vez que se
libera de las vesiculas [75]. De esta forma las vesiculas se consideran solamente como

vehiculo que pueden ofrecer una liberacion controlada del farmaco.

21



Capitulo 1

Liposomas
l A Farmaco c D
@ 2w
§ iz %% B @ s

- o— \ 1
estrato > - R - @ 5¢
cérneo N e — £ :

C
)E')'

Figura 10. Posibles mecanismos de accion de los liposomas como sistemas de administracion topica de
farmacos [45]. Mecanismo de farmaco libre (A), mecanismo de mejora en la permeacion (B), mecanismo
de adsorcion y/o fusion de las vesiculas con el estrato corneo (C), mecanismo de permeacion apendicular

(D).

b)  Mecanismo de mejora en la permeacion

El primer registro que describe este mecanismo concluye que la lecitina de huevo
utilizada para la formacion de las vesiculas disminuye el efecto de barrera de la piel
[76]. Posteriormente, se estableci6 que los lipidos del estrato coérneo pueden
solubilizarse debido a la formacion de micelas inversas con los fosfolipidos de las
vesiculas [77]. Diversos autores han descrito resultados a favor de este mecanismo
[78,79]; sin embargo, otros autores han establecido resultados contrarios a los anteriores

[80].

c)  Adsorcion y/o fusion de las vesiculas con el estrato cérneo

Este mecanismo ha establecido la importancia que tiene la interaccion de las vesiculas

con el estrato corneo. Se ha sugerido que primero existe un proceso de adhesion en la
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superficie de la piel y posteriormente una posible fusion con la matriz lipidica del

estrato corneo [81].
d) Permeacién apendicular

Esta ruta de permeaciéon de farmacos, se ha considerado en general para las
formulaciones de aplicacion topica. En el caso de los liposomas especificamente de los
Transfersomers®, al obtenerse una disminucion en su efectividad en condiciones de
oclusion, se establecio que al favorecerse las condiciones de hidratacion, los corneocitos
podrian hincharse y cerrar los espacios extracelulares, los cuales serian la principal ruta
de los liposomas y por ende la permeacion apendicular seria el principal mecanismo
para la libracion de farmacos en la piel. Esta hipotesis tratdé de comprobarse estudiado la
liberacion de insulina por via topica, utilizando modelos in vivo con animales que tienen
diferentes densidades de foliculos pilosos, y los estudios realizados indicaron que no
existen diferencias significativas utilizando el mismo tipo de liposomas elasticos [82].
Otros autores han demostrado la eficacia de este mecanismo solo cuando se combina

con iontoforesis [83].

Existen multiples factores tanto en el desarrollo de estos sistemas vesiculares, asi como
en las metodologias empleadas para describir los mecanismos de accion, por lo que no
es posible describir un mecanismo general de estos sistemas; por ejemplo, la
composicion de las vesiculas estaria influyendo directamente en el mecanismo de

accion.

Por esta razon, es conveniente que la investigacion sobre este aspecto siga ofreciendo
nuevos conocimientos para establecer los procesos que ocurren durante la etapa de

liberacion, en el mecanismo de accion de los liposomas.
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1.6 Farmacos vehiculizados en liposomas para
administracion tépica

Como se ha descrito en las secciones anteriores, existen diversos fArmacos que
presentan caracteristicas fisicoquimicas que los hacen viables para ser administrados por
via topica. Por otra parte, existen algunos farmacos que de acuerdo con su objetivo
diana son considerados Optimos para ser formulados en liposomas, ejemplos de este
grupo de farmacos lo constituyen los antiinflamatorios y los farmacos enfocados al

tratamiento de las quemaduras y cicatrizacion de heridas.

1.6.1 Farmacos Antiinflamatorios

En la década de los sesenta, se introdujeron una nueva familia de medicamentos
a los que se nombré antiinflamatorios no esteroideos (AINEs), con el objetivo de ser
mas eficaces como analgésicos y antiinflamatorios que los farmacos utilizados hasta ese
momento.
Actualmente, los AINEs son el grupo de medicamentos mas utilizado a nivel mundial
para el tratamiento de diversas patologias.
Los farmacos antiinflamatorios, analgésicos y antipiréticos de esta categoria incluyen
muchos compuestos que en general no tienen relacion quimica entre ellos, aunque la

mayoria son 4cidos organicos.

Mecanismo de accion de los AINEs

Los AINEs inhiben la actividad de la enzima ciclooxigenasa (COX) resultando en la
disminucién de la formaciéon de prostaglandinas y tromboxanos a partir del acido
araquidonico. La disminucion en la sintesis de prostaglandinas y su importancia en la
produccion del dolor, inflamacion, fiebre y su actividad en diferentes tejidos es la

responsable de la mayoria de los efectos terapéuticos y adversos de los AINEs.

Mientras que la COX-1 tiene caracteristicas de enzima constitutiva y su actividad tiene
que ver con la participacion en el control de funciones fisioldgicas, la COX-2 tiene

caracteristicas de enzima inducible en determinadas células bajo circunstancias
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patologicas por el concurso de citoquinas y mediadores de la inflamacion COX-2, las
cuales se encuentran mayormente en tejido danado o inflamado.

Los AINEs tradicionales inhiben de manera no selectiva la actividad enzimatica de
COX-1 y COX-2, lo cual trae como consecuencia efectos secundarios a nivel

gastrointestinal, renal y de coagulacion.

Acido araquidonico
— — COOH
mCHS

COX 1 COX 2
AINEs

Prostaglandinas

Prostaglandinas
Proteccion de la . Dolor, inflamacion y
.. Homeostasis
mucosa gastrica fiebre

Figura 11. Mecanismo de accion de los AINEs. Modificado de [84]

Los efectos secundarios producidos por los AINEs y especificamente la posible
toxicidad renal quedan casi eliminados con la utilizacién de estos farmacos por via

topica.

En este sentido, los sistemas de liberacion transdérmica al ofrecer una liberacion
sostenida permiten su uso para actuar a nivel local o sistémico y ofrecen una alternativa
a la administracion oral para poder reducir sus efectos adversos.

Entre algunas de las indicaciones de los AINEs topicos figura el tratamiento del dolor e
inflamacion asociado a procesos musculoesqueléticos, se utilizan frecuentemente para

tratamientos de tendinitis, bursitis y osteoartritis de las articulaciones superficiales.
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Se ha reportado que la mayoria de las moléculas de AINEs se difunden a través del
estrato corneo y en capas mas profundas, a través de las vias hidrofobicas de la matriz
lipidica intercelular de la piel [85]. Por una parte el adecuado coeficiente de particion
agua-lipido [86] y por otra, el reducido tamano de esta clase de farmacos, benefician el
proceso [87].

Se ha observado también, que la cantidad y composicion de los lipidos presentes en la
piel juegan un papel importante para la difusion de los AINEs a través del estrato
corneo, por lo cual es importante el sitio de aplicacion para su absorcion es importante
[88].

En una formulacién convencional como un gel o un parche cutaneo, los AINEs se
distribuyen rapidamente en el 6rgano llegando a los vasos sanguineos y al tejido
circundante. Posteriormente, la mayoria de moléculas de farmaco libre son removidas
de la superficie de la piel [89]. A continuacion, el farmaco alcanza solamente una
profundidad de pocos milimetros [90].Este proceso ha sido observado en diversas
moléculas de AINEs [91,92].

Para hacer frente a este problema, el farmaco puede vehiculizarse en sistemas
adecuados, que en principio permitan que no permee facil y rdpidamente a través de la
piel y los vasos sanguineos cutaneos. En segundo lugar, el vehiculo debe retener el

farmaco el tiempo suficiente.

Dentro de los farmacos antiinflamatorios mas estudiados vehiculizados en sistemas
vesiculares se encuentran el diclofenaco dietilamonio [93], ketoprofeno [94],

diclofenaco de sodio [95], nimesulida [96] y el ibuprofeno.

1.6.1.1 Ibuprofeno

Fue descubierto en 1961 y estd indicado como anestésico, antipirético y
antiinflamatorio. Actualmente es uno de los antiinflamatorios més utilizados a nivel
mundial [97].

La administracién de ibuprofeno por via topica esta enfocada para el tratamiento en
dolor musculo esquelético leve, sobre todo en pacientes geriatricos para reducir los

efectos adversos en el tracto gastro intestinal.
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Actualmente contintia siendo objeto de diversos desarrollos farmacéuticos en forma de

apositos [98—-100] y en diversas formulaciones basadas en la nanotecnologia [101,102].

Ademés de sus cualidades terapéuticas el ibuprofeno presenta caracteristicas
fisicoquimicas (ver figura 11) que lo hacen un excelente candidato para ser vehiculizado

mediante liposomas.

OH Peso molecular = 206,29 g/mol
Log P=3,9
O pKa=5,2
Solubilidad en agua= ~ 60 pg/mL

Figura 11. Estructura quimica del ibuprofeno y sus principales propiedades fisicoquimicas

1.6.2 Farmacos cicatrizantes y para el tratamiento de quemaduras

Otro de los grupos de moléculas idoneas para la administracion topica, son los
farmacos indicados para el tratamiento de enfermedades o lesiones a nivel dérmico, en
este sentido el tratamiento de quemaduras y cicatrizaciones constituye un area de

desarrollo farmacéutico importante.

La pérdida de la integridad de la piel como resultado de una lesion o enfermedad puede
conducir a una discapacidad grave o incluso la muerte, segiin su extensién o
complicaciones agregadas no controladas. Es por ello que el conocimiento de los
procesos fisiologicos de la cicatrizacion favorece el desarrollo de formulaciones

farmacéuticas para su tratamiento.

La cicatrizacion es un proceso bioquimico que ocurre en respuesta a las lesiones
tisulares y tiene como objetivo su regeneracion. La Figura 12, muestra un diagrama con

las fases secuenciales de la cicatrizacion.
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El proceso normal de cicatrizacion de heridas puede ser dividido en 4 fases
superpuestas: coagulacion, inflamacioén, formacion de tejido de granulacion (fase
proliferativa), y la remodelacion o formacion de cicatriz. Durante la fase de
coagulacion, se proporciona una proteccion provisional a la zona de la herida con la
coagulacion para prevenir el sangrado excesivo. En la fase inflamatoria intervienen
leucocitos, neutrdfilos y macrofagos; también tiene lugar la produccion de factores de
crecimiento y la activacion de las células dérmicas y epidérmicas. La finalizacion de la
fase proliferativa de la cicatrizacion de heridas conduce a la formacion de la matriz
extracelular, y tejido de granulacion vascularizado. Finalmente, la remodelacion de la
matriz extra celular y la apoptosis conducen a la formacion de la cicatriz y un tejido con

propiedades fisicas que son comparables con la piel no herida [103].

Inflamacion Remodelacion

*Plaquetas *Colageno
*Leucocitos *Tejido *Fibroblastos
*Neutrofilos granular *Matriz extra
celular

*Macréfagos

Figura 12. Fases y células que intervienen en el proceso de cicatrizacion.

La sintesis y degradacion de la matriz extracelular son componentes fundamentales en
las lesiones tisulares y su reparacion. El 4cido hialurénico (AH), parece tener funciones
primordiales en este proceso biologico. Posterior a una lesion, los fragmentos de AH se
acumulan, la eliminacion de estos fragmentos requiere de un receptor expresado en las
células del tejido hematopoyético. El fracaso de esta eliminacidon resulta en una
incesante inflamacion. Los productos de la degradacion del AH pueden estimular las

células inflamatorias para modular y resolver las lesiones en los tejidos [104].



La matriz extracelular en las primeras etapas de cicatrizacién de heridas es rica en HA.
En el adulto los niveles alcanzan rdpidamente un maximo y luego disminuyen, lo cual
puede estar relacionado con la formacion de cicatrices, ya que en estudios realizados
con modelos experimentales de fetos de oveja y conejo, se observa que la reparacion de

heridas est4 asociada con el mantenimiento de los niveles elevados de HA [105].

El HA tiene un papel muy importante en el metabolismo de la piel, debido a que es uno
de los principales constituyentes de la matriz extracelular y es indispensable para la
infraestructura de la célula [106]. E1 AH posee una gran capacidad de retencion de agua,
por lo tanto es responsable de la hidratacion de la piel y aumenta su contenido de
humedad [107]. Es debido a estas caracteristicas que se ha utilizado para coadyuvar al

tratamiento de quemaduras.

Actualmente el AH es protagonista en el 4rea cosmética inyectado como relleno
dérmico en cirugias debido al papel clave que tiene en el envejecimiento. Se ha
utilizado desde hace varios afios para ayudar a recuperar la elasticidad, turgencia y la

humedad de la piel [108].

Los niveles de AH son altos en la circulacion fetal y disminuyen después del
nacimiento, estos niveles se mantienen constantes durante algunas décadas y comienzan
a aumentar de nuevo en edad avanzada [109,110]. La reaparicion de las altas
concentraciones en el flujo sanguineo podria ser uno de los mecanismos del deterioro
del sistema inmune [111].

Sin embargo en cuanto a los procesos de envejecimiento el contenido de AH a nivel
dérmico disminuye de forma progresiva [107]. En las mujeres éstas concentraciones se
mantienen constantes (0,03 %) hasta los 47 afios aproximadamente [112].
Simultaneamente durante el envejecimiento se reduce la proliferacion de fibras de
colageno, lo que conlleva a cambios estructurales. Estos factores conducen a la

deshidratacion y pérdida de elasticidad.

La concentracion de AH en la matriz extracelular puede variar ampliamente sin
embargo, incluso cuando los niveles han disminuido, una de sus funciones es actuar
como una estructura sobre la que otras macromoléculas de la matriz extracelular se

orientan.
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Se ha descrito que el AH estimula la proliferacion de fibroblastos [113], lo que favorece

la etapa final del proceso de cicatrizacion.

1.6.2.1 Acido hialurénico

Es un polisacarido presente en el cuerpo humano en los tejidos epitelial,
conectivo y nervioso [114]. Se descubri6 por primera vez en el humor acuoso y
posteriormente fue sintetizado en laboratorio [115].

El 4cido hialurénico puede ser producido por diferentes procesos, los dos mas comunes
son la extraccion a partir de crestas de gallo o bien mediante la fermentacion de la
bacteria Streptococus [116]. En la Figura 13, se representa la estructura quimica del

acido hialurénico y sus principales propiedades fisicoquimicas.

El uso terapéutico del acido hialurénico se inicia en los afos sesenta cuando fue
empleado para el tratamiento de quemaduras, desde entonces se utiliza practicamente en
todos los campos de la medicina. Sus aplicaciones clinicas mas conocidas son los
tratamientos basados en ingenieria de tejidos, en particular la cicatrizacion de heridas
[117]. La matriz viscoeléstica del 4cido hialurénico puede actuar como material de
soporte altamente biocompatible y por lo tanto se usa cominmente para la cicatrizacion
de heridas de cirugia [118]. Ademas, la administracion de HA de alto peso molecular
purificado en articulaciones pueden restaurar las propiedades reologicas deseables y
aliviar algunos sintomas de la osteoartritis [119].

El AH es utilizado también en el tratamiento de ulceras cronicas de heridas de diversas
etiologias, quemaduras y heridas quirtrgicas epiteliales, sin importar la forma
farmacéutica en la cual esté incorporado [114].

El acido hialuronico es una macromolécula altamente higroscopica, compuesta por
unidades repetidas de N-acetilglucosamina y 4cido glucorénico unidos entre ellos por
un enlace glucosidico [120]. El hialuronato de sodio es la forma quimica predominante
de 4cido hialurénico a pH fisioldgico, ya que la forma acida es inestable y por lo tanto

no se suele usar.
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Figura 13. Estructura quimica del acido hialurénico y algunas de sus propiedades fisicoquimicas.

La investigacion y uso del 4acido hialurénico como molécula activa en el tratamiento de
diversas patologias a nivel dérmico es destacable, sin embargo dentro de la densa gama
de aplicaciones nunca ha sido incorporado en sistemas vesiculares. Su uso en sistemas
de liberacion de farmacos ha sido como vehiculo, aunque no se descarta su funcion
coadyuvante.

Debido a ello, y a las aplicaciones que pueden ser susceptibles de ser favorecidas con

¢ésta molécula derivo el interés para ser estudiado al incorporarse en liposomas.
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1.7 Caracterizacion topografica de los sistemas
vesiculares para administracion topica de farmacos

Como se ha descrito anteriormente, los beneficios que aporta la administracion
de farmacos por via topica son diversos, debido a ello existe un notorio interés en la
investigacion sobre el desarrollo de éste tipo de formulaciones y sobre el mecanismo
mediante el cual los sistemas vesiculares incrementan notoriamente la eficacia respecto
a otras formulaciones topicas. No obstante a que hoy en dia son pocas las formulaciones
disponibles en el mercado, existe una intensa investigacion sobre estos sistemas que

incluyen a diversas moléculas y patologias.

Debido a lo anteriormente expuesto y a la incorporacion de nuevas tecnologias en el
campo de la investigacion de estos sistemas para el desarrollo farmacéutico, resultan
relevantes las aportaciones que se continten realizando en esta area.

La mayor parte de los recientes avances sobre el conocimiento de la administracion
topica han sido resultado del uso de técnicas biofisicas, las cuales son cada vez mas
sensibles y sofisticadas [4]. Desde hace varias décadas se han considerado algunas de
ellas, entre las que destacan la espectroscopia infrarrojo [121], resonancia magnética

nuclear [122] y la microscopia electronica de transmision [123].

Una de las técnicas exploradas en afios recientes ha sido la microscopia de fuerza
atdmica, debido a las ventajas que ofrece al preservar las muestras en su estado original
y poder trabajar en diversas condiciones ambientales [124].

Esta técnica ha sido utilizada para caracterizar sistemas de liberacion de farmacos nano
estructurados [125,126] y para observar células y tejidos complejos como la piel

[127,128].

En el desarrollo de esta investigacion hemos utilizado ésta técnica para observar las
estructuras que forman las formulaciones desarrolladas cuando son aplicadas sobre la
piel humana. Debido a que no existe ninglin trabajo previo de referencia que aborde este
concepto, es importante incluir los principios de esta técnica y como los resultados

obtenidos en este estudio pueden ayudar a elucidar diferentes aspectos relevantes sobre
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el mecanismo de accion de los liposomas para mejorar su aplicacion topica y su

efectividad.

1.7.1 Microscopio de fuerza atomica

Pertenece al grupo de microscopios de fuerza de barrido, los cuales son un
amplio grupo de microscopios que funcionan a través de una sonda que escanea las
muestras linea a linea. El microscopio de fuerza atomica (AFM) fue desarrollado en la
segunda década de los ochentas [129]. En el caso del AFM, la sonda es una punta
afilada unida a un soporte sensible, que estd unida a un piezoeléctrico que asegura el
posicionamiento tridimensional con alta precision. Posee una resolucion lateral en el
rango nanométrico, mientras que su resolucion vertical es inferior al angstroms. En la

figura 14 se muestran en esquema los elementos principales del AFM.

Al acercarse la punta a la muestra y antes del contacto fisico, el soporte se desvia por la
aparicion de fuerzas de corto alcance que actian entre ambas superficies. Estas fuerzas
pueden ser atractivas o repulsivas dependiendo de la naturaleza de la interaccion por
ejemplo, fuerzas quimicas, fuerzas de van der Waals, fuerzas electrostaticas, fuerzas de
friccion [130] y permiten con el uso de un sistema de retroalimentacion mantener la

sonda a una fuerza constante de la muestra, mientras se escanea la superficie.

En el AFM, los sistemas de retroalimentacién mas utilizados consisten en enfocar una
luz laser en el lado posterior del soporte y en la direccion del haz reflejado por medio de
un sensor de posicion, que es generalmente un fotodiodo. La posicion se envia a la
interfaz electronica que, a su vez controla la distancia punta-muestra e informa al
escaner piezoeléctrico para corregirlo o no. Por lo tanto, el movimiento de correccion

correspondiente es lo que genera la imagen topografica [131].
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Figura 14. Representacion esquematica de los elementos principales que forman el AFM. (Modificado de

blog.brukerafimprobes.com)

La muestra se escanea linea por linea con el fin de obtener un registro topografico de su
superficie, a este modo de funcionamiento del AFM se le llama modo topografico. Los

modos topograficos mas comunes, representados en la figura 15, son:

Modo de fuerza constante: La altura de la muestra se ajusta para mantener constante la

deflexion del soporte, de esta forma se ejercerd una fuerza constante en la muestra.

Modo de contacto intermitente: Se conoce también como modo Tapping®, la punta
oscila cerca de su frecuencia de resonancia sobre la superficie y la realimentacion
controla la amplitud y la fase de oscilacion, lo cual reduce la aparicion de fuerzas

laterales durante la obtencion de la imagen debido al menor contacto punta-muestra.
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Figura 15. Modos de funcionamiento topografico del AFM. Modo de fuerza constante (a), modo de

contacto intermitente (b).

No obstante a las ventajas que ofrece el AFM para la caracterizacion a escala
nanométrica, debido a su resolucidon y la preservacion de muestras bioldgicas, esta
técnica y sus aplicaciones se encuentran en constante evolucion. Los actuales modos de
funcionamiento incluyen el aumento de velocidad y el uso de las puntas para manipular

la muestra [132].

Modo espectroscopia de fuerza

Otra aplicacion relevante del AFM consiste en la caracterizacion nanomecanica de la
muestra, para tal efecto se utiliza el modo de espectroscopia de fuerza (FS), éste modo
de funcionamiento es util para elucidar caracteristicas intrinsecas de sistemas lipidicos
[133]. A través de este modo de funcionamiento se obtienen curvas con patrones
similares, los cuales se representan en la figura 16.

En la curva se representa la monitorizacion de la fuerza aplicada por la punta, en
funcion de la separacion con la muestra y la correspondiente deflexion de la palanca.
Cada etapa de la curva proporciona informacién sobre las propiedades fisicas y
quimicas de la muestra.

En la region de aproximacion de la curva (a) se pueden caracterizar las propiedades de
superficie, en funcion a las fuerzas que actuan entre la superficie de la punta y la
muestra pudiéndose observar posibles repulsiones. Una vez la punta entra en contacto
con la superficie de la muestra (b), la curva de aproximacién varia en su pendiente (c),

lo que permite determinar propiedades mecénicas de la muestra [134].
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La curva de retorno no coincide con la curva de aproximacion, es decir, la curva de
fuerza total presenta histéresis (d), debida a las fuerzas de adhesion entre la punta y la
muestra, que finaliza en una liberacion de la punta (e) y un retorno de la curva a valores

similares a los hallados en la etapa de aproximacion.

Fuerza (nN)

A
—— acercamiento

— alejamiento

Distancia (nm)

Figura 16. Esquema de una curva de fuerza mostrando las etapas en el proceso de acercamiento y

alejamiento con la muestra

Para la interpretacion de las curvas de fuerza, se debe tener en cuenta que la interaccion
entre punta y muestra es dependiente de la geometria de la punta, de la interaccioén
quimica entre punta y muestra y de la naturaleza del medio. Por lo tanto, las medidas de
fuerza realizadas por AFM no pueden ser directamente relacionadas con otras medidas

de fuerza o termodinamicas realizadas mediante otras técnicas.
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Objetivos

El objetivo principal de esta tesis es desarrollar y caracterizar liposomas capaces de
formar bicapas planas sobre la piel, para mejorar la permeacion de los farmacos
encapsulados en las vesiculas y obtener informacién relevante relacionada con la
liberacion de éstos farmacos para desarrollar una formulacion farmacéutica basada en

los conocimientos adquiridos.

Los objetivos especificos son los siguientes:

o Desarrollar formulaciones basadas en liposomas como sistemas de
administracion topica de farmacos para diferentes moléculas de interés
farmacéutico, que en combinacion con potenciadores de la permeacion puedan
desestabilizar la membrana lipidica de las vesiculas y promover la formacion de

bicapas planas al ser aplicados sobre la piel.

o Caracterizar las propiedades fisicoquimicas de las formulaciones desarrolladas
en términos de tamafo de particula, polidispersidad, potencial zeta, eficiencia de

encapsulacion y estabilidad a diferentes temperaturas.

o Desarrollar una metodologia para utilizar el microscopio de fuerza atomica

como técnica de caracterizacion de la piel humana.

o Utilizar la técnica desarrollada de microscopia de fuerza atdmica para observar
la interaccion de las formulaciones al ser aplicadas sobre diferentes sustratos,

piel y celulosa.

o Validar las técnicas analiticas utilizadas para cuantificar las cantidades de
farmaco permeado durante los ensayos de permeacion utilizando la

cromatografia liquida de alta eficacia.
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Determinar los modelos de liberacion y los pardmetros amodelisticos de los
farmacos utilizados en los estudios de permeacion, de las formulaciones

desarrolladas.
Determinar los parametros biofarmacéuticos de las formulaciones desarrolladas

a través de ensayos de permeacion ex Vvivo utilizando las células de difusion de

Franz.
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Resultados

Los resultados obtenidos dur ante el desarrollo de esta investigacion han dado

lugar a las siguientes publicaciones:

Improving ex vivo skin permeation of non-steroidal anti-inflammatory drugs: Enhancing
extemporaneous transformation of liposomes into planar lipid bilayers. Int. J. Pharm.,

2014, vol. 461, p. 427-433.

Enhanced topical delivery of hyaluronic acid encapsulated in liposomes: a surface-
dependent phenomenon. Colloids and Surfaces B: Biointerfaces, 2015, vol. 134, p.31-
39.

Monolayer study of the main components of the Stratum corneum to develop liposomes

for Transdermal Drug Delivery. Enviado a Colloids and Surfaces B: Biointerfaces.

Development of liposomes for Transdermal Drug Delivery mimicking Stratum corneum

composition. Enviado a International Journal of Pharmaceutics.
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3.1 Evaluacion de la eficacia de los liposomas
como sistemas de administracion topica de
farmacos

Improving ex vivo skin permeation of non-steroidal anti-inflammatory
drugs: Enhancing extemporaneous transformation of liposomes into planar

lipid bilayers

Vazquez-Gonzalez, Martha L., Bernad, Rafael,Calpena, Ana C.,Doménech,
Oscar,Montero, M. T.,Hernandez-Borrell, Jordi (2014)
International Journal of Pharmaceutics (461) 427-433
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RESUMEN

La administracién transdérmica de principios activos es un método versatil
ampliamente utilizado en medicina. Sin embargo, la baja eficiencia lograda en la
absorcion de muchos farmacos es debida principalmente a la complejidad de la barrera

de la piel, lo que representa una desventaja para la administracion transdérmica.

Para mejorar la administracion de farmacos a través de la piel, hemos preparado y
caracterizado liposomas que contienen el AINE ibuprofeno y disefiamos formulaciones
farmacéuticas basadas en la adicion extemporanea de surfactantes potenciadores de la
permeacion (PEs). Posteriormente, se llevaron a cabo estudios de liberacion y
permeacion del farmaco.

De acuerdo con los estudios de permeacion, la formulacion liposomal de ibuprofeno
suplementado con PEs mostro efectos terapéuticos similares, pero a dosis mas bajas

(20%) comparada con una formulacion comercial utilizada como referencia.

Se utilizd el microscopio de fuerza atomica (AFM), para investigar en las formulaciones
liposomales el efecto causado por los PEs en el mecanismo de adsorcion y fusion con la
piel. En las imagenes obtenidas fueron observados liposomas no fusionados, bicapas de
lipidos y estructuras multiples.

La transformacion de las vesiculas en estructuras planas se propone como una posible
razon para explicar las dosis mas bajas requeridas cuando una formulacion de liposomas

se complementa con surfactantes como PEs.

Aspectos relevantes en este estudio

A través de la encapsulacion de ibuprofeno en liposomas para aplicacion tdpica, se
demuestran los siguientes aspectos:
a) Los surfactantes incorporados como promotores (Tween® 65 y Tween®™ 80),
aumentan la permeacion transdérmica del ibuprofeno encapsulado.
b) Los promotores promueven la transformacion de los liposomas en estructuras

planas.
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€) Mediante las imagenes obtenidas con el AFM, se observa que las formulaciones

desarrolladas forman estructuras similares a bicapas lipidicas sobre la piel.

RESUMEN GRAFICO

Los liposomas que contienen ibuprofeno al aplicarse sobre piel humana forman

estructuras planas.

Liposomas que contienen
ibuprofeno
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and local inflammation. NSAIDs inhibit the prostanoid-generating
enzyme, cycloooxygenase-2, at the inflammation and pain
focus. Unfortunately, most of them also inhibit gastric mucous
cyclooxigenase-1, which causes gastric damage (Escribano et al.,
2003). An alternative, in order to overcome the side-effects of
NSAIDs, was the development of pharmaceutical formulations
intended for topical application onto the specific area. Hence, trans-
dermal drug delivery emerges as an alternative that has many
advantages over other traditional routes of administration. Unfor-
tunately, the nature of the skin represents an important drawback
for the effective penetration of most drugs (Barry, 1983).

The concept of deformable liposomes was earlier introduced in
1992 (Cevc and Blume, 1992). This was the basis for the first gener-
ation of what were known as “elastic vesicles”, soon commercially
available as Transfersomes® (Cevc et al., 1998), which are prepared
by combining phospholipids with “edge activators”. An edge activa-
toris often asingle-chain surfactant, with a high radius of curvature,
which destabilizes the lipid bilayers of the vesicles and increases
their deformability. It has been reported that they can penetrate
intact the skin in vivo, carrying therapeutic concentrations of drugs
with similar efficiency to that achieved by subcutaneous admin-
istration when the elastic vesicles are applied in non-occlusive
conditions (Cevc et al., 1998).

Despite their large average size, it has been suggested that
deformable liposomes may be able to squeeze through the cell
barrier imposed by the stratum corneum, whilst keeping their
basic structure (Cevc et al., 1998, 2002). In addition, deformable
liposomes have been reported to improve in vitro drug skin depo-
sition (El Maghraby et al., 1999; Guo et al., 2000). Although a large
number of transdermal studies have used liposomes that carry a
variety of therapeutic agents, there is no experimental evidence
explaining how the effect of the drugs encapsulated is achieved
and related to the carrier structure (Bahia et al., 2010). Further-
more, it is intriguing that liposomes treated with surfactants may
reach the bloodstream whilst keeping their structure. It is proba-
ble that the effect is attributable to the changes occurring in the
formulation itself during its deposition onto the skin. Thus, in an
apparently unrelated field of research, the development of in-plane
bilayer systems, more recently named supported lipid bilayer sys-
tems (SLBs) (Sackmann, 1996; Tanaka and Sackmann, 2005), for
interfacial studies and, in particular, for their observation by atomic
force microscopy (AFM), introduces an intense debate on how lipo-
somes turn into SLBs (Hain et al., 2013; Picas et al., 2012; Reviakine
and Brisson, 2000). This phenomenon, mainly based on spreading
the liposomes onto inorganic surfaces (i.e. mica), is far from sim-
ple and depends on multiple physicochemical properties, such as
ionic strength, nature of the surface, phospholipid composition or
curvature of the phospholipids and size of the liposomes. In this
regard, it cannot be excluded that liposomes applied to the skin
become, totally or partially, transformed into planar systems in
analogy with the formation of SLBs when spreading liposomes onto
surfaces.

In this study we prepared different formulations of elastic
liposomes with the aim of enhancing skin delivery through the
formation of planar lipid bilayers. These formulations are formed
from LUVs loaded with ibuprofen and small amounts of various
penetration enhancer (PE) (Williams and Barry, 2012) surfactants
like Tween 65%, Tween 80%. It is well documented that the incor-
poration of PEs into the formulations increases the permeation of
different drugs (Patel et al., 2013; Shokri et al., 2001; Turi et al.,
1979). When PEs are incorporated in the formation of vesicular
carriers as liposomes, they have been named penetration enhancer-
containing vesicle (PEVs) and, it has conclusively demonstrated
(Manconi et al., 2012), that there is a synergic effect between the
PE agents and dermal efficacy (Mura et al., 2009; Manconi et al.,
2011). In the present study, the strategy was different, consisting
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inthe incorporation of the surfactants on pre-formulated liposomes
containing ibuprofen.

To observe the structures adopted by liposomes containing
ibuprofen after their application onto the skin, we performed a
topographical AFM study. AFM allowed us to work under dif-
fering environmental conditions, whilst the specific preparation
procedures preserve the samples in their original state (Ruozi
et al., 2007). Actually, AFM has been used in recent times to
characterize the nanostructure of some drug delivery system for-
mulations, including nanoparticles and liposomes (Ruozi et al.,
2005; Sitterberg et al., 2010), and also to observe a variety of cells
and complex tissues like skin (Fung et al., 2011; Gaikwad et al.,
2010). Besides its resolution, AFM offers the advantage to work in
air, which mimics the environmental condition of the skin.

2. Experimental
2.1. Materials

L-o¢ Phosphatidylcholine (PC) (egg yolk 99%), ibuprofen (Pub-
Chem CID: 3672), polyoxyethylenesorbitan tristearat (Tween® 65),
polyoxyethylenesorbitanmonooleat (Tween® 80) (PubChem CID:
6364656), Hepes sodium salt (PubChem CID: 2724248), sodium
chloride (PubChem CID: 5234), sodium hydroxide salt (PubChem
CID: 14798), monophosphate potassium (PubChem CID: 516951)
and phosphoric acid (PubChem CID: 1004) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Acetonitrile HPLC (Pub-
Chem CID: 6342), methanol (PubChem CID: 887), chloroform
(PubChem CID: 6212) and ethanol (PubChem CID: 702) were
purchased from Panreac (Barcelona, Spain). All other common
chemicals were ACS grade. Cellulose membrane molecular weight
cut off at 12,000-14,000 Da was acquired from Iberlabo (Madrid,
Spain). The commercial gel Ibufen® containing 5% (w/w) of ibupro-
fen was purchased in a local pharmacy. Human skin was obtained
from plastic surgery (Barcelona-SCIAS Hospital, Barcelona, Spain).

2.2, Human skin for ex vivo permeation assays and AFM
characterization

Skin was obtained from the abdominal region of a healthy
woman. After being frozen to —20°C, the skin was cut with a
dermatome (Model GA 630, Aesculap, Tuttlingen, Germany) into
400 wm-thick pieces, starting from the stratum corneum (OECD,
2004).

Skin sample integrity was verified prior to the experiment
(Nangia et al., 2005), by measuring the quantity of water that passes
frominside the epidermal layer of the skin to the surrounding atmo-
sphere via diffusion and evaporation processes (Van der Valk et al.,
2005), using a transepidermal water loss (TEWL) Tewlmeter TM210
(Courage & Khazaka, Koln, Germany). The skin used showed TEWL
values below 10g/m? h.

The experimental protocol was approved by the Bioethics
Committee of the Barcelona-SCIAS Hospital (Spain); and written
informed consent forms were provided by volunteer.

2.3. Liposome preparation

Liposomes were prepared according to methods published else-
where (Suarez-Germa et al., 2012). Briefly, chloroform-methanol
(2:1, vfv) solution containing appropriate amounts of PC and
ibuprofen were placed in a balloon and dried in a rotary evapora-
tor at room temperature protected from light. For the preparation
of unloaded liposomes were used the same amount of PC with-
out ibuprofen, The resulting thin film was kept under high vacuum
overnight to remove any traces of organic solvent. Multilamel-
lar liposomes were obtained by redispersion of the thin film
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in 20mM Hepes, 150 mM NaCl buffer, pH 7.4. Liposomes were
extruded through an Avanti® Mini-extruder (Avanti Polar Lipids
Inc., Alabama, USA), using polycarbonate membranes with a pore
size of 100 nm.

Phospholipids were determined by Stewart assay (Stewart,
1980). Final concentration of ibuprofen was assessed on disrupted
liposomes with isopropanol and analyzed by HPLC. Resulting in a
sample of ibuprofen/PC 0.56 (mol/mol).

Enhancers were incorporated to the liposomes containing
ibuprofen with the aim of slightly destabilizing the lipid mem-
brane. These enhancers facilitated a transition in form to planar
structure when liposomes were deposited onto the skin. In all
cases, the incorporation was previous to the release and permeation
assays. Different proportions of PEs (1-25%, v/v) were added to the
liposomes. Based on the average particle size and polydispersity
three formulations were prepared by adding extemporaneously the
appropriate percentage of the corresponding PE to the liposomes
loaded with ibuprofen (F1). Thus 0.0025% of Tween 65% and 0.10%
of Tween 80% were added to F1 to obtain F2 and F3 formulations,
respectively.

24. Liposome characterization

2.4.1. Particle size and Z potential

Mean particle size and polydispersity of liposomes were mea-
sured by dynamic light scattering. Electrophoretic mobility to
assess the effective surface electrical charge was determined with
a Zetasizer Nano ZS90 (Malvern Instruments, UK). Liposomal sus-
pensions were diluted 50-fold with Hepes buffer solution before
measurement, Each sample was determined three times.

24.2. Encapsulation efficiency

Encapsulation efficiency (EEjgp) of ibuprofen in the lipo-
somes was assessed by determining the free ibuprofen (non-
encapsulated) after separation of liposomes by centrifugation at
150,000 x g for 2 h. The resulting pellet was mixed with 50% iso-
propanol and the amount of entrapped ibuprofen was determined
by HPLC. To obtain the amount of non-entrapped or “free ibupro-
fen” (m’), the supernatant was analyzed by the same technique.
Hence, the encapsulation efficiency for ibuprofen encapsulation
(EEgp) was obtained by applying the following equation:

me—m'
EEjgp = 1
= [ ] M
where m; is the total amount of ibuprofen.

2.4.3. Physical stability studies

Stability of liposomes and liposomes containing ibuprofen was
determined at 4°C, 20°C and 40°C for 30 days. Samples were
characterized for their vesicle size, polydispersity, Z potential and
encapsulation efficiency.

2.5. Atomic force microscopy

Atomic force microscopy was carried out with a commercial
Multimode AFM controlled by Nanoscope V electronics (Bruker AXS
Corporation, Santa Barbara, CA) with TESP sharpened silicon can-
tilevers (Bruker AXS Corporation, Santa Barbara, CA) with a nominal
spring constant of 42 N/m. The instrument was equipped with an
“E” scanner (10 pm).

Human skin was defrosted at room temperature, cleaned with
ethanol and immediately glued onto asteel disc with a1 cm? square
of double-faced scotch. Skin was stretched slightly till flat with
metal tweezers. The formulations were applied to the skinand incu-
bated at 40 °C for 30 min; then, the surface was rinsed with distilled
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water and dried with nitrogen. Sample was directly mounted on the
top of the AFM scanner and imaged.

Images were acquired in air and in contact mode at 0° scan angle
with ascan rate of 1.5 Hz. All images were processed by NanoScope
Analysis Software (Bruker AXS Corporation, Madison, WI).

2.6. Release and permeation assays

2.6.1. Invitro release

In vitro release studies of liposomes containing ibuprofen were
carried out using Franz-type diffusion cells (Co. Mod Franz Crown
Glass CDCF-9) with a diffusion area of 2.54cm? and a receptor
chamber of 12.54 £ 0.53 cm?, using cellulose membrane molecular
weight cut off at 12,000-14,000 Da. Experiments were performed
under sink conditions to avoid the solubility of ibuprofen inter-
fering during the in vitro release. Ibuprofen saturation solubility in
phosphate buffer(Cs) was 4.83 mg/cm?. During release studies, sink
conditions could be maintained. Briefly, 0.300 cm? of each formula-
tion was placed in the donor compartment. The receptor chamber
was filled with phosphate buffer pH 7.2, maintained at 32 +0.5°C
and continuously shaken by a magnetic stirrer. Samples were with-
drawn from the receptor compartment at designated time intervals
during 5h and replaced with the same volume of phosphate buffer
immediately after each sample collection. The concentration of
released drug was assessed by UV-vis spectrophotometer. Values
were reported as mean + SD of six replicates.

To describe the drug release kinetics of the liposomes containing
ibuprofen, the data of the in vitro release studies obtained were fit-
ted into mathematical models: the zero-order, first-order, Higuchi
and Korsmeyer-Peppas models.

Zero-order kinetic:

%Rt

=k-t 2
R (2)
First-order kinetic:
W .
W= 1-e (3)
Higuchi model:
%R 12
—— =k.t" 4
TR (4)
Korsmeyer-Peppas model:
%R; 1
. k-t (5)

where %R; is the percentage of drug release at time t, %R, is the total
percentage drug released, %R;/%R., is the fraction of drug released
at time t, k is the release rate constant, and n is the diffusional
release exponent that could be used to characterize the differ-
ent release mechanisms [n <0.43 (Fickian diffusion), 0.43<n<0.85
(anomalous transport)and n = 0.85(case Il transport, i.e. zero-order
release)].

A discriminatory procedure was used to determine the model
that best explained the diffusion process. One of the most widely
used methods is Akaike's approach (Morales et al., 2004), involving
the calculation of what is called the Akaike's information criterion
(AIC):

AIC=n-InSSQ+2p (6)

where n is the number of pairs of experimental values, 55Qs the
residual sum of squares, and p is the number of parameters in the
fitting function. The criterion identifies the model that best fits the
data with the minimum value of AIC.

The data was analyzed using GraphPad prism 3.0 software
(Graphpad Software Inc., California, USA) and the WinNonlin®
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professional edition, version 3.3 (Pharsight Corporation, Mountain
View, CA).

2.6.2. Ex vivo permeation studies

The experiments were carried out in vertical Franz diffusion cells
with a diffusion area of 2.54 cm2. Human skin was used as a perme-
ation membrane, Skin samples were placed between the receptor
and donor compartments, with the dermal side in contact with the
receptor medium and the epidermis side in contact with the donor
chamber. The donor compartment was charged with quantities of
test formulations, equivalent to 3 mg of ibuprofen; and the receptor
compartment was filled with phosphate buffer pH 7.2, maintained
at 32.0 £0.5°C and continuously shaken in a magnetic stirrer. Sam-
ples were withdrawn from the receptor compartment at designated
time intervals during 24 h and replaced with the same volume of
phosphate buffer immediately after each sample collection. Sink
conditions were met in all cases.

2.6.3. Permeation parameters

Cumulative amount (Q;) permeated through the skin per unit
area was calculated from the concentration of ibuprofen in the
receiving medium and plotted as a function of time.

Ibuprofen flux, equivalent to permeation rate (Jss) through the
skin was calculated by plotting the cumulative amount of drug per-
meating the skin against time, determining the slope of the linear
portion of the curve by linear regression analysis and dividing by
the diffusion area (Araujo et al., 2012).

The permeability coefficient at the steady state was calculated
according to Fick’s first law of diffusion:

JK]:s_s =Iss-Co )

where Kpss (cm/h) is the permeability coefficient, /s (pg/cm? h) is
the flux at the steady state and (p is the initial drug concentration
in the donor phase (pg/cm?).

The plasma concentration of ibuprofen in steady state after top-
ical application was predicted by means of the following equation
(Calpena et al., 1994):

JA

Cos = =—
55 GP

(8)
where Cs; is the plasma steady-state concentration, | the flux deter-
mined in this study, A the hypothetical area of application, and Clp
the plasmatic clearance.

2.64. Determination of the amount of drug remaining in the skin

At the end of the permeation test, the skin was removed from
the Franz cell and the formulation remaining on the skin was elim-
inated with gauze soaked in a 0.05% solution of sodium lauryl
sulphate, washed with distilled water and blotted dry with fil-
ter paper. The permeation area of the skin was then excised and
weighed, and its ibuprofen content was extracted with ethanol and
an ultrasonic processor. The resulting solutions and the ibuprofen
levels (expressed as pg/gcm? of skin) were measured by HPLC,
yielding the amount of ibuprofen retained in the skin.

2.7. Analysis of ibuprofen

Ibuprofen content in the release studies was analyzed by a
UV-vis spectrophotometer (Dinko instrument 8500 model) at a
221-nmwavelength. A calibration curve with a concentration range
from 1.25 to 40 pg/cm? was used to measure the ibuprofen con-
centration of the samples and to validate the analytical technique
according to international guidelines. The analytical technique val-
idated inter- and intra-day (n=5) was linear (p>0.05) according
to the model applied and was consistent with the percentages of
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variation coefficient (%CV), which were between 0.52% and 13.04%.
Its accuracy had a relative error (EE%) between 0.48 and 10.94%.

The concentration of ibuprofen in the permeation studies was
determined by HPLC (HP 1100, Chemstations, Agilent Technologies,
USA). Samples were injected on a C18 reverse-phase column (C18,
Kromasil 100 C18 jum 25 x 0.46). The detection wavelength was set
at 221 nm. The composition of the eluent was a mixture of acetoni-
trile and water acidified at pH 3 by orthophosphoric acid (9:1, v/v)
and the flow rate was 1.5cm?/min. A standard calibration curve
(0.78-100 pg/cm?) was used to measure ibuprofen concentration
of the samples and to validate the analytical technique according
to international guidelines (European Medicine Agency (EMEA),
2011).

2.8. Statistical analysis

Statistical analyses were assessed by ANOVA, followed by Bon-
ferroni's multiple comparisons test using GraphPad prism 3.0
(Graphpad Software Inc., California, USA).

3. Results
3.1. Physical stability studies

The physical stability of liposome population (with and without
ibuprofen) was monitored at three different temperatures of stor-
age for 30 days, before in vitro, permeation and AFM studies. Initial
diameters and polidispersities determined by quasi-elastic light-
scattering were 146.8+0.87nm and 125.0+1.18 nm, and 0.142
and 0.118, for loaded and unloaded liposomes, respectively. Whilst
over the time, no significant changes were observed in both param-
eters at 4°C, at 20°C and 40°C, liposomes containing ibuprofen
underwent significant increases in the diameter (up to 25%) and
polydispersity index (up to 139%) after 30 days. Another parame-
ter used to evaluate the physical stability of liposomes containing
ibuprofen was the zeta potential (), which gives information about
the effective membrane potential of liposomes. The evolution over
time of the ¢ values of liposomes containing ibuprofen at three dif-
ferent temperatures is shown in Fig. 1A. Values of ¢ were always
negative and its absolute value decreases as storage time increases.
As negatively charged liposomes show a higher release rate and
an increased retention of drug in the skin (Sinico et al., 2005),
liposomes containing ibuprofen could be good candidates for eval-
uating the release of the drug through human skin. To evaluate
the encapsulation efficiency (EEgp) of liposomes containing ibupro-
fen over time, formulations were maintained for 30 days at 40°C,
20°C and 4°C. At 1, 15, 25 and 30 days, an aliquot was taken and
the EEgp value determined. The variations in the EE;gp values as a
function of time for the three temperatures assayed are plotted in
Fig. 1B. It can be seen that liposomes stored at 4 °C always showed
greater values of EEjpp, indicating their greater power to retain the
drug. Surprisingly, liposomes stored at 20°C had lower EEjgp than
liposomes stored at 40°C. Although at the temperatures assayed,
PCs are in liquid-crystalline state (the transition temperature of
PCis between —4 and 0°C) the thermal motion of the hydrocarbon
chains may be greater at 40 °C than at 20°C. Then, it may be possible
that at 40 °C the leakage of the drug decreases because the diffusion
of the drug throughout the bilayer may be slower than the mobility
of the hydrocarbon chains. Hence, from the whole physical stabil-
ity results, the fresh liposomes (less than 5 days) were used in the
experiments shown below.

3.2. Invitro release studies

Understanding the kinetics of drug release is a prerequi-
site to improving the design of a topical drug delivery formula.
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Fig. 1. Effect of storage on the zeta potential of liposomes containing ibuprofen at
40°C (grey), 20°C (white) and 4°C (black) (A) and effect on encapsulation efficiency
over time at different temperatures of liposomes containing ibuprofen at 40°C (),
20°C (M), and 4°C(¥)(B). Reported data are the mean of at least three independent
experiments.

Thus, in vitro release profiles from the three liposomal for-
mulations and the commercial formulation Ibufen® are shown
in Fig. 2A. At first sight, the release profiles indicate a sus-
tained delivery of ibuprofen from liposomal formulations. As
expected, the interaction between liposomes containing ibupro-
fen and various enhancers caused different release parameters as
well as distinct amounts of drug delivered. The highest percent-
ages of ibuprofen delivered in the liposomal formulations were
obtained from F2 and F3, with values of 40.6% and 37.5% respec-
tively.

Different models were fitted to experimental data (see Section
2) to describe the kinetics of drug release from the different lipo-
some formulations. We used the Akaike's information criterion to
determine the best model fitting to the experimental data. That was
the Korsmeyer-Peppas model, commonly applied to describe the
release of drugs from polymeric matrices and successfully applied
to other lipid carriers (Gonzalez-Mira et al., 2011). The outcome
mean parameters from this model are shown in Table 1 for the
formulations F1 to F3. As it can be seen, the Korsmeyer-Peppas
release exponent (n) ranged between 0.330 and 0.395, which
leads to assume that diffusion is the main mechanism of drug
release for all formulations. According to k values, the incorpora-
tion of a PE in the formulation results in approximately 4 and 5
times higher release of the drug, from F3 and F2 respect to the
F1.
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Fig. 2. Cumulative mean of in vitro release profiles from several formulations (A)
and permeation rates of ex vivo transdermal delivery of ibuprofen (B) of F1 (m), F2
(#),F3(v) and commercial gel (4). Data are presented as mean £ standard deviation
(n=6).

3.3. Permeation

The developed formulations and the commercial formulation
Ibufen® were compared in the ex vivo permeation assays. Perme-
ation parameters obtained from fitting Eq. (7) to the experimental
date are shown in Table 2. As shown by the permeation profiles
(Fig. 2B) liposomal formulations F2 and F3 presented similar per-
centages of ibuprofen permeated. However, the analysis of fluxes
through the skin evidenced a highest Jss value for F2 than for the
rest of the formulations, which is in concordance with the high-
est value of Kps; shown by this formulation. Remarkably the drug
retained by the skin was not statistically significant (p>0.05) when
comparing F2 with Ibufen®, which points to Tween 65% (0.0025%
of) as a better PE for ibuprofen than Tween 80% (0.10%). Then, the
plasma concentration of ibuprofen under steady-state conditions
can be calculated by means of Eq. (8). Taking into account a plasma
clearance (Cly)0f3.5 cm?/h foribuprofen (Holford, 1998), assuming
amaximum area of application of 100 cm? and using the ibuprofen
flux previously calculated (see values in Table 2), we would expect
anibuprofen plasma level below of 0.08 pg/cm? in all formulations.

34. Atomic force microscopy

The resulting structures adopted onto the healthy skin by the
studied formulations were observed by means of AFM with the pur-
pose of obtaining information about the mechanism of deposition
and a possible rationale for the different release and permeation
behaviours. In Fig. 3, height and deflection AFM images of healthy
skin (images A and B, respectively) are shown. The features of the
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Table 1

Korsmeyer-Peppas parameters obtained after fitting Eq. (5) the release data for liposomal formulations containing ibuprofen and different enhancers.

Formulation liposomes with ibuprofen Parameters Process diffusion Korsmeyer—Peppas release fitting profile
k(h-1) V(%) n V(%)
g 0. e
E 0
. 2 ’

[F1) 5333 457 0330 10.89 Fickian diffusion L e
£ |/
; a
2
g s
E
&

+Tween 65 (F2) 24.52° 5.60 0395 11.78 Fickian diffusion H] A
3 o
g
E %

+Tween 80 (F3) 20.40 7.30 0389 14.16 Fickian diffusion %
i
2

Time fhy

n: diffusion release exponent; k: rate constant; CV: coefficient of variation. Significantly different: p<0.05.

? Different to F2.
b Different to F3.

tissue skin are similar to others published elsewhere (Grant et al.,
2012; Quan et al,, 2012). However, protruding plane structures
often with a paramount-like profile can be seen (the middle-top
left in image A, Fig. 3), with height values ranging from 100 to
300 nm. These step height differences between planes are expected
and reflect the terrace topography of the tissue, strongly enhanced
by the high vertical resolution of the AFM. Although this may be
considered as a drawback for the characterization of the tissue, AFM
will be a powerful tool for unveiling the mechanisms underlying
the deposition of liposomes onto the skin. To this end, the different
formulations were deposited onto the skin and allowed to extend
spontaneously.

The height and deflection images obtained after the deposition
of F1 onto the skin tissue are shown in Fig. 3C and D, respec-
tively, Since this formulation is not supplemented with any PE,
the image would be representative of structures achieved after
the deposition of liposomes loaded with ibuprofen. Three differ-
ent regions can be distinguished. The first (black start) shows a
continuous planar and smooth structure with a roughness value of
3.1 nm. From some small defects observed (holes), the step-height
difference of this region respect to the skin can be established in
8 £2nm, a value which compares well with the thickness of typ-
ical lipid bilayer of phospholipids (Reviakine and Brisson, 2000).
Black arrows in Fig. 3D point to a second region, with a step-
height difference of 80+ 10nm respect to the first region and

Table 2

a roughness of 2.6nm. It is likely to assume that this second
structure results from the superposition of several bilayers, as sug-
gested by the proportionality of the relative height between both
regions. Interestingly a third kind of structure, squashed hemi-
spheres protruding 200-500 nm (white arrows) above the layered
regions can be seen in Fig. 3D. These observations suggest the
presence of partially fused liposomes. It is well known that when
liposomes are deposited onto solid supports, SLBs with different
features are formed depending on physicochemical conditions.
Therefore, it is likely that liposomes deposited onto the skin will
undergo a similar transformation, from vesicular to planar struc-
tures (as those observed in Fig. 3D). Because of the excess of
lipid applied, it is reasonable that several structures representa-
tive of different stages of the deposition process will be observed.
Such is could be the case of non-fused or even intact liposomes
observed.

We have seen that the incorporation of PE increases ibupro-
fen permeation throughout the skin (see Table 2). Somehow, these
parameters should be influenced, among other factors, by the kind
of structures formed after liposomes deposition onto skin. There-
fore, AFM topographical studies were performed after applying F2,
F3 and Ibufen®. Fig. 4 shows a serial of height (A, C, E) and deflec-
tion (B, D, F) images of these formulations. Height and deflection
images obtained after deposition of F2 are shown in Fig. 4A and B,
respectively. Large flat regions can be seen (black arrows), with a

Parameters of permeation of ibuprofen through human skin after 24 h for the three formulations designed in this paper and a commercial formulation.

Formulation Cy (mg/em?) Jss (pglem? h) Kass % 10% (cm/h) Skin retention (mg/g skin cm?)
F1 10 0.50 + 0.15 0.10 + 0.02 0.25 +0.03
F2 10 2.80 + 0.63° 2.80 £ 0.60 0.71 + 0.09°
F3 10 154+ 1.73 173+ 030 0.58 +0.12
Ibufen® 50 251+ 045 0.50 £ 0.05 0.76 £ 0.04

Co is the initial drug concentration, Ji is the drug flux and K is the permeability coefficient at the steady state. The ibuprofen % retained in skin refers to the end of the

study. The results are expressed as mean = standard deviation (n=6).
" Not statistically significant (p>0.05) from Ibufen®.
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Fig. 3. Height and deflection images for Human skin (A and B) and liposomes containing ibuprofen (F1) onto human skin (B and C).

mean roughness value of 1.9 nm. As can be seen in Fig. 4B, these flat
regions cover more surface than in the absence of the PE (Fig. 3D).
Also some squashed hemisphere structures (white arrows) flatter
than in the absence of PE are observed. In presence of Tween 65 as
enhancer, these structures protrude from the lipid film by a mean
height of 22 +7 nm, which is below the height in absence of the
enhancer. When the F3, is deposited on the skin, we obtain the
height and deflection images shown in images C and D of Fig. 4. In
this case, the extension yields a wider layer with a mean roughness
value of 6.7 nm and some holes (black arrows in Image 4D) that
allow establishing a step-height difference of 27 + 14 nm between
the layer and the skin. Remarkably no hemisphere structures could
be observed in this case. To further demonstrate that the layered
structures are actually originated from liposomes disruption, we
have performed the topographical characterization of the struc-
tures resulting from spreading the commercial non-liposome based
formulation Ibufen®. Height and deflection images belonging to
the application of this gel onto the skin are shown in Fig. 4E and
F, respectively. This formulation does not yield layers but rather
cylinder-shaped structures (black arrows) with a mean step height
of 33+14nm and a mean diameter of 180 =40 nm. These struc-
tures are sometimes organized to form closed structures similar to
rings.
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4. Discussion

Despite predictions in the published literature, very little is
known about the transformations undergone by liposomes when
deposited on biological surfaces. Understanding liposomal drug
release kinetics is a key-factor, not only for encountering the most
adequate liposome formulation, but also to grasping the real mech-
anism behind the beneficial therapeutic effects of these carriers.

The interaction of non-ionic surfactants with liposomes has
been extensively studied (Cevc and Blume, 2004; Wachter et al.,
2008). As expected, incorporation of surfactants as PEs in lipo-
somes induces destabilization of the bilayer and, consequently,
increases the elasticity of the vesicular system. This results in
enhancement of drug release (Honeywell-Nguyen et al., 2002). The
objectives of the present study were twofold: (1) to gain insight
into how liposomes supplemented PEs are deposited onto the skin;
and (2) to establish a possible correlation between the result-
ing structures formed onto the skin with the quantitative amount
of drug transported. To these ends, we have characterized the
behaviour of a conventional formulation of liposomes containing
ibuprofen with the aim to compare the results with two formula-
tions including PEs and the commercial non-liposomal formulation
Ibufen®.
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Fig. 4. Height and deflection images for liposomes with ibuprofen onto human skin with Tween 65 (F2) (A and B), Tween 80 (F3) (C and D) and the commercial formulation
(Ibufen®) (E and F).
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Fig. 5. Cartoon showing the possible mechanism of transformation of liposomes on
planar structures onto the human skin.

The physical stability of the liposomes loaded with ibuprofen,
formulation F1, has been monitored for a period of 30 days. Accord-
ing to the variations in size, polydispersity, zeta potential and
encapsulation efficiency, it was established that liposomes should
be used within the first 5 days, for the permeation experiments and
AFM observations. This is relevant because of in our experiments
the PEs, namely Tween 65% and Tween 80%, are added extempo-
raneously to F1 to produce F2 and F3. This is considered the initial
time for the permeation studies as well as for the AFM experiments.

The F2 and F3 formulations produced significant increases
respect to F1 in the in vitro release and permeation studies of
the drug through the skin. Besides, the values achieved were very
similar to those showed by Ibufen®. Remarkably, although the
concentration of the drug was 5 times higher for the commercial
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formulation, F2 and Ibufen®, show similar values of flux and appear
to be equally retained by the skin. These results imply that areduced
concentration of the liposomes containing Ibuprofen (up to 20%)
results in the same local bioavailability as with a commercial phar-
maceutical formulation. In addition, small amounts of the topical
dose applied are absorbed and the predicted serum concentrations
are significantly below the therapeutic range for the treatment
of inflammation (10-50 pg/cm?) (Davies, 1998). Hence, liposomes
containing ibuprofen with and without enhancer would become
safer than the commercial formulation tested for a local effect.

AFM enables direct inspection of the interaction of liposome
formulations with the skin. At large scale (>25 uM), skin is a tis-
sue with a very rough surface and large step-height differences
between regions. As expected, however, after deposition F1 the
skin become smoother and covered by different kinds of struc-
tures. Planar regions, resembling supported lipid bi- or multilayers,
in coexistence of non-fused orfand intact liposomes have been
observed. Whilst the additions of Tween 65% or Tween 807 to
liposomes, both, appear to promote the formation of these planar
structures, non-fused liposomes, however, were only detected in
presence of Tween 65%, On the other hand the formation of pla-
nar structures has been not observed when Ibufen® is applied onto
the skin but the formation of cylinder-like structures. Notewor-
thy, F2 and Ibufen®, show fluxes and skin retention higher than F3.
However, the concentration of Ibufen® applied is 5 times the one
used for F2 and F3. Hence, it is conceivable that the planar layers,
appearing only in PEs presence will provide a kind of depot effect.

Fig. 5 shows a series of cartoons of a hypothetical mechanism
of liposome spreading on natural human skin. After an unspecific
adsorption step (Fig. 5A), the rupture of liposomes begin (Fig. 5B)
followed by formation of planar lipid structures (Fig. 5C). Since
there is an excess of liposomes (Fig. 5D), second and multiple
lipid bilayers might be formed (Fig. 5E). Afterwards, intact lipo-
somes begin to deposit, either onto the row skin or most likely
onto the first deposited bilayer, where it becomes easier to spread
because of the less roughness and stiffness of this layer (Quan ef al.,
2012). However, we should also consider an active role of the skin
with possible swelling of intercorneocyte lamellae when fused par-
tially with the liposomes. Whether such a possibility should be not
excluded, some of the structures as those featured in the cartoonsin
Fig. 5, may provide a rationale for a possible depot effect of ibupro-
fen, an strategy that may be applied to other drugs when deposited
onto the skin.

5. Conclusions

We confirmed that adding PEs to liposomes enhances ibuprofen
delivery through human skin. The process of liposome transforma-
tion into planar lipid bilayers or multilayer structures as observed
by AFM provides means for a high concentration of drug perme-
ating through the skin. Consequently, these kinds of formulations
are capable of improving local ibuprofen bicavailability. Hence, we
canassume thatibuprofen liposomes supplemented with non-ionic
surfactant achieve the same therapeutic effect as the commercial
formulation tested.
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3.2 Comprendiendo los fendbmenos de interaccion
en superficies para mejorar la administracion
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RESUMEN

En el presente estudio, se determind la liberacién y permeacion de 4cido
hialurénico (HA) encapsulado en liposomas cuando se deposita en dos superficies: la
celulosa, un modelo ampliamente utilizado para la investigacion de transporte de
farmacos; y piel humana, una biointerface natural utilizada para administracién

transdérmica de farmacos.

Hemos preparado y caracterizado liposomas cargados con acido hialurénico (AH) y
liposomas que incorporan dos potenciadores de la permeacion (PEs): el surfactante no
ionico  Tween” 80, y Transcutol® P, un agente solubilizante capaz de mezclarse con
disolventes polares y no polares. Los ensayos in vitro y ex vivo de permeacion
mostraron que los PEs mejoran la liberacion de AH de los liposomas. Dado que uno de
los posibles mecanismos postulados para la accion de los liposomas en la piel se
relaciona con su adsorcion en el estrato cérneo, se utilizdo la microscopia de fuerza
atomica (AFM) topografia y analisis de fuerza (FV) para investigar las estructuras
formadas después de la deposicion de las formulaciones de liposomas sobre las
superficies investigadas. Exploramos la posible relacion entre la formacion de

estructuras de lipidos en las superficies planas y la permeacion de AH.

Aspectos relevantes en este estudio

A través de la encapsulacion de 4cido hialurénico en liposomas para aplicacion tdpica

se demuestran los siguientes aspectos:

a) Los potenciadores de la permeacion incorporados a los liposomas modifican la
permeacion del acido hialurénico en celulosa y piel humana.

b) De acuerdo con las imagenes obtenidas por medio del microscopio de fuerza
atomica, existen diferencias en las estructuras y las fuerzas de adhesion
originadas en las superficies estudiadas.

c) Las estructuras lipidicas planas y el proceso de permeacion parecen estar

relacionados.
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RESUMEN GRAFICO

Liposomas que contienen AH forman bicapas lipidicas soportadas (SLBs) sobre la piel

humana, el AH es principalmente liberado en la epidermis.

257 = LipHA
20 I LipHA + Tween® 80
I LipHA + Transcutol® P
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400

Skin thickness (pm)
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In the present study, we investigated the release and permeation of hyaluronic acid (HA) encapsulated
in liposomes when deposited onto two surfaces: cellulose, a model widely used for investigating trans-
port of drugs; and human skin, a natural biointerface used for transdermal drug delivery. We prepared
and characterised liposomes loaded with HA and liposomes incorporating two penetration enhancers
(PEs): the non-ionic surfactant Tween® 80, and Transcutol® P, a solubilising agent able to mix with polar
and non-polar solvents. In vitro and ex vivo permeation assays showed that PEs indeed enhance HA-

ﬁ;};ﬂzﬁ;c acid release from liposomes. Since one of the possible mechanisms postulated for the action of liposomes on
Liposomes skin is related to its adsorption onto the stratum corneum (SC), we used atomic force microscopy (AFM)

Skin topography and force volume (FV) analysis to investigate the structures formed after deposition of lipo-

Penetration enhancers some formulations onto the investigated surfaces. We explored the possible relationship between the

Drug delivery
AFM
Force volume

formation of planar lipid structures on the surfaces and the permeation of HA.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Supported lipid bilayers (SLBs) are a type of model membrane
that has received much attention in recent years [1]. SLBs can be
formed from double deposition of Langmuir-Blodgett lipid mono-
layers or, most commonly, from the deposition of liposomes in
suspension onto convenient surfaces [2]. Numerous studies have
investigated the mechanisms underlying the formation of SLBs
from liposomes. The most accepted mechanism involves three
steps: (i) membrane deformation and flattening after encounter-
ing the surface; (ii) rupture; and (iii) transformation into bilayer
disks [3]. These steps are based on investigation of liposome depo-
sition onto inorganic surfaces (ie. mica, glass or Ti0,, among
others). However, less attention has been paid to the possible
connection between studies investigating lipid lateral segrega-
tion, lipid-protein interactions in biomembranes, the building of
functionalised surfaces to design nanobiosensors, and the use of
liposomes as drug delivery systems for topical and transdermal
applications. The most external layer of the skin is the epidermis,

* Corresponding author at: Institut de Nanociéncia i Nanotecnologia (IN? UB), Av.
Joan XXII1, 08028 Barcelona, Spain. Tel.: +34 934035986,
E-mail address: jordiborrell@ub.edu (J.H. Borrell).
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which is constituted by three main layers: the stratum corneum
(SC), the granular layer and the basal layer. Thus, from a physico-
chemical viewpoint, the SC(a heterogeneous structure comprising
keratinised cells, proteins and an intercellular lipid layer) may be
conceived as a surface on which liposomes are deposited, and from
where systemic effects are expected in some cases. It is notewor-
thy that while liposomes have been widely used in cosmetics and
drug delivery through the skin, the physical effect on liposome
integrity resulting from the interaction with the skin is not totally
understood [4].

In this study, we encapsulated hyaluronic acid (HA) in liposomes
and studied its release when deposited onto cellulose, a model
often used for in vitro experiments, and onto the SC from human
skin. HA was selected because it is involved in various biological
processes, such as hydration, nutrient exchange and cell differenti-
ation and motility [5]. HA is a hydrophilic dipolysaccharide with a
very high molecular weight (200-425 kDa in this study), the struc-
ture of which contains repeating units of D-glucuronic acid and
N-acetyl-d-glucosamine [6]. HA is used in a wide variety of medi-
cal applications, including osteoarthritis, embryo implantation and
cutaneous wound healing [7]. In particular, HA and its derivatives
are used to treat dermal and subcutaneous wounds of various
etiologies. In recent years, the primary focus for chronic wound
care has been the development of dressings to promote a moist
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environment. Advances in dressing technology, however, have not
yet resulted in the development of materials that correct abnor-
malities in the healing cascade, with the sole exception of those
containing hyaluronicacid, which specifically promotes healing [&].

As previously reported [9,10], Atomic Force Microscopy (AFM)
is a non-invasive technique that is highly suitable for studying the
mechanical properties of the skin under environmental conditions
and investigating the effect of pharmaceutical products designed
for topical applications. Among the physical magnitudes extracted
from AFM working in force spectroscopy mode, the adhesive forces
provide a means for understanding the mechanisms behind the
effects of pharmaceutical formulations on the skin [11].

In the present study, we developed and characterised three
liposomal formulations containing encapsulated HA and investi-
gated the effect of two penetration enhancers (PEs), Tween® 80
and Transcutol® P, on the transformation of liposomes into planar
lipid structures on SC from human skin. The liposomal formulations
under study were then characterised by AFM topography and force
volume (FV), by analysing the structures adopted after spreading
onto different substrates.

2. Experimental
2.1. Materials

-« phosphatidylcholine (PC) (egg yolk, 99% purity), poly-
oxyethylene (20) sorbitan monooleat (Tween® 80) and Hepes
sodium salt, sodium chloride, sodium hydroxide, potassium
monophosphate were purchased from Sigma Chemical Co (St.
Louis, MO, USA). Transcutol® P was a kind gift from Gattefossé
(Saint-Priest, France). Hyaluronic acid (sodium hyaluronate) from
Streptococcus equi was purchased from Fagron Iberica (Barcelona,
Spain). Acetonitrile HPLC, methanol, chloroform and ethanol were
purchased from Panreac (Barcelona, Spain). All other common
chemicals were ACS grade. Cellulose membrane with a molecu-
lar weight cut off at 12,000-14,000 Da was acquired from Iberlabo
(Madrid, Spain). Human skin was obtained from the hospital's plas-
tic surgery department (Hospital de Barcelona, SCIAS, Barcelona,
Spain).

The experimental protocol was approved by the Bioethics
Committee of the Barcelona-SCIAS Hospital (Spain) and written
informed consent forms were provided by study participants.

2.2. Liposome preparation

Liposomes were prepared according to methods published
elsewhere [12]. Briefly, chloroform-methanol (2:1, v/v) solution
containing the appropriate amount of PC was placed in a glass
balloon and dried in a rotary evaporator at room temperature pro-
tected from light. The resulting thin film was kept under high
vacuum overnight to remove any traces of organic solvent. Mul-
tilamellar liposomes were obtained by redispersion of the thin film
in 20mM Hepes, 150mM NaCl buffer, pH 7.4. Liposomes were
extruded consecutively through polycarbonate membranes with
a pore size of 400nm and 100 nm by an Avanti® Mini-extruder
(Avanti Polar Lipids Inc., Alabama, USA). PC concentration was
determined by the Stewart assay [13]. Final concentration of HA
was assessed by HPLC after disruption of liposomes with iso-
propanol. HA-to-PC ratios fall typically between 0.26 and 0.37
(mol/mol).

PEs were incorporated into the liposomes containing HA with
the aim of partially destabilising the lipid bilayer and enhancing
its transformation into lipid planar structures. Different concen-
trations of PEs (0.01-25%, v/v) were added to the liposomes.
Based on the average particle size and polydispersity values, two
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formulations were prepared by adding extemporaneously the
appropriate percentage of the corresponding PE to the liposomes
loaded with HA (F1). Thus, 0.15% of Tween® 80 and 3.5% of
Transcutol® P were added to lippsomes with HA (F1) to obtain the
F2 and F3 formulations, respectively.

2.3. Liposome characterisation

2.3.1. Particle size and { potential

The mean particle size and polydispersity of liposomes were
measured by dynamic light scattering with a Zetasizer Nano S
(Malvern Instruments, UK). Electrophoretic mobility indicating the
effective surface electrical charge ({ potential) was determined by a
Zetasizer Nano Z590 (Malvern Instruments, UK). The samples were
diluted (50-fold) with Hepes buffer pH 7.4. Each sample was mea-
sured three times.

2.3.2. Encapsulation efficiency

The efficiency of encapsulation of HA into liposomes (EEys ) was
assessed by determining the free (non-encapsulated) HA (m') after
separation of liposomes by Ultracel 10 centrifugal filter devices
(Amicon®, Millipore, MA, USA) at 4000 x g for 40 min (Multifuge 3
L-R, Thermo Fisher Scientific, Spain). The amount of HA non encap-
sulated (m’) was determined by HPLC.

Hence, the EEy, was obtained by applying the following equa-
tion:

EEua = [(me —m')/m¢] (1)

where my is the total amount of HA added to the sample.
2.4. Human skin preparation

Human skin was obtained from the abdominal region of healthy
women. After being frozen to —20°C, it was cut with a dermatome
(Model GA 630, Aesculap, Tuttlingen, Germany) into 200, 300
and 400 p.m-thick pieces, starting from the SC [14]. Human skin
integrity was verified before the experiments by measuring the
quantity of water that passes through the epidermal layer of the
skin to the surrounding atmosphere by diffusion and evaporation
processes [15], using a transepidermal water loss (TEWL) Tewl-
meter TM210 (Courage & Khazaka, Koln, Germany). The skin used
showed TEWL values below 10 g/m? h.

2.5. Permeation assays

2.5.1. Permeation of HA through cellulose

The experiments were carried out in vertical Franz-type diffu-
sion cells (Co. Mod Franz Crown Glass. CDCF-9) with a diffusion area
of 0.6cm? using cellulose membranes with molecular weight cut
off at 12,000-14,000 Da. Experiments were performed under sink
conditions to avoid the solubility of HA interfering during in vitro
release. Briefly, 300 j.L of each formulation was placed in the donor
compartment. The receptor chamber was filled with milliQ water
or buffer, maintained at 32.0 £0.5 °C and continuously shaken by a
magnetic stirrer, Samples were withdrawn from the receptor com-
partment at designated time intervals over 5h and replaced with
the same volume of receptor medium immediately after each sam-
ple collection. The concentration of released HA was assessed by
HPLC.

To describe the kinetics of drug release from liposomes con-
taining HA, different mathematical models were fitted to the
experimental data [ 16]. The cumulative amounts of HA that perme-
ated through the surfaces investigated were adjusted to the model
that best fitted our data, a first order release model [17].

%R = BRo(1— e7H) (2)
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where %R; is the percentage of drug released at time t, %R, is the
maximum percentage of drug released and k is the release rate
constant. Data were analysed using GraphPad prism 3.0 software
(Graphpad Software Inc., California, USA) and WinNonlin® profes-
sional edition, version 3.3 (Pharsight Corporation, Mountain View,
CA).

2.5.2. Ex vivo permeation of HA

The experiments carried out were similar to those carried out
with cellulose. Human skin cuts were placed between the recep-
tor and donor compartments, with the dermal side oriented to
the receptor medium and the epidermal side in contact with the
donor chamber into which the formulations under investigation
were loaded.

2.5.3. Determination of the amount of HA retained on the human
skin

Formulation remaining on the SC was eliminated with a solu-
tion of sodium lauryl sulfate 0.05%, washed with distilled water
and blotted dry with filter paper. The permeated area of the human
skin was then excised and weighed, and the content of HA was
extracted with a solution of ethanol-water (1:1, v/v) using an ultra-
sonic processor. The resulting HA levels in the solution, expressed
as mg(HA)/[g(human skin)/cm?2], were measured by HPLC.

2.6. Quantification of hyaluronic acid

HA content was analysed by HPLC (HP 1100, Chemstations,
Agilent Technologies, USA). Samples were injected in a C18
reverse-phase column (Kromasil 100 C18 5pm, 25 x 0.46cm?).
The detection wavelength was set at 195nm. The composition
of the eluent was a mixture of water and acetonitrile (98:2, v/v)
and the flow rate was 0.5 cm® min~"'. A standard calibration curve
(25-750 pg cm~?) was used to measure the HA concentration of the
samples and to validate the analytical technique according to inter-
national guidelines [18]. The analytical technique validated inter
day (n=5) was linear (r=0.999); it had a relative accuracy error
between 3% and 13% with a detection limit of 15.00 pgcm 3.

2.7. Statistical analysis

Statistical analysis for physical stability was assessed by non-
parametric ANOVA tests, followed by Dunn and Tukey's multiple
comparison tests for the release and permeation assays, respec-
tively.

2.8. Preparation of surfaces for AFM observations

Cellulose membranes were hydrated using ethanol:Milli-Q
water solution (1:1, v/v) and dried under a nitrogen stream. They
were immediately attached to a steel disc using a 1 cm? square of
double-faced commercial Scotch tape. The formulations were then
applied to the cellulose and incubated at 37 °C for 30 min, before
rinsing the cellulose surface gently with buffer and Milli-Q water to
eliminate the non-adsorbed liposomes. The membranes were then
dried with nitrogen.

Layers of human skin were defrosted at room temperature and
immediately glued onto a steel disc with epoxy. Afterwards, the SC
was cleaned with ethanol. The formulations were applied onto the
SC and incubated at 37 °C for 30 min. After this period, the SC was
rinsed gently with buffer, Milli-Q water and dried with nitrogen.

2.9. AFM imaging and FV measurements

Samples were directly mounted on top of the AFM scanner and
imaged in contact mode in air with TESPA cantilevers (Bruker, AXS
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Corporation, Santa Barbara, CA), with a nominal spring constant of
42nNnm-!. The spring constants of each cantilever were deter-
mined using the thermal noise method [19]. Satisfactory matches
with the spring constant supplied by the manufacturer were found.
Atomic Force Microscopy (AFM) was carried out with a Multimode
AFM controlled by Nanoscope V electronics equipped with an “E”
scanner (10 pm) and images were processed with the NanoScope
software (Bruker AXS Corporation, Santa Barbara, CA). FV images
of 32 « 32 force curves were collected using a constant approach
and retraction speed of 3 um s~!. Temperature and humidity were
maintained at 24°C and 60% respectively. Values obtained by AFM
force curves were used to calculate adhesion forces (F,qn) by apply-
ing the following equation

Fagh = —kA (3)

where k is the cantilever constant and A is the deflection of the
cantilever.

3. Results
3.1. Solubilisation of liposomes by PEs

In order to gain insight into the mechanism of destabilisation
provoked by the PE used, liposome size was monitored as a function
of the ratio (mol/mol) between PEs and phospholipids in the sample
[20]. Fig. 1 shows that Tween® 80 and Transcutol® P exert opposite
effects. The size of liposomes increased in all cases after the addi-
tion of each PE. However in samples with Tween® 80 (Fig. 1A) the
increase of PEs ratios induced a moderate decrease of the size of the
formulations, while for Transcutol® P samples, the increase of PE
ratios induced a dramatic increase (Fig. 1B). Since the objective of
adding enhancers to the liposomes is not to cause their complete
rupture but to destabilise the lipid bilayer, based on the present
data, PE/lipid ratios lower than the first experimental data tested
were used in the experiments presented below.

3.2. Physical stability studies

The physical stability of liposomes loaded with HA (F1) and the
same liposomes supplemented with Tween® 80 and Transcutol®
P (F2 and F3, respectively) was monitored over 20 days of storage
at 4°C. Table 1 shows that both PEs induced an increase in size
after one day of storage. As expected given the amphipathic nature
of Tween 80%, and possibly due to its intercalation between the
phospholipid bilayer of the liposomes, the size of F2 increased sig-
nificantly after long periods of 10 and 20 days of storage. Conversely
F3, the sample supplemented with Transcutol® P, underwent a
slight increase in diameter similar to that shown by the control
liposomes. Consistent with this, polydispersity, which ranged from
0.052 to 0.157, increased more dramatically for F2 than for F1 and
F3 (data not shown). {-potential measurements provide valuable
information about formulation stability. F1 is the slightly more sta-
ble formulation after one day of storage. Interestingly, according to
the {-potential values, after 10 days, F2 and F3 became less unstable
than the non-supplemented liposomes (F1). Consistent with this,
the EE, value was affected and significant leakage appeared after
the first day of storage. In practical terms, in order to avoid interfer-
ence due to physical instability of the formulations all experiments
presented in this paper were carried out using the preparation
formed extemporaneously.

3.3. Permeation of HA through cellulose

In vitro permeation profiles for the formulations are shown in
Fig. 2 as cumulative drug release over time. As shown, there was
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Fig. 1. Effect of the increasing ratios of PEs/lipid {mol/mol) for Tween® 80 {A) and Transcutol® P (B) on mean diameter (%) of unloaded (W) and HA-loaded liposomes (4 ).

Table 1

Changes in size, { potential and EE for liposomes containing HA: control liposomes (F1), and liposomes supplemented with Tween® 80 (F2) and Transcutol® P (F3). Values

are mean value + standard deviation (n=3).

Formulation Diameter size (nm) { Potential (mV) Encapsulation efficiency (%)
Day1 Day 10 Day 20 Day 1 Day 10 Day 20 Day 1 Day 10 Day 20
F1 1370+ 0.8 143 £3 1421+ 1.7 —4.94 -0.08 -0.25 95+2 92+4 83+13
F2 1636+ 14 208 =4 193 + 4 -0.04 —4.90 -0.15 093+3 86+3 73+2
3 169.9 + 1.7 1794+ 19 1743 £ 1.7 0.09 —6.97 -3.70 b64+3 63+2 42 +2
100+ 3.4. Exvivo permeation of HA

Cummulative amount
permeated of HA (%)

Time (h)

Fig. 2. Release profiles of HA through cellulose membranes of formulations F2 (1)
(Tween® 80) and F3 (¥) (Transcutol® P) in comparison to F1 (4) (control liposomes).
Data are mean values + standard deviation (n=6).

a significant improvement in HA release when supplemented with
PEs. Thus, whilst intermediate HA release by F2 was observed, the
lowest and highest release values were shown by F1 and F3, respec-
tively. The kinetics of the process, however, was faster for F2 than
for F1 and F3 (Table 2).

Table 2

Firstorder released model parameters obtained after fitting to Eq. (2) the permeation
data from liposomes with HA(F1) and liposomes supplemented with Tween® 80 (F2)
and Transcutol® P (F3).

Formulation k(h-1) %Roo

Cellulose Skin Cellulose Skin
F1 13 £05 3.0+03 49 £ 06 93102
R 78108 27402 409 £ 04 268 £ 04
3 20+03 54 +0.11 794 67.7 £ 0.2

k: release constant; %Roo: maximum of HA permeated. Values are expressed as mean
value+ standard deviation (n=6).

The percutaneous transport undergone by the developed formu-
lations was investigated in ex vivo experiments using human skin
surfaces of different thickness. At a thickness of 400 pm the formu-
lation supplemented with PEs (F2 and F3) showed more extensive
release than control liposomes (Fig. 3). The maximum HA release
on this surface was shown by F3, which also showed the highest
release constant (Table 2). Regarding the amount of HA retained in
the skin (Fig. 3B), F3 showed lower retention than F2 and F1.

In order to investigate how PE-supplemented formulations
affect penetration through the human skin, ex vivo permeation
assays were conducted using skin cuts of different thickness. Fig. 4
shows the amount of HA retained by human skin cuts with a thick-
ness of 200, 300 and 400 pm. It can be seen that human skin HA
retention was relatively similar for F2 and F3 irrespective of the
thickness. The retention of HA released from F1 was higher in all
cases, and remarkably higher than F2 and F3 for the thinnest human
skin cut.

3.5. AFM and FV experiments

Fig. 5 shows the topographic AFM and FV images for cellulose
(Fig. 5A and B) and the same surface after applying the three formu-
lations (Fig. 6C-H). The cellulose surface (Fig. 5A) was a featureless
flat surface with a mean roughness (R;) of 3 nm. The FV of cellulose
(Fig. 5B) showed a homogeneous distribution of forces with a mean
F,gn value of 20 £ 15 nN. When liposomes containing HA (F1) were
spread onto cellulose (Fig. 5C), large and diffuse structures were
observed, some of which were round in shape with a mean diame-
ter of 165 + 20 nm. More importantly, the R, value increases up to
11nm and according to the FV measurements, the mean F, 4y, value
can be established in 23 £ 17 nN (Fig. 6D). The application of F2 onto
the cellulose did not modify R, with respect to F1 but led to flat-
tened structures, most likely attributed to liposomes undergoing
the process of adsorption, which developed into round objects with
a diameter of 300 + 80 nm. A similar explanation can be applied to
the features observed after the application of F3. In this case, how-
ever, the round structures had a mean diameter of 180 £50nm,
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Fig. 4. Amount of HA retained after 5h in the release assay by human skin of dif-
ferent thickness for liposomes containing HA (F1) (grey), liposomes containing HA
supplemented with Tween® 80 (F2) (white) and liposomes containing HA supple-
mented with Transcutol® P (F3) (black). Data are mean value + standard deviation
(n=6).

lower than that yvielded by F2 and larger than that shown by F1. The
F,4n values increased from 110+17 nN for F2 up to 240 + 100 nN
for F3.

Fig. 6 shows the topographic AFM and FV images for the SC
(Fig. 6A and B) and the same surface after applying the three formu-
lations (Fig. 6C-H). The SC surface was extremely rough, as shown
in Fig. 6A. The advantages of resolution in Z-axis provided by the
AFM evidences a very irregular surface with different regions, deep
valleys, rims, and large step-height differences with an R, value of
10 nm within these regions. The different regions showed different
F,4n values that ranged from 60 nN to 230 nN.

After deposition of F1 onto the SC, the surface appeared flattened
and Ry declined to 4 nm (Fig. 6C). Small round structures with a
mean diameter of 215 nm were observed. Since the liposomes’ orig-
inal diameter, as judged by light scattering, was 137 nm, the AFM
structures were likely to be individual flattened vesicles undergo-
ing the process of adsorption that were partially fused onto the SC
surface. Some of these round entities seemed to coalesce to form
larger structures such as those observed at the top left of Fig. 6C. The
Fa4n on the region covered by the small round structures showed
an average value of 300+40nN (Fig. 6D). A different behaviour
was observed when F1 was supplemented with PEs. Fig. 6E is a
topographicimage of the SC after F2 sample application. The image
shows a mean Ry value of 20 nm, with no well-defined geometri-
cal objects but terraces with step-height differences up to 200 nm.
FV provided F g values ranging from 50 to 100 nN (Fig. 6F). After
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F3 application rounded structures were also observed with highly
variable diameters of 420 + 130 nm, displaying a R; mean value of
15nm (Fig. 6G). In this case Faqn ranged from 50 to 100 nN (Fig. GH).

4. Discussion

This work was designed to determine whether there is a ratio-
nale for explaining the increase in drug bioavailability of liposomal
formulations for topical applications. We assumed as a working
hypothesis that liposomes deliver the encapsulated drug (HA) after
partial rupture upon contact with the substrate and adsorption
onto the SC. It has been reported that intact liposomes could be
squeezed through the complex barriers of the skin [4], but indi-
rect evidence based on the deposition of liposomes onto inorganic
surfaces (such as mica, glass or TiO,) [1,3] and preliminary studies
carried out with skin [16,21] suggest that liposomes undergo sev-
eral processes that resultin different structures on specific surfaces.
Thus liposomes are firstly adsorbed, remain intact on the surface
or become flattened and transformed into planar lipid bilayers,
disks or multilayered structures formed by successive deposition of
newly arriving vesicles. It is conceivable that the adsorption mech-
anism of liposomes onto the skin is the driving force of the whole
delivery process and a limiting step for HA permeation.

We observed that after deposition of liposomes (F1) onto cel-
lulose (a widely accepted model used to study drug permeation
through the skin) several structures formed, most likely attributed
to incomplete disruption of the vesicles. Note that, when liposome
formulations or lipid-based creams are applied onto the skin, there
is normally overdosage, which explains the full coverage of the sur-
face and the variety of objects with undefined morphologies that
we observed by AFM.

The SC was even rougher than the cellulose surface, showing
valleys, platforms and deep rims that did not follow any pattern.
Therefore, when liposome formulations designed for topical and
transdermal purposes are spread onto the SC, different rupture
pathways may lead to the formation of planar lipid bilayers, multi-
layers and vesicle overlayers that fill the clefts and deep rims shown
by the SC.

It is known that transport of drugs through the skin can be
enhanced by the use of PEs and, to test this effect, we used
two different molecules, the non-ionic surfactant Tween® 80 and
Transcutol® P, a solubilising agent that is able to mix with polar
and non-polar solvents, Our release experiments performed on cel-
lulose and skin showed that Transcutol® P and Tween® 80 both
enhanced the permeation of the encapsulated drug, HA. These
behaviours are likely related to the larger average diameters and
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Fig. 5. AFM height (left panels) and force volume (right panels) images for cellulose (A, B), liposomes containing HA (F1) (C, D), and liposomes supplemented with Tween®
80 (F2) (E, F) and with Transcutol® P (F3) (G, H).Z height scale is 300 nm (A, D) and 200 nm (E, H).
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Fig. 6. AFM height (left panels) and force volume (right panels) images for SC (A, B), liposomes containing HA (F1) (C, D), and liposomes supplemented with Tween® 80 (F2)

(E, F) and with Transcutol® P (F3) (G, H). Z height scale is 300 nm (A, C) and 200 nm (E, G).
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multilayered structures that result from the action of PEs on lipo-
somes and that we observed by AFM.

In vitro and ex vive permeation studies, as well as the quan-
titative determination of minimum amounts of HA retained by
human skin, appear to be related: (i) with the destabilisation effect
of these PEs on liposomes (see physical stability studies); and (ii)
with a possible interaction of PEs with the SC components [22].
This leads to the disruption of the vesicular structure by forma-
tion of mixed micelles with the phospholipids used to form the
liposomes [23-25]. In principle, both PEs at their working concen-
trations induced moderate increases in the size of the liposomes
that were observed by AFM. In fact, the adsorption of vesicles onto
a surface is governed by the balance between the adhesion energy
and the bending energy of the bilayer [1]. Thus, the increase in the
diameter of the liposomes following the addition of PEs reduces
the bending modulus of the bilayer and consequently, liposome
adsorption becomes mainly dependent on the adhesion energy.

The release studies using cellulose and skin shared similar
trends: (i) the addition of PEs (F2 and F3) to the base formula-
tion (F1) enhanced the permeation of HA through both substrates;
(ii) F3 showed the maximum release of HA; and (iii) the perme-
ation process followed a first order kinetics. Since, according to
diameter variations, the destabilisation promoted by the PEs was
qualitatively similar for F2 and F3, these experiments point to the
involvement of the surface substrate on adsorption and release of
the drug from the formulations. AsF1 (liposomes not supplemented
with PEs) showed slightly higher release in human skin than in cel-
lulose, it is possible that the interaction of the phospholipids from
liposomes with phospholipids of the SC could be involved in the
destabilisation mechanism [26]. In this regard, there is evidence
that HA may interact with lipids in the SC, forming filamentary
structures surrounded by phospholipid molecules [27] that may
diffuse through the epidermis and/or dermis [28]. This effect would
depend on the release of HA from liposomes and according to k val-
ues (the release constant) it was higher for F3 than for F2. In part
these behaviours could be inferred from the permeation studies
performed with human skin of different thickness.

Since the release of HA from liposomes and the transport mecha-
nism itself appear related to the mechanism of liposome disruption
and, particularly, with adsorption onto the surfaces under investi-
gation, we used AFM-FV mode to gain an insight into the properties
of the structures occurring after formulation deposition onto cel-
lulose and SC. We observed differences between the structures
adopted and the adhesion forces presented by the formulations
deposited onto cellulose or onto SC. However, although cellulose
is commonly used as a model to test drug permeation, our AFM
data suggest that this substrate does not fully mimick the phys-
icochemical properties of the SC. Thus, FV topographic images of
cellulose and SCshowed differences in their mean F,gj, values, being
higher (more than twofold) for the SC in comparison with cellu-
lose. It is also worth mentioning here that cellulose is a hydrophilic
membrane that contains small pores. Thus when formulations are
applied onto cellulose, samples become hydrated by capillarity.
This phenomenon cannot occur on SC, and could enhance the lateral
mobility of the lipid molecules by modifying their adhesion to the
AFM tip. Although F,4,, values can be dramatically affected by other
factors, such as area of contact and tip characteristics, it is clear that
the nature of the substrate affects the adhesion of the formulations.

From the analysis of the AFM images it is clear that the trans-
formation of liposomes into planar bilayers, multilayers or disks
was not complete either after deposition of formulations onto cel-
lulose or after deposition onto SC. Liposomes with Transcutol® P
(F3) appeared to undergo partial rupture onto cellulose leaving
spherical entities of smaller size than those left by liposomes sup-
plemented with Tween® 80 (F2). Conversely F3 deposited onto SC
yielded entities with larger diameters than F2. These observations
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reflect clearly the influence of the substrate on the structures
adopted by the formulations at the interface. On the one hand the
mean Fagn, Was higher for F3 than for F2. On the other hand Fagn
values for F3 were significantly smaller than those from liposomes
in F1. This is somehow correlated with the lower release of HA
shown by F1 and the highest release from F3. Hence, whether or
not there is an apparent increase in the release concomitant with
the decrease in adhesion forces, it is conceivable that HA diffuses
from the supported layers and hemifused liposomes into the SC.

5. Conclusions

When liposomes are deposited onto organic surfaces (cellulose)
or biointerfaces (skin) they become partially disrupted, flattened
and transformed to some extent into planar lipid bilayers. PEs have
a definite effect on this process, which seems governed primar-
ily by the interaction between the liposome formulations and the
nature of the surfaces. It is already known that release of drugs from
liposomes is enhanced by the incorporation of PEs in the formula-
tion. However, our AFM and FV measurements lead us to conclude
that the adhesion forces, among other factors such as the interfa-
cial tension, may be behind the complex mechanism of permeation
through the skin.
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RESUMEN

Las ceramidas (Cer) y el colesterol (Chol) son los principales componentes del estrato
corneo. Adicionalmente, la fosfatidilcolina(PC) es una de las sustancias mas
comunmente utilizadas para el desarrollo de liposomas para la administracion
transdérmica de farmacos. En esta contribucion, a partir de los principales compuestos
que se encuentran en el estrato corneo y la fosfatidilcolina,se realizaron mezclas con
diferentes fracciones molares.Utilizando la balanza de Langmuir, se llevaron a cabo
estudios de monocapas con el fin de obtener la mezcla ternaria mas estable (PC- Chol -
Cer), de acuerdo con sus propiedades termodindmicas. Se estudiaron las mezclas
binarias PC-Chol, PC-Cer, Chol-Cery la mezcla ternaria fue obtenida a partir de la
mezcla PC- Chol (0.6:0.4, mol:mol) en combinacion con Cer.

Las monocapas mas estables (binarias y ternaria), se depositaron sobre mica para

observar su interaccion por medio del microscopio de fuerza atdbmica (AFM).

Esta es una primera aproximacion para desarrollar formulaciones de liposomas
mimetizando la composicion del estrato corneo. Estas formulaciones se utilizaran para

encapsular diferentes moléculas de interés farmacéutico por via topica.

A pesar de que muchos estudios han utilizado la estrategia de imitar el estrato corneo
para disefiar sistemas de liberacion transdérmica de farmacos, no hay estudios que
hayan disefiado una formulacion racional segun las magnitudes termodinamicas
derivadas del andlisis de las interacciones que ocurren en monocapas de los lipidos

componentes.

Aspectos relevantes en este estudio

A partir de las mezclas binarias PC-Chol, PC-Cer, Chol-Cery la mezcla ternaria PC-

Chol-Cer, se observaron los siguientes aspectos:

a) Las composiciones de las mezclas binarias mas estables, de acuerdo con los

valores calculados de la energia de Gibbs fueron: PC-Chol (0.6:0.4, mol:mol),
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PC-Cer (0.2:0.8, mol:mol), Chol/Cer (0.6:0.4,mol:mol),PC-Chol-Cer
(0.36:0.24:0.40, mol:mol:mol).

b) Las imagenes obtenidas de las monocapas extraidas por medio del AFM,
muestran la formacion de dominios en las mezclas estudiadas.

c) El potencial de superficie indica que no existe interacciones ionicas entre las
mezclas y la subfase (solucion bufferKH2P040.2 M pH 7.4).

RESUMEN GRAFICO

A partir de la mezcla més estable PC-Chol se adicionan diferentes proporciones de
ceramidas para obtener la mezcla ternaria mas estable. Las monocapas de las mezclas
mas estables fueron observadas por el AFM.

[ PC-Chol-Cer (0.36:0.24:0.40, mol:mol:mol) ]
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Surface pressure (m) - area isotherms of . PC-Chol-Cer monolayers at the air water interface. Molar
fractions Ceramides (B,C,D) = 0.2 (%), y =04 (V), y=0.6 (+), y=0.8 (D).
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Abstract

Ceramides (Cer) and cholesterol (Chol) are the main components of the stratum
corneum (SC). Additionally, phosphatidylcholine (PC) is one of the most common
substances used for the development of liposomes for transdermal drug delivery (TDD).
In this contribution, monolayer studies were conducted in order to obtain the most
stable ternary mixture (PC-Chol-Cer) according to their thermodynamic properties. The
mixed monolayers were deposited onto the mica to observe the interaction of these three
substances by means of the atomic force microscope (AFM).

This is a preliminary approach to develop liposomal formulations for TDD mimicking
the SC composition. These formulation will be use to encapsulate different molecules
for skin application.

Even though many studies have use the strategy to mimic the SC to design TDD, there
is no studies attempting to design a rational formulation according the thermodynamic

parameters.
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1. Introduction

Human skin protects the body against external noxious agents as chemical,
microbiological, or physical. The tissue is formed by different layers, the main layers
from outside to inside involve epidermis, dermis and hypodermis.

In the epidermis, the outermost layer is stratum corneum (SC) comprises corneocytes
embedded in an intercellular lipid matrix. The composition of SC lipids consisting
approximately of an equimolar mixture of ceramides (45-50 % by weight), cholesterol
(25%), and free fatty acids (10-15%) [1], other lipid classes as cholesterol sulphate,
glucosylceramides and cholesterol ester are also present [2]. The lipid organization is
considered very relevant for the skin barrier function.

For the development of transdermal drug delivery systems the knowledge of the stratum
corneum is essential, due to the SC is the main barrier to the transdermal permeation of
most substances[1].

Phospholipids are the mainly components of the membranes in animals, however in the
SC is only present in traces. For the development of liposomes as transdermal drug
delivery systems (TDDs), PC is one of the substances most used. It has been suggested
that phospholipids acts as penetration enhancer(PE), due to their ability to destabilize
the lipid matrix.

Langmuir-Blodgett lipid monolayers are considered an excellent model system for the
study of biological membranes. Although the composition and arrangement of the
components of SC is still on investigation, several studies published reveal that the
intercellular SC lipid domains consist mainly of ceramides (Cer), Cholesterol (Chol)
and saturated long chain free fatty acids (FFAS)[3].

In the stratum corneum 11 types of ceramides have been identified [4].

In this study the main components of the stratum corneum were used to the aim to
develop liposomal formulations to mimic the structure of the SC and to study the
advantages to mimic the SC in TDDs. To this end, ceramides, cholesterol and PC (main
component to prepare liposomes for transdermal drug delivery) were mixed in binary
systems, letting 3 binary mixtures and one ternary system, obtained from the most stable
composition of the binary mixtures and adding ceramides.

This study is a preliminary approach to develop liposomes able to enhance the delivery

of drugs through the skin.
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Even though many studies has used the strategy to mimic the SC to design transdermal
delivery formulations, there is no studies attempting to design a rational formulation

according the thermodynamic parameters of the main components of the SC[5-7].

2. Experimental section

2.1. Materials

L—a Phosphatidylcholine (PC) (egg yolk, 99% purity), Ceramide (bovine spinal cord
>98%), sodium hydroxide were purchased from Sigma Chemical Co (St. Louis, MO,
USA). Cholesterol (ovine wool >98%) was purchased from Avanti Polar Lipid Inc.
(Alabaster, AL). Methanol, chloroformand monophosphate potassiumwere purchased
from Panreac (Barcelona, Spain). The buffer used as a subphase was KH2P040.2 M pH
7.4 prepared in Ultrapurewater (Milli Qreverse osmosis system, 18.3
MQ.-cmresistivity).

2.2. Monolayer Studies.

The experiments were carried out as described in previous papers. [8,9].The lipid was
dissolved in chloroform-methanol (2:1, v/v) to a final concentration of 1 mg-mL™.

The monolayers were prepared in a 312 DMC Langmuir—Blodgett trough manufactured
by NIMA Technology Ltd. (Coventry, England). The trough was enclosed in an
environmental chamber. The resolution of surface pressure measurement was +0.1
mN-m~2. In all experiments, the temperature was maintained at 24.0 + 0.2 °C by means
of an external circulating water bath.

Surface pressure (m)-area isotherms of the monolayers at four different compositions
PC-Chol (0.6:0.4,mol:mol),PC-Cer (0.2:0.8, mol:mol),Chol/Cer (0.6:0.4,mol:mol), PC-
Chol-Cer(0.36:0.24:0.40, mol:mol:mol) were obtained.

Monolayers were spread by depositing a volume of about 5-10 puL of the stock solution
onto the buffer solution subphase (24 + 2 °C) with a Hamilton microsyringe. After
15min for solvent evaporation, the monolayers were compressed at a constant rate of 20
mm?st. The compression speed and the time allowed before compression were

maintained constant in all experiments.
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The interaction between two components (i.e. PC and Chol) in a mixed monolayer can
be evaluated from the calculation of the excess Gibbs energy (GF)[10] which is given by

the following equation:

GF = fon[Au — (141 + x242)ldn (1)

where A1z is the average molecular area in the binary mixture, A1 and Az are the
molecular areas of pure monolayers of components 1 and 2, respectively,
and y1 and y2 are their corresponding mole fractions in the mixed monolayers.

The Gibbs energy of mixing is given by
ApixG = AmixGid +GF 2)

where the first term, the ideal Gibbs energy of mixing (AmixG'Y), can be calculated by

applying the following equation:

AmixGid = RT (x1lnx, + x2lnx;) (3)

where R is the gas constant and T is the temperature.

Compressibility modulus (Cs) values at different surface pressure () for mixtures were
calculated from the equation:

1 0A
CS:_ZX£ (4)

LB films for AFM observations were transferred onto freshly cleaved mica, lifting the

substrate at a constant rate of 1 mm-min?t at 20 mN.m™.

2.3. Atomic Force Microscopy.

Atomic Force Microscopy (AFM) was carried out with a Multimode AFM controlled by
Nanoscope V electronics equipped with an “E” scanner (10 um) and images were
processed with the NanoScope software (Bruker AXS Corporation, Santa Barbara, CA).

Environment was maintained at 24 °C and 60 % of humidity.
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Samples were directly mounted on top of the AFM scanner and imaged in contact mode

in air with a silicon cantilever and a nominal spring constant of 3 N-m™.

3. Results and discussions

Some of the main components of the SC were using in this study to mimic the
intercellular matrix of the SC and design in base of their thermodynamic stability, the
best option to formulate liposomes to enhance drug delivery through the skin.

In order to have better observations of the isotherms, the values was plotted till 40
mN-m™. The isotherm lift-off areas were affected by monolayer compositions.

In Figure 1 (A-D) are depicted the isotherms obtained for pure components used in this
study and their mixtures for various mole fractions (). Excepting mixture of Chol-Cer,

mixed isotherms lie in-between those of pure components.
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Figure 1. Surface pressure (r) - area isotherms of pure and mixed monolayers at the air water interface.
PC (m), Chol (A), Cer (e), PC-Chol (m).PC/Chol (A), PC/Cer (B), Chol/Cer (C), PC-Chol-Cer (D).
Molar fractions of Cholesterol (A) and Ceramides (B,C,D) y=0.2 (x), y =0.4 (V¥), x = 0.6 (¢), y = 0.8 (0).
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In the PC monolayer (Figure 1A), the addition of Chol slightly modifies the shape, but
shift toward smaller areas. The same behaviour was observed in the mixture of PC-Cer
(Figure 1B) whit the addition of Cer to the PC monolayer. Relating to Chol-Cer mixture
(Figure 1C), the isotherms exhibits opposite behaviour comparing with the rest of the
binary mixtures studied, the addition of Cer to the Chol monolayers shift toward bigger
areas and the shape were modified.

Ternary mixture was building, with the most stable PC-Chol composition, according
AmixGvalues and adding Cer. For these mixture (Figure 1D), with the addition of Cer to
PC-Chol (0.6:0.4, mol:mol) monolayer, the isotherms shift toward smaller areas and
their shapes were slightly modified.

The surface pressure-area isotherms of the pure PC, Chol, Cer, binary mixture PC-
Chol(0.6:0.4,mol:mol)and ternary mixture PC-Chol-
Cer(0.36:0.24:0.40,mol:mol:mol)monolayers are depicted in Figure 2.

The characteristics of the pure molecules isotherms obtained are quite similar with those
reported elsewhere [11,12] observing differences that could be occur due to the
experimental conditions of the assays as subphase, pH, and compression speed.

The isotherms of the binary and ternary mixtures were found to lie between the ranges
of those of the pure components. The binary mixture PC-Chol showed a bigger area per
molecule comparing with the mixture of PC-Chol-Cerdue to their content of PC is

higher.
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Figure 2. Surface pressure (m) - area isotherms for PC (m), Chol (A), Cer (o), PC/Chol (0.6:0.4,
mol:mol) (o),PC-Chol-Cer (0.36:0.24:0.40,mol:mol:mol)(s) monolayers at the air/water interface.

INSET: Compressibility modulus of the five monolayers.

Compressibility modulus (Cs) for the systems studied was calculated from eq.4, results
are depicted in the inset of Figure 2.

Cs gives information about lateral compression of the monolayer. High Csvalues
indicates higher stiffness of the monolayer, thus is more difficult to compress it.

At the temperature of these experiments all monolayers exhibited a liquid-expanded
phase [13]. Results observed in compressibility modulus of the systems studied are in
concordance with the outcome from isotherms.

As it can be seen, PC monolayer displays lower Cs values, whereas Cer and Chol
exhibit higher values. On the other hand, binary and ternary mixtures presented similar
mechanical compressibility with PC, as reflected by the Cs values.

Compressibility modulus was calculated for the all mixtures studied in their different
molar ratios used in the Langmuir—Blodgett studies (Supplementary data).

According to the values observed, incorporation of Chol and Cer do not modify the
elasticity of the monolayers of PC, neither to the mixture of PC-Chol. However, when
the system is formed by Cer and Chol, the monolayers exhibit higher interfacial
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stiffness, specifically in the molar fractions of ycer=0.6 and 0.8, which their values (up
to 250 mN/m) indicates solid state. These measurements are in agreement with those
reported elsewhere [2,14].

Monolayers of the systems studied were evaluated by their Gibbs energy values (AmixG)
were calculating from eq. 2. The more negative value of AmixGis the more stable
monolayer. Taking this into account, ternary mixture was constructed from PC-
Chol(0.6:0.4, mol:mol) adding various fraction mol of Cerfrom 0.2 to 0.8.

Figure 3 (A-D) shows the compositions dependence of the excess energy of mixing for
all the investigated systems. Values of AmixGhave been plotted as a function of the
cholesterol mole fraction (Figure 3A) or ceramides mole fraction (Figure 3B-D).

For PC-containing mixtures (Figure 3A-D) in the whole range of surface pressures, the
stabilization of mixed films for all compositions was reflected by their negative
AmixGvalues, excepting PC with ychoi=0.8 which positive values indicate instability.
From Chol-Cer mixture (Figure 3C), the behaviour of the AmixG values were different,
negative values were only observed at low surface pressure (5 or 10 MN/m) and
increasing Cer contents AmixGvalues increased importantly, with a pronounced
maximum at ycer=0.8, suggesting instability of monolayers.

According to AmixGvalues, for PC-Chol mixture (Figure 3A), minimum value is reached
in ychoi=0.4, for mixture formed by PC-Cer (Figure 3B) in ycer=0.2 and for the ternary
mixture PC-Chol-Cer (Figure 3D) the minimal value is observed in the molar fraction of

Ycer= 0.4.
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Figure 3. Gibbs energy of mixing values of PC/Chol (A), PC/Cer (B), Chol/Cer (C), PC-Chol/Cer (D) at
different surface pressures 5 (m), 10 (¥), 20 (0), 30 (¢), 40 (o)

Stronger interactions of the compounds used in this study were observed in the ternary
mixture, were lowest AmixG were acquired. The composition more stable is nearly to the
stratum corneum composition according to Chol and Cer content[1].

To perform topographic characterization, the mixtures studied were transferred onto a
mica substrate at surface pressure of 20 mN-m, and imaged with AFM incontact mode.
The AFM images of PC-Chol (0.6:0.4, mol:mol), PC-Cer(0.8:0.2,mol:mol), Chol-
Cer(0.6:0.4,mol:mol), PC-Chol-Cer (0.36:0.24:0.40,mol:mol:mol) are shown in Figure
5 (A-D), respectively.

All images from the system studied exhibit coexistence of two phases. This fact is in
agreement with the observations using confocal fluorescence of skin SC lipid

membranes [15].
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Figure 4. AFM topographic images (A-D) and height profiles along white line for PC/Chol (0.6:0.4,
mol:mol) (A), PC/Cer (0.8:0.2, mol:mol)(B), Chol/Cer (0.6:0.4, mol:mol)(C), PC-Chol-Cer

(0.36:0.24:0.40 mol:mol:mol) (D).

The mean values obtained from AFM images are depicted in Table 1. From LB
monolayer of PC-Chol (0.6:0.4 mol:mol), height difference between the high and
lowdomain wasl.l1 = 0.2. High domain covered 25 % of the total areawith

averageroughness of (Ra) 0.09 nm, and values of Ra for the lower domain were 0.06 nm.
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Similar characteristics were obtained in the PC-CerandChol-Cermixtures. In one hand,
height differences between domains lie from 1.1 to 1.6 nm. On the other hand,values of
covering in high domain were in the range of 26-31 %.

Previous studies with SC components revealed height difference between the high and
low domain 1.6 nm from mixture of different free fatty acids (C20-C30) [16].
However due to differences in the long chain of Cer used in this study, low domains

could be obtained.

Height (nm) Roughness (nm) Covering (%)
Lipid Mixtures
Dom 1 Dom 1 Dom 2 Dom 1 Dom 2

PC/Chol

11+0.2 0.09 0.06 25 75
(0.6:0.4, mol:mol)
PC/Cer

1.3+0.3 0.05 0.09 31 69
(0.8:0.2, mol:mol)
Chol/Cer

1.2+01 0.08 0.05 26 74
(0.6:0.4, mol:mol)
PC-Chol-Cer

09+0.1 0.07 0.05 30 70

(0.36:0.24,0.40 mol:mol:mol)

Table 1. Height, Roughness and covering values obtained from AFM images of the lipid systems studied

The surface potential technique of Langmuir monolayer provides information about
ionic interactions between monolayers and the subphase. When the degree of ionization
occurs, there is an observable a significant shift[17]. We used this technique in order to
observe possible changes of ionization in the lipid studied and their mixtures.

According with the results, pure lipids (PC, Chol and Cer) did not change their degree
of ionization in the condition studied (Figure 5A). However, increases in the surface
potential were observed in Chol and Cerabove 10 mN/m.

Neither was observed changes when the lipids were mixed in binary or ternary systems
(Figure 5B). Similar behavior in mixtures containing PC were observed, however
ternary mixture presented higher values, followed by PC-Cer mixture, lowest values of

surface potential were obtained for PC-Chol.
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In relation to Chol-Cer mixture, near to 400 mV surface potential starts to increase till

900 mV, these values are highest than the observed for individual compounds.
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Figure 5. Surface potential of pure compounds (A) PC (m), Chol (A), Cer (), and mixtures of PC/Chol
(0.6:0.4, mol:mol) (A), PC/Cer (0.8:0.2, mol:mol) (¥), Chol/Cer (0.6:0.4, mol:mol) ( ), PC-Chol-Cer
(0.36:0.24:0.40, mol:mol:mol) (e) (B).

Conclusions

The characteristics of lipid bilayers of the liposomal formulations are closely related
with the features of the monolayers, although the monolayer is only a half of the
liposome structure, they can offer an overview about nano mechanics and
thermodynamic parameters.

The monolayer study with the main components of the stratum corneum, revealed
information used to develop liposomes for transdermal drug delivery. The most stable
ternary mixture according to thermodynamic parameters were PC-Chol-
Cer(0.36:0.24:0.40,mol:mol:mol).
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RESUMEN

En este estudio preparamos formulaciones de liposomas para administracion
transdérmica de farmacos incorporando dos moléculas: ibuprofeno y acido hialuronico
(HA). Estas formulaciones fueron desarrolladas con los principales componentes del
estrato corneo (ceramidas y colesterol) y fosfatidilcolina. A través de previos estudios,
establecimos la composicion de los liposomas a partir de la estabilidad termodindmica
de los componentes.

Los resultados que se han obtenido en estudios previos, sugieren que los promotores de
la permeacion (PEs) mejoran la permeacién de los farmacos encapsulados, y éste
incremento esté relacionado con las estructuras que forman las formulaciones cuando se
aplican sobre la piel humana. Los PEs utilizados en este estudio son: Tween ®65,
Tween® 80 y Transcutol ®P.

En el presente estudio, las estructuras formadas por las formulaciones desarrolladas
cuando son aplicadas sobre piel humana, fueron observadas utilizando el microscopio
de fuerza atémica (AFM). Nuestro objetivo es utilizar la informacion obtenida en las
imagenes para predecir la efectividad de la permeacion de los farmacos encapsulados en

los liposomas desarrollados.

Aspectos relevantes en este estudio

A través de la encapsulacion de ibuprofeno y HA en liposomas que mimetizan la
composicion del estrato corneo se destacan los siguientes aspectos:

a) Los estudios de fluidez de membrana de los liposomas, indican que la
composicion ternaria es mas fluida en comparacion con las mezclas binarias
estudiadas.

b) Las caracteristicas de las vesiculas no presentan diferencias significativas en su
caracterizacion (tamafio de particula, polidispersidad y potencial Z), cuando se
incorporan los farmacos estudiados.

C) Mediante las imagenes obtenidas con el AFM, se observan diferencias en
relacion a los liposomas con y sin farmaco.

d) Los PEs adicionados a las vesiculas, modifican las estructuras que forman las

formulaciones aplicadas sobre la piel.
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RESUMEN GRAFICO

Se encapsula ibuprofeno y acido hialurénico en liposomas de PC-Chol-Cer. Se utiliza el

microscopio de fuerza atomica, para observar las estructuras formadas por las

formulaciones cuando son aplicadas sobre piel humana.

A través de la informacion obtenida en las imagenes se investiga para predecir la

efectividad de permeacion de los farmacos encapsulados. Adicionalmente, se observa el

efecto de incorporar promotores de la permeacion (PEs) en las formulaciones.

ibuprofeno

Liposomas PC-Chol-Cer

Sobre piel humana

acido hialurénico
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Abstract

In this study we prepared liposomal formulations for transdermal drug delivery (TDD)
incorporating two drugs, ibuprofen and hyaluronic acid. These formulations are formed
with the main components of the Stratum corneum (Ceramides and Cholesterol) and
phosphatidylcholine. Throughout a previous study, we establish the composition of the
liposomes taking into account the thermodynamic stability of the compounds.

Our previous studies strongly suggest that supplemented liposomes with penetration
enhancers (PEs) improve the permeation of the drugs encapsulated, and their
enhancement is related with the structures observed onto the skin. The liposomes
developed in this study are supplemented with Tween ®65, Tween® 80 and Transcutol
°p.

We observed the structures adopted by the formulations applied onto human skin, and
using the information obtained by means of AFM, we attempt to predict the

effectiveness of the permeation of the drugs encapsulated in these formulations.
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1. Introduction

The use of liposomes for Transdermal Drug Delivery (TDD) has been motivated due to
the high efficacy reached with these systems and for all the advantages using this route
of administration(Elsayed et al., 2007). Different compositions of the vesicular systems
and supplementation with penetration enhancers (PEs) has been using with the aim to
reach local or systemic effects. One of the strategies used for enhance TDD has been to
develop liposomal formulations with similar composition to the human Stratum
Corneum (SC) (Abraham and Downing, 1989; Gaur et al., 2013; Tokudome et al.,
2009). However, the studies published have been prepared using similar composition
and components of the SC.

The SC is the upper layer of the skin, and is consider the main barrier which protects the
body against harmful agents. SC is formed by dead cells embed in a lipid matrix, the
principal lipids in SC are ceramidas (Cer), cholesterol (Chol) and free fatty acids
(Bouwstra and Ponec, 2006).

In our previous studies we designed liposomes formed by Ceramides (Cer), Cholesterol
(Chol) and phosphatidylcholine (PC) to improve drug permeation based on their
thermodynamic stability. In this study we include another strategy to improve drug
delivery, the formulation developed was combined with different PEs with the aim to
slightly destabilize the lipid membrane of the vesicles and promote the formation of
planar lipid bilayer, which has been related with the enhancement of permeation of the
drug encapsulated (Vazquez-Gonzalez et al., 2014).

Firstly, we studied the interaction of the lipids used to prepare the liposomes means
fluorimeter studies. We prepared liposomes with three binary mixtures PC-Chol, PC-
Cer, Chol-Cer, and ternary mixture PC-Chol-Cer, these systems were evaluated.

Then, we prepared liposomes with the ternary mixture and incorporated two molecules:
ibuprofen and hyaluronic acid. Those liposomal formulations were supplemented with
Tween ©65, Tween® 80 and Transcutol ®P, as a PEs.

Atomic Force Microscopy (AFM), were used to observe the structures adopted by the
formulations and predicted the enhancement of permeation of the drugs encapsulated,
relating the structures observed. In our previous studies, we used the same molecules

with vesicles of PC.
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2. Experimental section

2.1. Materials

L—o Phosphatidylcholine (PC) (egg yolk, 99% purity), Ceramide (bovine spinal cord
>98%), ibuprofen, polyoxyethylene sorbitan tristearat (Tween®65), polyoxyethylene
sorbitan mono oleat (Tween® 80), Hepes sodium salt, sodium hydroxide salt were
purchased from Sigma Chemical Co (St. Louis, MO, USA). Cholesterol (ovine wool
>98%) was purchased from Avanti Polar Lipid Inc. (Alabaster, AL). Methanol,
chloroform and monophosphate potassium were purchased from Panreac (Barcelona,
Spain). Transcutol® P was a kind gift from Gattefossé (Saint-Priest, France). Hyaluronic
acid (sodium hyaluronate) from Streptococcus equi was purchased from Fagron Iberica
(Barcelona, Spain).Human skin was obtained from plastic surgery (Hospital de
Barcelona, SCIAS, Barcelona, Spain).

The experimental protocol was approved by the Bioethics Committee of the Barcelona-
SCIAS Hospital (Spain) and written informed consent forms were provided by study

participants.

2.2. Liposome preparation

Liposomes were prepared according to methods published elsewhere (Domenech, et al.
2006; Picas, et al. 2010; Suarez-Germa, et al. 2012). For the fluidity studies, liposomes
of binary and ternary mixtures without drugs were prepared. The amounts
thermodynamically more stable of each mixture according to previous studies were used
(data unpublished). Thus, the composition of each mixture were: PC-Chol (0.6:0.4,
mol:mol), Chol-Cer (0.6:0.4, mol:mol), PC-Cer (0.8:0.2, mol:mol) and PC-Chol-Cer
(0.36:0.24:0.40, mol:mol:mol). Briefly, chloroform-methanol (2:1 vol/vol) solution
containing the appropriate amounts of the binary or ternary mixtures, were placed in a
balloon and dried in a rotary evaporator at room temperature protected from light. The
resulting thin film was kept under high vacuum overnight to remove any traces of
organic solvent. Multilamellar liposomes were obtained by redispersion of the thin film

in Hepes buffer solution (20 mM Hepes, 150 mM NaCl buffer), pH 7.4. Liposomes
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were extruded through an Avanti® Mini-extruder (Avanti Polar Lipids Inc., Alabama,
USA), using polycarbonate membranes with a pore size of 100 nm.

Afterwards, for the AFM studies we prepared loaded liposomes with the same amount
of PC, Chol and Cer used in the fluidity studies, and incorporating the drugs (ibuprofen
or hyaluronic acid (HA)). The procedure was as previously described.

Final concentration of ibuprofen and HA was assessed by HPLC after disruption of
liposomes with isopropanol, drug-to-lipid mixture ratios fall typically between 0.26 and

0.37 (mol/mol).

After characterization of those vesicles, penetration enhancers (PEs) were incorporated
into the liposomes with the aim of partially destabilizes the lipid bilayer, enhancing its
transformation into lipid planar structures when deposited onto the skin surface.

Different concentrations of PEs (0.01-25% v/v) were added to the unloaded liposomes
formed by ternary mixture PC-Chol-Cer (F1). Based on the average particle size and
polydispersity values, formulations were prepared by adding extemporaneously the
appropriate percentage of the corresponding PE to F1. Thus, 7% of Tween” 80, 20% of
Tween®65 and 7% of Transcutol® P were added to F1 to obtain the formulations
F1-T80, F1-T65, FI-T, respectively. The same percentages of the corresponding PEs
were added to liposomes containing ibuprofen (F2), to obtained F2-T80, F2-T65 and
liposomes containing HA (F3) to obtained F3-T80 and F3-T. In all cases, the

incorporation of PEs was prior to the observations at the microscope.

2.3. Liposome characterization

2.3.1. Particle size and Z potential

Mean particle size and polydispersity of liposomes were measured by dynamic light
scattering. Electrophoretic mobility to assess the effective surface electrical charge was
determined with a Zetasizer Nano ZS90 (Malvern Instruments, UK). Liposomal
suspensions were diluted 50-fold with Hepes buffer solution before measurement. Each

sample was determined three times.
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2.3. Fluorescence measurements

Bilayer fluidity was monitored using dipolar relaxation of Laurdan. Briefly, Laurdan is
a polarity sensitive probe that tends to locate at the glycerol backbone of the bilayer
with the lauric acid tail anchored in the phospholipid acyl chain region (Parasassi and
Krasnowska, 1998). Upon excitation, the dipole moment of Laurdan increases
noticeably, and water molecules in the vicinity of the probe reorient around this new
dipole. When the membrane is in a fluid phase, the reorientation rate is faster than the
emission process, and consequently, a red-shift is observed in the emission spectrum of
Laurdan. When the bilayer packing increases, part of the water molecules is excluded
from the bilayer and the dipolar relaxation of the remaining water molecules is slower,
leading to a fluorescent spectrum that is significantly less shifted to the red (Domenech
et al., 2009). We monitored the bilayer fluidity-dependent fluorescence spectral shift of
Laurdan due to dipolar relaxation phenomena. Determinations were carried out using an
SLM-Aminco 8100 spectrofluorimeter equipped with a jacketed cuvette holder. The
temperature (0.2 °C) was controlled using a circulating bath (Haake K20, Germany).
The excitation and emission slits were 4 and 4 nm and 8 and 8 nm, respectively. The
lipid concentration in the liposome suspension was adjusted to 250 pM, and Laurdan
was added to give a lipid/probe ratio of 300. Generalized polarization (GPe) for

emission spectra was calculated used

GP,, = Taa0=1a90 (1)

I440— I490

where la40 and l4g0 are the fluorescence intensities at emission wavelengths of 440 nm

(gel phase, L) and 490 nm (liquid crystalline phase, L), respectively.

GPex values as a function of temperature were fitted to a Boltzmann-like equation

P&.— GPZ
—= N
- ] 2)

— 2
GP,, = GPS5 + 1+exp{ -
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where GPleX and GPzeX are the maximum and minimum values of GPg, Tp, is the gel to
fluid phase transition temperature of the studied composition, T is the temperature, and
m is the slope of the transition that gives information about the cooperativity of the

process.

2.4. Atomic Force Microscopy.

Atomic Force Microscopy (AFM) was carried out with a Multimode AFM controlled by
Nanoscope V electronics (Bruker AXS Corporation, Santa Barbara, CA) with a nominal
spring constant of 42 nN-nm . Spring constants of each cantilever were determined by
the thermal noise method (Picas et al., 2010). Satisfactory matches with the spring
constant supplied by the manufacturer were found. The instrument was equipped with

an “E” scanner (10 um).

Human skin were defrosted at room temperature and immediately glued onto a steel
disc with epoxy. Afterwards, the skin was cleaned with ethanol. The formulations were
applied onto the skin and incubated at 37°C for 30 minutes. After this period, the
surface was rinsed gently with buffer and water, subsequently dried with nitrogen.
Sample was directly mounted on the top of the AFM scanner and imaged. Images were
acquired in air and in contact mode at 0" scan angle with a scan rate of 4.5 Hz. All
images were processed by Nano Scope Analysis Software (Bruker AXS Corporation,

Madison, WI). Environment was maintained at 24 °C and 60 % of humidity.
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3. Results and discussions

Liposomal formulations formed with the main components of the SC and PC were
prepared incorporating two molecules, ibuprofen and hyaluronic acid. The compositions
of the vesicles were previously established, according to the thermodynamic stability of
the components used (submitted article).

Previous studies reported that liposomes with higher membrane fluidity delivered high
amounts of the compounds encapsulated to the skin (Pérez-Cullell et al., 2000), thus it is
important to verify if fluidity could increase the permeation of the ibuprofen and/or HA
incorporated.

Firstly, we examined the bilayer fluidity of three binary mixtures (PC-Chol, PC-Cer,
Chol-Cer) and the ternary mixture PC-Chol-Cer. To this end, we monitored the bilayer
fluidity-dependent fluorescence spectral shift of Laurdan due to dipolar relaxation
phenomena.

Thus, changes in fluorescence intensity of the probe as a function of temperature and
excitation wavelength (4ex) in the range of temperatures from 5 to 55 °C were studied.
As can be seen in Figure 1, the excitation GPg, spectra values as a function of the Ae
decreases throughout the increasing temperatures used in these experiments for all
mixtures studied.

We tested whether Laurdan fluorescence could be used to distinguish differences in
phospholipid order from changes in membrane fluidity by examining the temperature
dependence of Laurdan GPe and fluorescence anisotropy in vesicles, formed by the
mixtures studied. Thorough the analysis of data obtained, we could observe transitions
from different phases. Constant values of GPgy as a function of Aex imply no changes in
the transition phase, whereas the decrease of GP¢y values implies a transition to a more
fluid phase (negative slope). Since formations of domains could be observed with
increases in GPe values (positive slope). Additionally, high GPe values indicate
presence of gel phase, while low GP¢ values mean presence of crystalline phase.

In the samples studied, we observed a transition from Ly to L, phase. Besides, similar
values of GPg¢ were acquired in the binary mixtures, however in the ternary mixture
GPex values were slightly lowers.

Furthermore, fitting the GP¢y values at 340 nm to equation 2, we obtained the Ty, values

of the systems studied, thus we confirmed for ternary mixture a T, = 5.46 °C.
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Differently in the binary mixtures, transition temperatures lie in the range of 32.7 to

39.15 °C (Table 1).
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Figure 1.GPg as a function of A, for PC-Chol (A), PC-Cer (B), Chol-Cer (C) and PC-Chol-Cer (D).
(o=5°C, ¥=10°C, 15°C, @=20 °C, 0=25 °C, A=30°C, A=35 °C, =40 °C,0=45 °C, x=50 °C,*=55 °C)

We could observe similar trends relating to transition temperatures in binary mixtures,
however in ternary mixture PC-Chol-Cer we could stablish that PC rules the Tp,

because of the lowest transition temperature of pure compound corresponds to PC.
According to the swiftness in the transition temperature (m), for all mixtures studied we

observed similar behavior in the cooperativity to the process; values ranging from 16.08

to 20.83, however the binary mixture Chol-Cer exhibited the highest value.
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PC-Chol PC-Cer Chol-Cer PC-Chol-Cer

Molar fraction 0.6:0.4 0.8:0.2 0.6:0.4 0.36:0.24:0.40
T (C) 327 33.8 39.15 5.46

m (‘C) 18.38 16.08 20.83 18.06

r2 0.9996 0.9994 0.9960 0.9993

Table 1. Transition temperature from gel to fluid phase (Ty,) and cooperativity to the process (m).

According to the results obtained in the fluorescence measurements, we could

corroborate absence of composition domains in all mixtures studied.

Once studied the thermotropic behavior of ternary mixture used, we prepared vesicles of
this composition to encapsulate two drugs, ibuprofen and HA. Those formulas were
characterized in terms of diameter size, polydispersity and Z potential (Table 2).

The parameters evaluated did not change significantly when the drugs were
incorporated in the vesicles. In all cases it was observed low polydispersity and negative
Z potential values, which is in concordance with the liposomes prepared only with PC

previously studied (Vazquez-Gonzalez et al., 2014; Vazquez-Gonzalez ML et al., 2015).

F1 F2 F3
Liposomes PC-Chol-Cer Liposomes PC-Chol-Cer Liposomes PC-Chol-Cer
containing ibuprofen containing HA
_ 11042 118+ 1 13643
Size (nm)
Polydispersity 0.153 0.127 0.178
Z potential (mV) 4.94 7.6 9.02

Table 2. Characterization of developed vesicles in terms of Size, polydispersity and Z potential of
liposomes PC-Chol-Cer (F1), liposomes PC-Chol-Cer containing ibuprofen (F2) and liposomes PC-Chol-
Cer containing HA (F3).
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Once characterized the main formulas (F1, F2 and F3), Tween® 80, Tween®65 and
Transcutol® P were incorporated in order to promote the formation of planar structures
when the formulas will be applied onto the human skin surface.

We use the AFM to observe the structures formed by the liposomes developed when
applied onto the human skin surface. Firstly we acquired images from clean skin and
liposomes without drugs (Figure 2).

Deflection images from clean skin showed high roughness values (Ry = 22 nm) and
irregular surface, with height values ranging from 50 to 330 nm. Once spreading of
liposomes of PC-Chol-Cer (F1), the surface becomes smoother, liposomes without PEs
exhibits homogenous surface with roughness (R;) value of 8.7 nm and step height

differences of 150 + 50 nm.

Figure 2. Deflection images from clean human skin (A) and liposomes PC-Chol-Cer (F1) after spreading

to human skin surface (B). Scale bar = 1 um. Z scale 10 nm.

Afterward, F1 was supplemented with PEs used in this study. As it can be seen in
Figure 3, differences in relation with the PEs used were observed, thus it implies
different effect of each PE on the vesicle membrane. Once the formulas were
supplemented with PEs, we observed in some cases the skin surfaces covered by round
structures.

In the case of F1- T80 (Figure 3A), we could differentiate two regions, one of them with
flat surface with an average R, value of 4 nm where some spherical structures with
average size of 200 + 30 nm were distinguishable, the second region is covered by
bigger spherical structures with diameters from 520 nm to 900 nm and R, value of 13.1
nm. At first sight, the smaller structures could assemble to form the bigger ones; as a

result the step height is 150 & 90 nm.



Differently, the image obtained after the deposition of F1-T65 (Figure 3B) shows no
spherical structures, the main R, value of 13.8 nm and step height values of 210 + 160
nm were observed.

After the spreading of F1-T formula, two different regions could be distinguished
(Figure 3C). In one region we could observe that some structures seem to be vesicular
clusters. Those structures were in the range of 540 to 600 nm in diameter value, smaller
than the structures observed in Figure 3A, and with less variability in size. In this region
average R, of 16 nm were observed; the other region was covered with small structures
ranging from 150 nm to 250 nm, and R; = 6 nm. In this samples, a mean step height
value of 230 + 130 nm were measured.

These facts allow us to verify our first hypothesis: PEs modify the transformation of the
vesicles in planar structures, after the spreading onto the clean skin, even with a
complex composition as the PC-Chol-Cer mixture. In these formulas without drugs, we
could state that Tween® 80 allows liposomes to form flatter structures than the others
PEs studied, because of the lower step height difference observed in the samples of F1-

T80, additionally R, values decreases in the regions covered by smaller spherical

structures (Figure 3A and 3C).

Figure 3.Deflection images from F1-T80 (A), F1-T65 (B) and F1-T (C). Scale bar = 1 um. Z scale 10 nm.

Once observed the liposomes without drugs, ibuprofen was incorporated and
supplemented with Tween® 80 and Tween®65 (Figure 4). The formulation without PEs,
(Figure 4A) exhibits a homogeneous region in the image with average roughness of

19.7 nm and step height value of 300 + 150 nm.



When F2 was supplemented with Tween ®80 (Figure 4B), some structures with average
width of 340 £ 50 nm can be distinguished. Regarding to roughness, we found an
average R, value of 15.8 nm, whilst the main step height was 340 + 190 nm.

In the formula F2-T65 (Figure 4C), we observed an uniform region without formation
of well-defined structures, with R; = 15.3 nm and step height values ranging from 220 +

150 nm.

Comparing with formulations without drugs, PEs acts differently in the bilayer of the
vesicles containing ibuprofen, analysing some parameters such as roughness or step
heights, we could established certain differentiation, in all cases values of roughness
slightly increases comparing with formulas without drugs and the same PEs.

Secondly, we could expect that Tween” 80 acts as a better promotor of the
transformation of liposomes; however we observed increases in step height differences.

Besides T65 showed similar behaviour than in the formula without ibuprofen.

Figure 4. Deflection images from liposomes containing ibuprofen F2 (A), supplemented with Tween “80

F2-T80 (B) and Tween® 65 F2-T65 (C). Scale bar = 1 pm. Z scale 10 nm.

Concerning to the formulations containing HA, the images showed clear differences in
presence and absence of PEs. The formulation without PEs (F3) shows two regions
(Figure 5A), a planar region (white stars) with Ry of 2.98 nm and a second region
displaying diverse spherical structures with diameters from 166 to 284 nm and a mean
Ra value of 10.3 nm. Step height differences were 305 + 182 nm. Furthermore, when the
formulation is supplemented with Tween ®80, spherical structures not well defined
were observed (Figure 5B), with average R, values of 9.5 nm and a step height

difference of 370 + 210 nm.



In addition, formulation supplemented with Transcutol “P (Figure 4C) showed two
regions, the first (white stars) exhibited a continuous planar structure with R, of 7.6 nm.
In the second region we observed some cylindrical shaped structures, with diameters
ranging from 166 nm to 284 nm and average roughness of 13.48 nm. The mean step
height was 180 £+ 120 nm respects to the first region.

Comparing the effect to incorporate HA in the vesicles formed by PC-Chol-Cer, we
observed that PEs modify the deposition to the vesicles onto the human skin surface. In
one hand, when F3 is supplemented with Tween ®80 (F3-T80) the average roughness
slightly decreases; on the other hand, F3-T showed the image slightly flatter surface,
due to the step height measured. Due to this information, we could state that

Transcutol® P, promotes better the transformation of liposomes in planar structures

when HA is incorporated.

Figure 5. Deflection images from liposomes containing HA F3 (A), supplemented withTween ®80 (F3-
T80) (B), and Transcutol “P(F3-T) (C). Scale bar = 1 um. Z scale 10 nm.

Summarising, we observed in the images acquired by means of AFM, that the
composition of the vesicles plays a fundamental role in the process of the deposition
and subsequent extension onto the human skin. As previous works revealed, when we
spread liposomal formulations onto clean skin it becomes smother. In these formulas,
the same trend was observed, however the properties of the drug incorporate play an
important role as well.

Taking into account the composition of the vesicles used in this study (PC-Chol-Cer),
we observed that incorporation of ibuprofen or HA exhibited clear differences,
indicating the effect of each molecule in the elasticity of the bilayer membrane, and

consequently in the deposition onto the human skin surface.



The liposomes without drugs (F1), exhibited the lowest average values of roughness,
however in the vesicles containing HA (F3), some planar structures were observed. In
the case of liposomes containing ibuprofen (F2), homogeneous structures were observed
with the highest values of roughness, comparing with F1 and F3. According with this
information, we could state that incorporation of HA allows transformation of
liposomes into planar structure better than ibuprofen. This fact is mainly related with
the place in which the molecules are incorporated in the vesicles, according with their
polarity ibuprofen is mainly in the bilayer, since HA is entrapped in the aqueous phase
of the liposome. Apparently, the incorporation of the drugs could influence the effect of

the PEs.
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Discusion general

Los principales objetivos que persigue el desarrollo de nuevas formas
farmacéuticas son el aumento de la biodisponibilidad, la disminuciéon de los efectos
secundarios y la reduccion de las dosis terapéuticas. El objetivo especifico es que el
medicamento se distribuya con eficacia hasta llegar a la dianas especificas (1). Para este
fin, existen numerosas estrategias que tienen en comun facilitar el transporte del
farmaco a través de las diversas barreras del cuerpo humano. Al margen del uso de
inyectables, que evitan en gran parte esas barreras, las otras vias de administracion se
caracterizan por presentar superficies altamente complejas a través de las que el
principio activo debe, normalmente, adsorberse y difundirse previamente a la
distribucion, en algunos casos pasivamente y en otros mediante mecanismos activos de

transporte de membrana.

La via topica, ha sido objeto de una extensa investigacion por la aparente facilidad tanto
de administracion como de acceso al torrente sanguineo. Sin embargo, la piel posee una
compleja estructura formada por tres capas, epidermis, dermis e hipodermis (2), y
especificamente la capa mas externa de la epidermis, el estrato corneo, que ha sido

identificado como la principal barrera para el acceso de los farmacos a través de la piel

3).

El estrato corneo es una estructura en si misma compleja, formada por células
queratinizadas que estan rodeadas por una matriz lipidica de diversa composicion. Los
lipidos presentes en esta matriz lipidica son ceramidas (15 tipos identificados),
colesterol y acidos grasos. En este sentido, es conocido que los liposomas, vesiculas
lipidicas que encierran un espacio acuoso en su interior, podian ser vehiculos ideales
para la administracion topica. En realidad, desde su desarrollo en los afios 60, llamaron
la atencion de diversos laboratorios cosméticos que los comercializaron como
“reparadores” de la piel. Fue el caso del exitoso producto “Capture®”, que vehiculaba
un producto hidratante. En realidad el atractivo de los liposomas como vehiculos de
administracion tdpica era y es, su compatibilidad con la composicion lipidica presente

en el estrato corneo.
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Cuando se analiza la estructura del estrato corneo se comprueba que se pueden
establecer dos tipos principales de interacciones de las formulaciones con esta barrera
(4). El primer tipo se produciria por interaccion con los componentes de los espacios
intercorneocitarios y el segundo tipo, se produciria por interaccion con las membranas
citoplasmaticas de los corneocitos. En el caso de utilizar liposomas, el primer tipo de
interacciones se dara entre los lipidos que constituyan las vesiculas y los lipidos de la
matriz intercorneocital. La interaccion con las membranas de los corneocitos, seria mas
compleja y se producirian fendmenos de adsorcion y/o fusion, pero no se produciria,
como en otro tipo de células, endocitosis debido a su incapacidad para fagocitar (5). Por
su parte, el paso a través de la matriz lipidica, plantea enormes dudas sobre la integridad
de los liposomas debido a la interaccion con los componentes presentes en este medio.
Aspectos como el intercambio lipidico, la deformacion de los liposomas y su
composicion, son factores de dificil control. Por este motivo, en este trabajo de
investigacion se plante6 desarrollar una forma farmacéutica racional, vehiculada
mediante liposomas, cuya composicion fuera biomimética con los componentes
lipidicos del estrato corneo. La necesidad de conocer la interaccion a nivel molecular, se
plante¢ tras el disefio de una forma farmacéutica de liposomas de PC, un lipido comun y
que es ampliamente utilizado como modelo de fosfolipido formador de liposomas.
Ademas, también se vio la necesidad de hacer un seguimiento de los fendmenos
fisicoquimicos que suceden al aplicar estas formas farmacéuticas sobre la superficie de

la piel humana.

Se han disefiado dos formas farmacéuticas de liposomas para vehiculizar dos principios
activos diferentes, Ibuprofeno y 4cido hialurénico (AH). El primero tiene una naturaleza
anfipatica y un bajo peso molecular, y el segundo es altamente higroscopico y de alto
peso molecular. En ambos casos se aplico la misma metodologia de produccion, se
estudid su estabilidad fisica, se determin6 su eficacia terapéutica mediante ensayos de
permeacion in vitro y ex vivo. Mediante el AFM se investigo el tipo de estructuras que
se forman sobre las superficies, en este sentido no solo se trabajo con piel humana, sino
también con membranas artificiales comunmente utilizadas para la liberacion de
farmacos in vitro (celulosa), se estudiaron también las modificaciones de las
propiedades elasticas que se producen en las formulaciones desarrolladas al ser
aplicadas. Nuestra hipotesis de trabajo fue que al anadir extemporaneamente un agente

activador del borde de la membrana edge activator, los liposomas se podian
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desestabilizar parcialmente y de forma parcialmente controlada. De esta manera, se
activaria la liberacion del principio activo en el momento en que se produce el contacto

con la superficie de aplicacion y aumentaria su biodisponibilidad.

Un activador de penetracion de membrana, no es otra cosa que un surfactante de cadena
simple de hidrocarburos, que desestabiliza la bicapa de los liposomas promoviendo su
elasticidad (6). Aunque estos compuestos actlian como promotores de la permeacion
(PEs), las cantidades en las que han sido incorporadas en las formulaciones
desarrolladas, no sugieren que su principal funcidn, por si solos sea la de incrementar la
permeabilidad del farmaco vehiculizado en los liposomas. Asi, al estudiar el efecto de
los PEs sobre los liposomas de ibuprofeno y AH, se observd que no tenian la misma
capacidad disruptiva. Esto se atribuyo a la naturaleza del principio activo encapsulado.
Se sabe que por su naturaleza anfipatica, el ibuprofeno se encapsula parcialmente en la
bicapa ademas de en la fase acuosa. En cambio AH se encapsula exclusivamente en el

espacio acuoso.

En los estudios preliminares realizados, se vio que la actividad superficial de los PEs era
variable dependiendo de la naturaleza quimica del mismo. De entre los experimentos de
caracterizacion de los liposomas se observé una evolucion diferente del potencial Z, que
resultd predictiva de la mayor estabilidad de los liposomas de AH; esto es, de los
liposomas que encapsulan un principio hidrosoluble. Puesto que la literatura muestra
que el ibuprofeno, debido a su naturaleza anfipatica tiene tendencia a intercalarse entre
los lipidos de la bicapa del liposoma (7) los resultados indican que existe una mayor
compactacion de los fosfolipidos si el principio activo es hidrosoluble.

En base a esta informacion y a los experimentos realizados, se seleccionaron sendos PEs
para cada uno de los principios activos estudiados. Los liposomas con ibuprofeno
fueron suplementados con Tween65 y Tween“80, mientras que los liposomas con AH,
con Tween“65 y Transcutol® P. Esta selecciéon fue por tanto meramente empirica y se
realiz6 en base a la estabilidad de los liposomas (evolucion del tamafio, polidispersidad
y potencial zeta). En cualquier caso, la interaccion molecular especifica deberia tener
una base racional que no se contemplé como objetivo de esta tesis.

Del analisis de los resultados se infiere, por el comportamiento general de nuestros
experimentos, que la adiciéon de PEs incrementa significativamente la liberacion del

farmaco tanto en piel como celulosa, e incrementa las cantidades de farmaco retenido a
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nivel dérmico. Asi lo indican los pardmetros biofarmacéuticos, y en especial las
cinéticas de permeacion.

Analizando los resultados obtenidos en los ensayos de permeacion in vitro, se establecio
que el modelo cinético que describe la liberacion del ibuprofeno a través de la celulosa,
independientemente del PE incorporado, fue el propuesto por Korsmeyer-Peppas (8). El
exponente N de este modelo, es el que ha sido propuesto para explicar el mecanismo de
liberacion del farmaco. En el caso de los liposomas con ibuprofeno, este parametro se
encontr6 que deja de manifiesto que el ibuprofeno sigue un mecanismo de liberacion
por difusion simple (8) que sigue las leyes de Fick.

En el caso de los liposomas con AH, la liberacion maxima se consiguid con la
formulacion suplementada con Transcutol® P y la cinética de liberacion siguid en todos
los casos el modelo dictado por las leyes de Fick.

Aunque todas las formulaciones fueron ajustadas al mismo patréon cinético de
liberacion, existen diferencias significativas en los valores de los pardmetros obtenidos,

tanto en la constante de velocidad como en el porcentaje maximo liberado.

Los ensayos de permeacion ex Vvivo con piel humana, indicaron que el PE que mejor
actlia para la liberacion del farmaco en celulosa, es el mismo que permea las mayores
cantidades de fArmaco en la piel. Es remarcable que los liposomas, sean con ibuprofeno
o AH, suplementados con PEs, mostraron los mayores valores de flujo y los porcentajes
de farmaco permeado, y que éstos valores fueron similares a los valores de flujo que
proporciona la formulacion comercial, con la que se comparé (Ibufén®™), lo que implica
que una reduccién de concentracion de los liposomas que contienen ibuprofeno (hasta
20%) da como resultado la misma biodisponibilidad local que la formulacién
farmacéutica comercial. Esta observacion abre numerosas perspectivas, de ser
generalizable, para el desarrollo de nuevas formulaciones de liposomas suplementados

con PEs como coadyuvantes.

Los estudios de permeacion in vitro y ex vivo, asi como la determinacion cuantitativa de
cantidades de farmaco retenidos por la piel humana, parecen estar relacionados con los
siguientes aspectos: primero, con el efecto de desestabilizacion de estos PEs en
liposomas (9,10) y seguido con una posible interaccion de los PE con los componentes

del estrato corneo (11). Esto conduce a la desestabilizacion de la estructura vesicular por
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la formacion de micelas mixtas con los fosfolipidos usados para formar los liposomas

(12,13).

Estos resultados se atribuyeron, a la accidon de los PE sobre los liposomas. Pero en este
punto era necesario tener constancia de las estructuras que resultaban tras la adicion de
PEs. Es importante destacar que la adicion se realizd extemporaneamente, por lo que
medir su efecto “in situ” es dificil. Por eso se recurri6 a la observacion microscopica. La
microscopia de fuerza atdmica se considerd la méas conveniente por que puede realizarse
en condiciones totalmente biomiméticas. Esto es, puede caracterizarse topograficamente
la piel, en aire, sin necesidad de colorantes o marcadores. Igualmente, pueden
observarse el tipo de estructuras que se forman a una resolucion nanométrica. En
general, la adicion de PEs induce la formacion de regiones planas cuya diferente altura
sugiere la formacion de bicapas y multicapas originadas por la disrupcion parcial de las
vesiculas. Prueba de ello es que mediante el AFM se observan algunos liposomas no

totalmente extendidos.

Las formulaciones desarrolladas fueron depositadas en dos tipos de membranas: la
celulosa y piel humana y se observaron las estructuras que se forman después de su
deposicién utilizando el AFM.

En relacion a las imagenes obtenidas, de los liposomas que contienen ibuprofeno o
acido hialurénico en celulosa, se observaron diversas estructuras, muy probablemente
atribuidas a la disrupcion incompleta de las vesiculas. Es importante mencionar que el
uso de celulosa es frecuente como modelo para el estudio de la permeacion de farmacos,
y que se utiliza ampliamente para extrapolar los resultados sobre piel. Sin embargo,
cuando el sustrato es la piel, se observa un comportamiento diferente. Previamente a la
observacion de las formulaciones, se caracterizo la interficie biologica, la piel es un
tejido con una superficie muy rugosa, formada por grandes regiones con diferencias de
alturas que exhiben valles, plataformas y orillas profundas que no siguen ningln patron.
Sin embargo, después de la deposicion de las formulaciones, la rugosidad disminuye y
se observa cubierta por diferentes tipos de estructuras. La adicion de PEs promueve
claramente la formacion de las estructuras planas, debido a las regiones, parecidas a
bicapas o multicapas de lipidos, en coexistencia con liposomas no fusionados y/o
intactos observadas. En cambio, el andlisis de las imagenes de liposomas con AH,

indican que la transformacion de liposomas en bicapas planas o multicapas no fue
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completa en las mismas condiciones que con ibuprofeno. Los liposomas con
Transcutol® P parecian suftrir rotura parcial dejando entidades esféricas en la superficie
con diametros mayores a los observados en la formulacion de liposomas en ausencia de

PEs.

Utilizamos el modo de AFM-FS para conocer las propiedades nanomecanicas de las
estructuras que se producen después de la deposicion de las formulaciones sobre
celulosa y piel humana. AFM-FS es un modo de trabajo que permite obtener el balance
entre las fuerzas de adhesion y las fuerzas de cohesion del sistema lipidico estudiado.
Cuando la punta del AFM ejerce presion sobre la capa lipidica los fosfolipidos que
entran en contacto con ésta tienden a adherirsele, por tanto, cuando el AFM intenta
apartar la punta de la muestra encuentra una resistencia a liberarla de ese contacto. La
fuerza de adhesion (Fagn) entre los fosfolipidos y la superficie de la punta del AFM da
informacion de la facilidad con que el sistema lipidico puede extenderse sobre las
superficies, en particular la superficie de la piel humana o de la celulosa. Se observaron
diferencias entre las estructuras adoptadas y las fuerzas de adhesion presentadas por las
formulaciones depositadas en celulosa o en la piel. Sin embargo, aunque la celulosa es
comunmente utilizada como modelo para poner a prueba la permeabilidad de farmacos,
nuestros datos de AFM —demuestran que este sustrato no mimetiza plenamente las
propiedades fisicoquimicas de la piel humana. Asi, la diferencia de tamafios en las
estructuras de una misma formulacion depositadas en diferente sustrato refleja
claramente la influencia del sustrato en las estructuras adoptadas, lo que a su vez esta
relacionado con las F4gn observadas.

Analizando las propiedades nanomecénicas por medio del modo AFM-FV, se puede
establecer la relacion que existe entre el valor medio de estas fuerzas y la permeacion de
farmacos. Para el AH, las formulaciones con valores bajos en las Fagn presentaron las
mayores cantidades de farmaco permeado. Esta misma correlacion se observd con

mayor claridad en las formulaciones de liposomas con ibuprofeno.

Una vez observado el efecto causado por la incorporacion de PEs sobre los liposomas
de PC con los farmacos utilizados en la presente investigacion, se plante6 el disefio de
una nueva estrategia para aumentar la eficacia de los liposomas para la administracion
transdérmica de farmacos, basada en los fendmenos de fusion intermembranarios (15).

Esta estrategia consistio en desarrollar una formulacion biomimética con la matriz
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lipidica intercorneocitaria. Diversos grupos de investigacion han desarrollado
formulaciones con los componentes del estrato corneo (16—-18) sin embargo, las
proporciones de los componentes utilizados han sido en funcion a los datos encontrados
en la bibliografia (19). Como se ha puesto de manifiesto, la composicion de las
vesiculas tiene un papel importante en la permeacion de los fArmacos a través de la piel,

por lo que se requiere optimizar su composicion (20).

En nuestra investigacion, el modelo de membrana para mimetizar el estrato corneo fue
ideado en base a los compuestos mds abundantes en el estrato corneo: ceramidas (Cer) y
colesterol (Chol), y en base a la estabilidad termodinamica deducida de su
comportamiento en monocapas se seleccion6 la mejor opcion para producir los
liposomas.

Con este objetivo, se realizaron una serie de experimentos, utilizando la balanza de
Langmuir. Los resultados obtenidos mostraron que la composicion termodindmicamente
mas estable fue PC-Chol-Cer (0.36:0.24:0.40, mol:mol:mol). Esta composicion presenta
un contenido de Cer y Chol, similar al que se ha encontrado en el estrato corneo (21).
Aunque los estudios se realizaron en monocapas, la informacion obtenida ofrece una
idea clara de la configuracion de la bicapa lipidica y las propiedades observadas son

facilmente extrapolables a los liposomas (22).

Posteriormente, teniendo la composicién biomimética mas favorable desde un punto de
vista termodindmico, se prepararon liposomas incorporando ibuprofeno o AH. La
caracterizacion fisicoquimica de las vesiculas en términos de tamafio de particula,
polidispersidad y potencial zeta, no mostro diferencias significativas en relacion al
farmaco encapsulado y a las vesiculas sin farmaco. Estas diferencias tampoco se
observaron comparando con liposomas de PC. Este hecho sugirié que la adicion de PEs
podria incorporarse en el desarrollo de nuevas formulaciones. De esta forma, se estudid
el efecto de los PEs para favorecer la formacién de bicapas planas sobre la piel,
siguiendo nuestra inicial hipotesis de estudio.

Después de caracterizar las formulaciones desarrolladas, se observaron mediante el
AFM las estructuras adoptadas al ser aplicadas sobre piel humana, con el objetivo de
desarrollar una metodologia de prediccion de la efectividad de permeacion de los
farmacos, a través de la observacion de regiones planas y disminucion en los valores de

rugosidad.
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En general, para la composicion biomimética (PC-Chol-Cer), fue necesaria mayor
cantidad de PEs para conseguir una ligera desestabilizacion en la bicapa de las
vesiculas, lo cual podria sugerir diferencias en las estructuras formadas por las
formulaciones cuando son aplicadas sobre la piel, en relacion a los liposomas de PC.

Sin embargo, a través de las imagenes obtenidas observamos patrones similares. En
general, se observd que la composicion de las vesiculas ejerce un papel fundamental en
el proceso de la deposicion y posterior extension sobre la piel humana (23), lo cual se
verificd al comparar la formulaciéon biomimética con los liposomas de PC. En las
vesiculas de PC-Chol-Cer se observaron incrementos en los valores medios de
rugosidad y diferencias en alturas de las estructuras formadas tanto para el ibuprofeno

como para el AH.

Tal como se ha puesto de manifiesto en trabajos anteriores, cuando los liposomas se
depositan sobre la piel, su rugosidad disminuye. Este mismo efecto fue observado con
los liposomas de composicion biomimética.

Comparando la deposicion de las formulaciones en relacion al farmaco encapsulado, se
observaron claras diferencias en los liposomas con ibuprofeno y las vesiculas con HA,
lo que indica el efecto de cada molécula en la elasticidad de la bicapa de las vesiculas, y
consecuentemente en la deposicion sobre la superficie de la piel humana.

Los liposomas sin fArmaco, mostraron valores de rugosidad mas bajos, sin embargo en
las vesiculas que contienen AH, se observaron algunas estructuras planas. En el caso de
liposomas que contienen ibuprofeno, las regiones homogéneas se observaron con los
mas altos valores de rugosidad, comparando con los liposomas sin farmaco y los que
contienen AH.

Debido a que la transformacion de los liposomas en capas planas y en consecuencia su
funcién de efecto reservorio pueda estar actuando debido a la fusion de los liposomas
con los componentes de la matriz lipidica del estrato corneo (24), la aplicacion de una
formulacion de composicion biomimética podria permitir que el mecanismo de
adsorcion y/o fusion de las vesiculas con el estrato corneo pueda gobernar la

permeacion de farmacos encapsulados (25).

Integrando la informacion obtenida en las imagenes, se puede establecer que el PE que

puede aumentar la permeacion del ibuprofeno es Tween™65, mientras que Transcutol® P
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es capaz de incrementar la eficacia para el AH cuando se incorporan en liposomas de

composicion biomimética.

El desarrollo de esta tesis ha seguido un esquema “up-bottom” ya que se parti6 de
observaciones fenomenologicas del comportamiento de formulaciones de liposomas de
composiciéon convencional con PC. Sin embargo, los resultados de permeacion
ratificaron nuestra hipotesis inicial sobre la relacion entre capas planas como formas que
activaban la permeacion a través de la piel y sugirieron la necesidad de estudiar las
interacciones especificas entre los lipidos que constituian los liposomas.

Estos resultaros guiaron nuestra investigacion hasta el estudio de los niveles de
interaccion molecular de los lipidos, para disefar formulaciones farmacéuticas
racionales biomiméticas, ademas de abrir nuevas perspectivas en relacion al uso del
AFM como técnica de prediccion de la eficacia de los sistemas de administracion

transdérmica de farmacos.

Si bien, los resultados obtenidos en esta investigacion han dado lugar al desarrollo de
formulaciones farmacéuticas con un gran potencial para la administracion topica de
farmacos, existen diversos factores a considerar en las sucesivas etapas del desarrollo
farmacéutico. Por una parte, la agregacion y fusion de las vesiculas, asi como la
permeacion del farmaco a través de la membrana vesicular hacen que la estabilidad de
los sistemas vesiculares siga siendo un factor limitante para su uso a nivel comercial. Lo
cual es un parametro critico en el desempefio del farmaco vehiculizado en los liposomas
(26). Generalmente las formulaciones de liposomas no cumplen los criterios requeridos
de estabilidad a largo plazo si se almacenan en suspensiones acuosas, debido a que el
farmaco incorporado en las vesiculas permea hacia el medio, lo que puede dar como
resultado un cambio en su perfil farmacocinético del farmaco (27). Una de las
alternativas que se ha propuesto para eliminar este inconveniente es la liofilizacion,
diversos estudios han demostrado que la liofilizacion aumenta la estabilidad y la vida
util de las formulaciones basadas en liposomas, algunos de los liposomas en el mercado

o en las fases de ensayos clinicos se presentan en forma de polvo liofilizado (28).
Otra alternativa susceptible a ser aplicada para solventar la estabilidad de las

formulaciones basadas en liposomas, es la incorporacion de la formulacion liposomal en

un gel o ungiiento (29). Sin embargo, las formulaciones farmacéuticas desarrolladas en
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la presente investigacion pueden ser susceptibles a combinar alguna de las estrategias
anteriormente expuestas para incrementar su estabilidad y vida util, o bien pueden de ser
aplicadas en un dispositivo especial, que permita almacenar de forma independiente los
activadores de membrana y por otra los liposomas, de esta forma al momento de la
aplicacion se combinaria la cantidad adecuada de cada uno de los componentes para ser

aplicados.

Finalmente, otro aspecto a considerar para continuar con el desarrollo farmacéutico de
las formulaciones disefiadas en este estudio, es el escalado industrial. A principios de
los afios noventa fue comercializada la primera formulacion farmacéutica basada en
liposomas para aplicacion topica, esta vehiculizaba un antimicotico (Pevaryl creme,
Janssen-Cilag), posteriormente algunos productos mdas formados por vesiculas
multilamelares hicieron su aparicion. Es importante mencionar, que no todos los
productos comercializados han tenido que someterse a evaluacion en todas las fases
clinicas que involucra el desarrollo farmacéutico, debido a que son considerados
productos OTC over the counter, lo cual implica que no se requiere una prescripcion
médica para adquirirlos. Este es un factor importante a resaltar, debido a que los costes
y tiempo implicados en los ensayos clinicos, representan la mayor inversion en el
desarrollo de un producto farmacéutico.

En este sentido, el primer aspecto a evaluar son los costes de los materiales utilizados
para la produccion de los liposomas, generalmente se utiliza la fosfatidilcolina que es un
fosfolipido natural ampliamente utilizado para la administracion transdérmica de
farmacos, debido a su bajo impacto en los costes de fabricacion y su compatibilidad con
los lipidos presentes en el estrato corneo, sin embargo cuando la composicion de las
vesiculas es mas compleja, como en nuestro caso el modelo de membrana disenado para
biomimetizar el estrato cérneo, los costes pueden incrementar notoriamente, debido a
que los lipidos utilizados requieren un proceso de extraccidon mas complejo.

Es por ello que comparar la eficacia de cada una de las formulaciones puede ayudar a

definir el costo beneficio de cada una de las formulas desarrolladas.

122



Capitulo 5.

Conclusiones






Conclusiones

Se confirm6 que la adicién de potenciadores de la permeacion a liposomas mejora la

liberacion de 4cido hialurénico e ibuprofeno a través de la piel humana.

El proceso de transformacion de liposomas en bicapas lipidicas planas o estructuras de
multiples capas como se observé a través del AFM proporciona sentido para una alta

concentracion de farmaco permeado a través de la piel.

En consecuencia, este tipo de formulaciones son capaces de mejorar la
biodisponibilidad local del ibuprofeno. Por lo tanto, podemos asumir que los liposomas
cargados con ibuprofeno suplementados con surfactantes no idnicos logran el mismo

efecto terapéutico que la formulacion comercial evaluada.

Cuando los liposomas se depositan sobre superficies organicas (celulosa) o
biointerfaces (piel) se convierten parcialmente interrumpidas, aplanadas y
transformadas en cierta medida en bicapas lipidicas planas. PEs tienen un efecto
definido en este proceso, que parece gobernado principalmente por la interaccion entre

las formulaciones de liposomas y la naturaleza de las superficies.

Se sabe que la liberacion de farmacos de liposomas se ve aumentada por la
incorporacion de PEs en la formula. Sin embargo, nuestros AFM y FV mediciones nos
llevan a concluir que las fuerzas de adhesion, entre otros factores, tales como la tension
interfacial, pueden estar detras del complejo mecanismo de permeacion a través de la

piel.

El estudio monocapas con los principales componentes del estrato corneo, reveld
informacion utilizada para desarrollar liposomas para la administracion transdérmica de
farmacos. La mezcla ternaria mas estable de acuerdo con los pardmetros

termodindmicos eran PC- Chol -Cer (0,36: 0,24: 0,40, mol:mol:mol).
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La composicion de las vesiculas ejerce un papel fundamental en el proceso de la
deposicion y posterior extension sobre la piel humana. En las vesiculas de PC-Chol-Cer
se observaron incrementos en los valores medios de rugosidad y diferencias en las

alturas de las estructuras formadas, en comparacion con las formulaciones de PC.

Se puede correlacionar la informacioén obtenida por medio de las imagenes de AFM con
el efecto promotor de la permeacion del farmaco incorporado en los liposomas. Para los
farmacos estudiados, los valores de las Fagn mas bajos favorecieron la permeacion del

farmaco encapsulado.
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Abreviaturas

AH Acido hialurénico

AFM Microscopio de fuerza atomica
PEs Promotores de la permeacion
PC Fosfatidilcolina

SLBs Bicapas lipidicas soportadas
EC estrato corneo

Chol Colesterol

Cer Ceramidas

Fadn Fuerza de adhesion

Cs Modulo de compresibilidad
LB Langmuir-Blodgett
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Introduction. Transdermal drug delivery (TDD) has made great advances in last
decades as alternative of oral delivery and hypodermic injection. However, no all drugs
are suitable to administrate by this route and new efforts are focused in understand how
drugs can penetrate the Stratum Corneum (SC) barrier to reach the deep skin layers.
Liposomes have been used before as topical drug delivery system, however the
liberation of drugs to the skin is not fully understood. The Atomic Force Microscopy
(AFM) has been demonstrated as a valuable tool to unveil the nanostructure of many
tissues and cells as well as a technique to quantify the molecular interaction between

different drugs with biological samples.

Methods: To bring light to how drugs can permeate trough the SC, in this study we
have studied how the different liposome formulations could enhance the delivery of
drugs through the SC through the formation of planar lipid bilayers. These formulations
have been characterized by AFM observing the interactions of the liposomes with

human skin including characterization of its nanomechanical properties.

Results: We have evaluated the structures formed by the different liposome
formulations on SC by AFM. We observed that liposomes tend to form planar lipid
structures on the human skin. In one hand liposomes with ibuprofen supplemented with
Tween 80° (Figure 1C and D) showed an homogenously covering of the surface of the

skin evidenced by the holes (black arrows in the image) formed due to defects on the
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skin surface. On the other hand the commercial formulation ibufen® didn’t cover the

skin surface but formed round structures on it.

Figure 1. AFM height and deflection images from different liposome formulations
applied onto human skin.

Discussion: In this study we obtained relevant information related to how the
formulations studied can liberate the drug from liposomes towards the SC trough the
formation of planar lipid layers covering the skin. These observations open new
perspectives to understand the different drug permeation depending on the formulation
applied in the TDD.




Accessing to deep layers of the skin: development of liposomal formulation to
enhance transdermal permeation of hyaluronic acid

Martha L. Vazquez-Gonzélez *, Ana C.Calpena®®, Oscar Doménech®? ,Jordi Hernandez-
Borrell*?

" Department of Physical chemistry, Faculty of Pharmacy, University of Barcelona, Barcelona,
Spain
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Hyaluronic acid is the major component of the skin extracellular matrix and is involved
in different biologic processes such as hydration, nutrient exchange, and cell
differentiation and motility (Wiest & Kerscher, 2008).

Liposomal formulations as transdermal drug delivery systems have been widely used to
improve drug permeation of different drugs. Our previous studies strongly suggest that
the formation of supported lipid bilayers (SLBs) onto the skin is related with the
increase of the permeation of drugs through the stratum corneum”.(Martha L. Vazquez-
Gonzalez, et.al, 2013)

In this work we developed and characterized liposomal formulations incorporating
different penetration enhancers (PE’s). Liposomes were prepared using L-a
Phosphatidylcoline and hyaluronic acid, once prepared Tween 80 and Transcutol were
incorporated to promote the transformation of the liposomes into planar lipids bilayers.
EXx vivo permeation studies were performed using Franz diffusion cells and human skin
obtained from abdominoplasty surgery with thickness from 400 to 200 um was used as
permeation membrane.

According with the results, liposomal formulation without PE’s can be effective for
local effects due to their capacity to retain the highest quantities of hyaluronic acid. In
contrasts, incorporation of PE’s of the liposomes with hyaluronic acid are capable to

permeated to the deepest layers of the skin and can be reach a systemic effect.

Acknowledgments: Vazquez-Gonzalez M.L is a recipient of fellowship from
CONACYyT (Consejo Nacional de Ciencia y Tecnologia, México).
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Nanomechanical changes of the human skin: Effect of liposomes as
Transdermal Drug Delivery
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The use of liposomes as drug delivery system for topical application has been exploited
extensively in past decades. The hardness and elastic modulus of the outer layer of skin (keratin
layer) are important for the effective and accurate delivering of drugs'. Our studies strongly
suggest that the formation of supported lipid bilayers (SLBs) onto the skin is related with the
increase of the permeation of drugs through this barrier”.

In the present study we have used the force spectroscopy mode of atomic force
microscopy (FS-AFM) to investigate the nanomechanical properties of human skin with and
without the presence of SLBs formed under different conditions. The tissue was characterized
by obtaining force maps of the scanned areas. From these images, cover and uncovered by
SLBs of different compositions and loaded with several drugs, we can estimate the adhesion
forces of the different regions studied.

The results obtained in this study show significant differences in adhesion force,
enabling for nanomechanical differentiation between the skin and the SLB formed from
liposomes deposited onto the tissue. AFM images and force curves of several samples were
evaluated evidencing an increase of adhesion forces in the human skin covered by SLB of
liposomal formulation with different drugs.

£1

Figure 1. AFM images of natural human skin, height (A) and deflection (B) images.
Histogram represents adhesion forces of human skin without SLB (C).
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inflammatory drugs: Enhancing extemporaneous transformation of liposomes into planar lipid
bilayers”. Int. J. Pharm., 461, 427-436 (2013).
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Introduction: The use of liposomes as drug delivery system for topical application has been
exploited extensively in the past decades. However, the interaction of liposomes with the skin
is not well established. In one hand, our studies strongly suggest that the formation of
supported lipid bilayers (SLBs) on the skin is related with the increase of the permeation of
drugs through the human skin. On the other hand, Atomic Force Microscopy (AFM) has
emerged as a powerful technique to characterize mechanical properties of thin films at the
nanoscale. Therefore, in this study we have used the force spectroscopy (FS) mode of AFM to
investigate the nanomechanical properties of human skin with and without the presence of
SLBs spread under different conditions.

Methods: Human skin (400 um of thickness) was glued onto a magnetic steel disc through
double-sided scotch, cleaned with a solution of 60% of ethanol and dried under a nitrogen
stream to remove any contaminant adsorbed on it. Afterwards, the sample was mounted on
the AFM and scanned in contact mode and in air. Environment was maintained at 24 °2C and 60
% of humidity.

Results: The tissue was characterized through FS-AFM obtaining force maps of the scanned
areas. From these images, cover and uncovered by SLBs of different compositions and loaded
with several drugs, we can differentiate the adhesion forces of the regions studied.
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Discussion: This study shows that although slightly differences in the nanomechanical provides
can be obtained, difficulties arise due to high roughness of the skin. Local characterization,
however, provides means for a putative mechanism of drug permeation.
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INTRODUCTION

Liposomes are colloidal vesicles formed basically by phospholipids. Liposomes are
capable of encapsulating hydrophilic molecules in the aqueous internal space or lipophilic and
amphiphilic molecules their concentric bilayers'.

The use of liposomes as drug delivery systems has been developed for many years and at
present is considered of great potential. Specifically, transdermal delivery of drugs has shown
reduce the main the skin barrier: stratum corneum’.

Although a large number of transdermal studies have used liposomes that carry a variety of
therapeutic agents, there is no experimental evidence explaining how the effect of the drugs
encapsulated is achieved and related to the carrier structure”.

Hyaluronic acid it is present in the intercellular matrix of most vertebrate connective
tissues, especially in the skin. Its biocompatibility lead to its use in medical and pharmaceuticals
applications, as a supplemental for join fluid arthritis patients and regeneration of surgical
wounds®.

We have used the concept of supported lipid bilayer systems” to enhance hyaluronic acid release
promoting the transformation of liposomes into planar structures onto the skin.

In this study we prepared different formulations of elastic liposomes with the aim of enhancing
skin delivery through the formation of planar lipid bilayers. These formulations are formed from
LUVs loaded with hyaluronic acid and small amounts of various enhancers like Tween 65°,
Tween 80" and Transcutol®.

RESULTS AND DISCUSION

Understanding the kinetics of drug release is a prerequisite to improve or design topical
drug delivery formula. In this study, we have prepared liposomes containing hyaluronic acid.
Different surfactants has been incorporated with the aim to slightly destabilized the lipid
membrane and to promote the formation of supported lipid bilayer systems when are spreading
on the surface. According with the release study results, incorporation of surfactants promotes
the release of hyaluronic acid to the receptor media.

Release profiles indicated a sustained delivery of hyaluronic acid from liposomal formulations.
The highest percentages of hyaluronic acid delivered were obtained from the formulation with
Transcutol® with 84.01 %.

The values obtained in release studies was fitting in different kinetic models, the results shows
that release of hyaluronic acid take place according to Korsmeyer- Peppas kinetic model. Due to
release exponent values are below 0.43, diffusion is the principal mechanism of drug release
from the formulations.
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Liposomal formulations as transdermal drug delivery systems have been widely used to
improve drug permeation and deposition in the stratum corneum of different drugs.
However the mechanism in which the formulations achieve these results is not
completely clear. In this work we have prepared different liposomal formulations with
the aim to improve the transdermal permeation of hyaluronic acid. We have developed
and characterized liposomes formulations incorporating different enhancers.

Liposomes were prepared through thin film hydration method using L-a
Phosphatidylcoline, once prepared Tween 80 and Transcutol were incorporated to
promote the transformation of the liposomes into planar lipids bilayers. Formulations
were characterized in terms of particle size diameter, size distribution, entrapment
efficiency and in vitro drug release. EX vivo permeation studies were performed using
Franz diffusion cells and human skin obtained from abdominoplasty surgery was used
as a permeation membrane.

Stable and regular Liposomal formulations suitable for combination with different
enhancers were developed. Liposomes containing hyaluronic acid and Transcutol
showed the highest quantities of hyaluronic acid released (84%).

At the end of the permeation assay were measured the amount of hyaluronic acid
retained in the skin. Liposomes without enhancers presented the highest quantities of
hyaluronic acid retained in the skin (1.8 g/g skin cm?). According with these results,
liposomal formulations developed are capable to increase the quantities of hyaluronic

acid permeated through human skin.
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Purpose: To develop and evaluate liposomal formulation with an anti inflammatory
drug for topical administration.

Methods: Liposomes were prepared through thin film hydration method using L-a
Phosphatidylcoline and different enhancers. The formulations were examined for their
characteristics such as particle size diameter, size distribution, stability, including in
vitro drug release. Permeation studies were performed using Franz diffusion cells and
human skin obtained from abdominoplasty surgery was used as a permeation
membrane.

Results: The formulation obtained presents average size of 168 nm and a polidispersity
0f 0.19 and was stable for 70 days.

The formulation containing 0.0025 % of polyoxyethylenesorbitan tristearat as
permeation enhancer gave drug release pattern comparable to that of the reference
product.

Conclusions: These assays show that the release of the anti inflammatory drug
incorporated in liposomes takes place in a sustained release according to Weibull kinetic
model.

The results obtained show that the average flux is 2.33 mcg/hr cm? and the drug
accumulated in skin at 1.44 mg/g cm?. These results demonstrate the possibility to use
this formulation for topical purposes.

The transdermal permeation assay of these liposomes on human skin shows that the
drug will achieve a local action instead of systemic due to its low steady state
concentrations
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The aim of this work was to develop and evaluate liposomal formulation with an
anti- inflammatory drug for topical administration.These vesicles consist of
phospholipids and an edge activator. An edge activator is often a single-chain
surfactant, with a high radius of curvature, which destabilizes the lipid bilayers of the
vesicles and increases their deformability '

Liposomal formulations were prepared using different enhancers as Isopropyl
alcohol, Propylene glycol and nonionic surfactants (Tween 65 and Tween 80).
Ibuprofen was used as a drug control. Liposomes were characterized by their
characteristics such as particle size diameter, size distribution and stability. In vitro drug
release and ex vivo skin delivery of Ibuprofen were performed using Franz diffusion
cells in order to probe the potential of topical administration for this formulations

These assays show that the release of the anti-inflammatory drug incorporated in
liposomes takes place in a sustained release according to Korsmeyer-Peppas model.

According with the ex vivo permeation assays quantities of Ibuprofen delivered
in both liposomal formulations are superior to the commercial formulation as well as
drug accumulated in the skin. Although the quantities of Ibuprofen in the liposomal
formulation are lower the best results obtained is probably because almost all the
Ibuprofen contained in liposomes were delivered.

In addition to the stability, these results demonstrate the possibility to use this
formulation for topical purposes

— Liposomes + 780 Liposomes + T65 bufen
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